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STRESZCZENIE

Lipopolisacharyd (LPS) to ztozony pod wzgledem budowy glikolipid,
niezbedny dla zycia bakterii. Wspodlnie z fosfolipidami stanowi gtéwny amfifilowy
sktadnik btony zewnetrznej wiekszosci bakterii Gram-ujemnych, w tym bakterii
Escherichia coli. Czasteczki LPSu czynig z btony zewnetrznej bakterii
selektywnie przepuszczalng bariere oraz odgrywajg kluczowa role w interakcjach
miedzy bakteriami a srodowiskiem zewnetrznym. Synteza LPSu i fosfolipidow
jest scisle regulowana i utrzymywana w statym wzajemnym stosunku. Wszelkie
zmiany w rownowadze pomiedzy tymi sktadnikami nie sg tolerowane przez
bakterie i powodujg smier¢ komorki. W celu utrzymania tej rownowagi pomiedzy
szlakami biosyntetycznymi oraz w celu odpowiedniej dystrybucji wspolnego ich
prekursora, R-3-hydroksymirystynianu, ilosci biatek FabZ (dla fosfolipidow)
i LpxC (dla LPSu), ktére katalizujg pierwsze reakcje stanowigce rozgatezienie
pomiedzy szlakami, sg skorelowane in vivo. Regulowana proteoliza biatka LpxC,
ktére odpowiedzialne jest za katalize pierwszego nieodwracalnego etapu
biosyntezy LPSu, jest punktem kontrolnym zapewniajgcym balans pomiedzy
sktadnikami btony zewnetrznej. LpxC to niestabilny enzym, a jego ilo$¢
regulowana jest za pomocg biatka LapB, ktore przeznacza LpxC do degradacji
przez proteaze FtsH. Aby lepiej zrozumie¢ mechanizm dziatania biatka LapB oraz
jego role w regulowaniu ilosci LpxC, poszukiwano wielokopijnych supresoréw
przywracajgcych zywotnos¢ mutanta AlapB. Przyczynito sie to do ujawnienia roli
proteaz HslUV w regulacji ilo$ci LpxC, determinujgc po raz pierwszy alternatywny
szlak degradacji LpxC. Ponadto postanowiono scharakteryzowaé nowe
pozagenowe mutacje supresorowe, ktére zapobiegatyby smiertelno$ci mutanta
AlapB, dzieki przywréceniu normalnej syntezy LPSu. W ten sposéb
zidentyfikowano mutacje przesuniecia ramki odczytu w niezbednym dla Zzycia
bakterii genie nazwanym jako /apC. Odkrycie sugerowato, ze biatka LapB i LapC
mogg dziata¢ w sposéb antagonistyczny. Ten sam gen lapC zidentyfikowano
podczas poszukiwan mutacji, ktore jednoczesnie indukujg transkrypcje
z promotora rpoEP3 aktywowanego w odpowiedzi na defekty LPSu, nadajg
bakterii wrazliwos¢ na inhibitor enzymu LpxC, CHIR090, oraz wykazujg
wrazliwos¢ na wysokg temperature. Zdefiniowano takze mutacje supresorowe,
ktére przywracaty zywotnos¢ bakterii ze zmutowanym genem lapC, zmapowane
w genach lapA/lapB, IpxC i ftsH. Mutacje odtwarzaty normalne poziomy LPSu
i zapobiegaly proteolizie LpxC w mutantach /apC. Pokazano réwniez, ze gen
lapC, mimo jego niezbednosci, mozna usungé w szczepach nadprodukujgcych
LpxC lub z usunietym genem lapB. Wyniki przedstawionych badan dowiodly, ze
biatka FtsH, LapB i LapC oddziatujg ze sobg i wspdlnie regulujg synteze LPSu
poprzez kontrolowanie ilosci enzymu LpxC.

Stowa kluczowe: lipopolisacharyd, LapB, LapC, YejM, LpxC, HslIV/U, RpoE
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ABSTRACT

Lipopolysaccharide (LPS) is a complex glycolipid, essential for the
bacterial viability and along with phospholipids, it constitutes the major
amphiphilic component of outer membrane (OM) in most of the Gram-negative
bacteria, including Escherichia coli. LPS molecules confer an effective
permeability barrier to the OM and play a crucial role in bacteria-environment and
-host interactions. The synthesis and accumulation of this highly heterogeneous
in the composition molecule are controlled by abundance of regulatory factors
and growth conditions. Furthermore, the synthesis of LPS and phospholipids is
tightly co-regulated and held at a nearly constant ratio. Any alterations in the
balance of phospholipids and LPS are not tolerated by bacteria and cause cell
death. This balance is achieved by tightly regulated turnover of unstable LpxC
enzyme to maintain the flux of common precursor for the utilization in either LPS
or phospholipid biosynthetic pathways. It constitutes an essential branch point in
the biosynthesis of phospholipids and the lipid A part of LPS and simultaneously
determines the first committed step in LPS biosynthetic pathway. It has been
reported that LPS assembly requires the essential LapB protein to regulate FtsH-
mediated proteolysis of LpxC protein. To further understand the function of LapB
and its role in LpxC turnover, multicopy suppressor screening of AlapB was
employed and it revealed a role for HslUV proteases in regulating LpxC amounts,
providing the first alternative pathway of LpxC degradation. Isolation and
characterization of an extragenic suppressor mutation that prevents lethality of
AlapB by restoration of normal LPS synthesis identified a frame-shift in the
essential gene designated lapC, suggesting LapB and LapC act antagonistically.
The same lapC gene was identified during selection for mutations that induce
transcription from LPS defects-responsive rpoEP3 promoter, confer sensitivity to
LpxC inhibitor CHIR090 and exhibit a temperature-sensitive phenotype.
Suppressors of /lapC mutants that restored growth at elevated temperatures
mapped to lapAllapB, IpxC and ftsH genes. Such suppressor mutations restored
normal levels of LPS and prevented excessive proteolysis of LpxC in lapC
mutants. Interestingly, a lapC deletion could be constructed in strains either
overproducing LpxC or in the absence of LapB, revealing that FtsH, LapB and
LapC together regulate LPS synthesis by controlling LpxC amounts.

Keywords: lipopolysaccharide, LapB, LapC, YejM, LpxC, HsIV/U, RpoE
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1.INTRODUCTION

Bacteria, like any other living organism, need to interact with the
surrounding environment. In order to persist in dynamically changing settings,
and function accurately, microorganisms like Escherichia coli evolved complex
mechanisms providing rapid and exact response to different external and internal
stimuli. The cell envelope is the first barrier that separates majority of bacteria
from environment. It ensures cellular integrity, serves as a protection barrier, but
also functions as a transport and communication structure’. Cell envelope is
subjected to the intensive research as it is an increasingly popular target for novel
compounds that act as antibiotics and are expected to help combat rising
microbial multidrug resistance?. In Gram-negative bacteria, lipopolysaccharide

(LPS) is one of the critical components that executes envelope functionality.

1.1. LPS emplacement within envelope components of E. coli

The envelope of E. coli, a Gram-negative model bacterium, consists of
three main layers: an inner membrane (IM), a periplasm with thin peptidoglycan,
and the distinctive for Gram-negative bacteria outer membrane (OM), whose
outer leaflet main constituent is lipopolysaccharide3. All these components are
illustrated in the model of E. coli envelope in Figure 1.1. below, and further
described.

The inner membrane is a symmetric bilayer of phospholipids surrounding
aqueous cytoplasm. In E. coli, the IM primary consists of phosphatidyl
ethanolamine and phosphatidyl glycerol phospholipids. Other minor lipids include
phosphatidyl serine, cardiolipin and polyisoprenoid carriers*. Proteins and
lipoproteins are embedded within the bilayer structure of the IM, either anchored
with a-helical transmembrane domains or through lipid modifications of terminal
amino acids, accordingly®. The periplasmic space is the compartment that is
surrounded by the inner and outer membranes. It is oxidizing in nature and much
more viscous and protein-rich than the cytoplasm. Within the periplasm a thin
2-7 nm layer of peptidoglycan (cell wall) is enclosed®®. It is reported that E. coli
periplasm encompasses more than 300 different proteins that perform a vast
array of functions, starting with a fundamental protein folding, nutrients

governance or different proteins manipulations’. The cell wall component

12
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provides bacteria with shape, rigidity, and protection from turgor. The durability
of peptidoglycan is based on its mesh-like structure formed with alternating
glycan strands of N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid

(MurNACc) that are cross-linked by short peptides®®.

O antigen

E repeat
<«— Heptose ik
<«— Glucose c:;r:r
<— QGalactose
<— Heptose _—
Poda «— Kdo core
{ J ( < Lipid A
Outer membrane UU“ UU U U
Lipoprotein ——————————»
Periplasm
{ 3 SEL P+ W0
Peptidoglycan >
Percursor (Lipid I) &
n 3 ﬂ ﬂ ﬂ nQ H Q <— Phospholipid
Inner membrane b
| UUGUL LU UL U U I}
Q b <— Protein

Fig. 1.1. Schematic structure of E. coli envelope'®

LPS

PPEtn

The outermost structure, the outer membrane, is an asymmetric lipid
bilayer that is also essential for bacterial viability. Its inner leaflet is composed of
phospholipids, in similar manner like within the IM, and LPS is the most abundant
molecule of the outer leaflet®. Structure and architecture of OM is overall
conserved among Gram-negative bacteria’ and LPS contributes to many
characteristic features of OM, like selective permeability of membrane, signal
transduction, interaction with host immune system and other, which will be
described later in greater detail’®'3. Among the other OM components, there can
be distinguished outer membrane proteins (OMPs) and lipoproteins. Most of
OMPs are transmembrane proteins adopting S-barrel conformation and their
main function is to allow passive diffusion of small compounds across the
membrane, as well as the contribution to membrane transport machinery as
porins channels or receptors®. The most prominent among lipoproteins is Lpp that
is known to be the most numerically abundant protein reaching over 500,000
molecules per cell''. Lpp is covalently attached to the peptidoglycan and plays
important role in sustaining the OM structure and integrity'41°.

13
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1.2. Structure of lipopolysaccharide of E. coli

Lipopolysaccharide determines most of the outer monolayer of nearly all
Gram-negative bacteria and has a great influence on maintaining envelope
functionality'®. In Escherichia coli, 75% of its surface is covered with LPS that is

equal to approximately two million molecules of this glycolipid per cell'’.

1.2.1. Composition of LPS

LPSs are complex glycolipids but share overall common architecture and
are composed of three main elements presented in Figure 1.2.: the most
conserved is the lipid A part, then core oligosaccharide (core OS) and optional,

present in ‘smooth’ type bacteria, O-antigen (O-polysaccharide, O-PS)'8.

>{}-Ami;.;en
n=1-40

B Outer
Core

\ Core
Oligosaccharide

Inner
S
Core

Lipid A

Fig. 1.2. Schematic representation of E. coli K-12 LPS, modified based on'®
Abbreviations used in the figure: GIcN: D-glucosamine; Kdo: 3-deoxy-a-D-manno-oct-2-ulosonic
acid; Hep: L-glycero-D-manno-heptose; Glc: D-glucose; Gal: D-galactose; GIcNAc: N-acetyl-D-
glucosamine; Rha: L-rhamnose; Galf: D-galactofuranose; P: phosphate; Ac: acetate. R groups
mark common chemical modifications. R1: phosphate; R2: Kdo, rhamnose, or
phosphoethanolamine; R3: phosphate or ethanolamine pyrophosphate; R4: phosphate; R5:
heptose; R6: heptose or GIcNAc.
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1.2.2. Structure of lipid A

The primary component of LPS, lipid A, which is depicted in detail in
Figure 1.3., structurally is a phosphorylated at positions 1 and 4', and acylated
with R-3-hydroxymyristate at positions 2, 3, 2' and 3', B(1—6)-linked glucosamine
(GIcN) disaccharide that anchors LPS in the outer membrane. Its two
R-3-hydroxy-acyl groups of the nonreducing glucosamine are further

esterified, most commonly with laurate (‘12" in Fig. 1.3.) and myristate (‘14 in Fig.
1 _3_)18,20—23_

KdOZ
i
L8]
0 S
0 —_—
1
HO-P -0 o 0
i
CH g
o= NH HO X
4 0
0 o= B Q
o= 0 [0} O—Pp-001
I
0= HO OH
HO
Lipid A
14
14
14
14 14

Fig. 1.3. Covalent structure of E. coli K-12 lipid A-Kdo,?*
Numbers 12 and 14 indicate carbon atoms quantity in fatty acyl moiety decorating lipid A;
12 - lauroyl group, 14 - myristoyl group.
A glycosidic linkage between the O-6' position of the lipid A and the sugar,
a 3-deoxy-a-D-manno-oct-2-ulosonic acid (Kdo |), forms the connection of lipid A
with the next LPS segment, the core oligosaccharide'®?5. Presented in
Figure 1.3. arrangement of hexaacylated lipid A with two first saccharides, which

are two Kdo moieties (lipid A-Kdo2), represents the first known minimal LPS
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structure sufficient for E. coli survival up to 42°C'®. It was established later by
Professor Raina’s group that it was possible to construct viable and suppressor-
free strains that synthesize even smaller structures composed of only
tetraacylated lipid A (lipid 1Va) or lipid IVa-Kdo2 under slow growing conditions
(minimal medium at 23°C)%. However, strains that synthesize such minimal LPSs
are characterized with very narrow growth range, defects in cell division, hyper-
induced RpoE-regulated stress response and Cpx signal transduction pathway,
without requirement for suppressors to be present in order to maintain E. coli

viability under such growth conditions?®.

1.2.3. Structure of core oligosaccharide

The core OS component of LPS that starts with Kdo disaccharide is
conventionally divided into the inner core that is proximal to lipid A and more
conserved in nature, and the outer core that exhibits greater variability in
composition. In addition to Kdo residues, the inner core usually contains
L-glycero-D-manno-heptoses (Hep in Fig. 1.2.) and can be modified with
additional, non-stoichiometric substituents including phosphate groups (R2-R4 in
Fig. 1.2.)?7?8, The outer core is more exposed to environment on the cell’s surface
portion of LPS and that is one of the reasons that it is characterized by greater
variability in structure than the inner region. Composition of outer region of core
OS is based on common saccharides such as glucose, galactose, heptose,
N-acetylglucosamine or N-acetylgalactosamine?®28.2°, Both lipid A-Kdo2 and core
region are relatively dynamic structures and are subjected to varied modifications
in response to activation of two-component systems, non-coding RNAs and
stress-induced pathways resulting in formation of so far known seven different

LPS glycoforms?* that will be described in detail in further subsections.

1.2.4. O-antigen

The most outwards directed part of LPS, O-antigen, is an often branched
polysaccharide composed of numerous repeating oligosaccharide units (O-units)
that contain two to seven sugars and sugar derivatives3?3'. O-antigen structure
varies between strains, with over 160 different known O-polysaccharide variants
produced by E. coli alone'?. The parental strain of E. coli K-12, utilized in this

study, was first isolated almost 100 years ago and it lost the ability to synthesize
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its O-antigen due to a mutation in rfb gene cluster. It was probably a result of
passaging and human manipulations, as there was no advantage to produce
metabolically demanding component, unnecessary in laboratory conditions®?.
Although this dissertation does not refer to O-antigen of LPS, it is important to
mention that the diversification of polysaccharide presented by bacteria allows
them to introduce different surfaces that offer specific advantages in different
niches33. Human body can be considered such a niche, and among commensal
and pathogenic strains of E. coli, with latter causing severe infectious diseases,
O-antigen became a standard in categorizing the strains for taxonomical and
epidemiological purposes?'. Additionally, the presence or absence of O-chain is
used to categorize LPS molecules as ‘rough’ or ‘smooth’. Full-length
O-polysaccharide render oval ‘smooth’ bacterial colonies, whereas the reduction
or absence of LPS structure resulted in colonies with irregular ‘rough’ edges, and
often more susceptible to environmental challenges, such as hydrophobic

antibiotics34.
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1.3. Overview on lipopolysaccharide biosynthesis

Lipopolysaccharide is synthesized continuously as bacteria grow and
divide. There are more than 100 genes involved in LPS formation and functioning,

some of them being essential for bacterial viability and unique for the species.
1.3.1. The Raetz pathway of lipid A-Kdo2 formation and regulation of the first
committed step in LPS biosynthesis

The biosynthesis of minimal LPS and further lipid A—Kdo2 was organized
in nine sequential enzymatic steps named Raetz pathway that is presented in
Figure 1.4.3°,

OH
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Fig. 1.4. The Raetz pathway for constitutive biosynthesis of E. coli K-12
lipid A-Kdo.%, modified

In blue the glucosamine disaccharide backbone of lipid A is marked. The Kdoz2 is black. In red
letters enzymes involved in the pathway are depicted. LpxA, C and D are soluble cytoplasmic
proteins, and LpxH and B are peripheral membrane proteins. LpxK and remaining enzymes of
the pathway are IM proteins with the active sites facing the cytoplasm. The red numbers refer to
the glucosamine ring positions of lipid A and its precursors. The predominant fatty acid chain
lengths found in E. coli lipid A are indicated by the black numbers.

The process of lipid A-Kdoz biosynthesis starts at the interface between
cytosol and the IM and begins with the fatty acylation of uridine diphosphate
N-acetylglucosamine that is catalyzed by LpxA protein. LpxA enzyme is an acyl

transferase that requires thioester R-3-hydroxymyristoyl acyl carrier protein

18


http://mostwiedzy.pl

A\ MOST

(ACP) as its donor substrate. Its active site precisely recognizes C14 hydroxyacyl
chains of R-3-hydroxymyristate and incorporates them selectively two orders of
magnitude faster than C12 or C16 chains®>%". The R-3-hydroxymyristoyl-ACP is
also a substrate for FabZ dehydrase as a precursor for phospholipids
biosynthesis®. Common substrate links the LPS and phospholipids pathways,
whose biosynthesis is strictly coupled with a nearly constant ratio of 0.15:1.0 that
must be preserved to maintain bacterial cell viability (Fig. 1.5.)%. LpxA-driven
acylation, besides being the first biochemical step at the branchpoint of two
biosynthetic pathways, has a highly unfavorable equilibrium constant, therefore
the actual first committed step in LPS biosynthesis is the consecutive
deacetylation of UDP-3-O-(acyl)-GlcNAc catalyzed by LpxC deacetylase
(Fig. 1.5. and Fig. 1.6.)3%4°,

OH OH OH

HO *] HO o HO ]
HO v (o] - (o]
o_{"”o—uop Hg' O={‘”o-—uop Hs' NH2 o—upp
LpxA LpxC LpxM
< — = = = =) =—3p Kdo,lipid A

CHy(CHy)yy  ACP
R-3.-0H.C, -ACP 14 14

FabZ 2 Fabl 8
N
— cuﬁml\cp — cu,.(ﬁ,)\m/\;xcp = = = = » phospholipids

trans -2-enoyl-C, -ACP

Fig. 1.5. The R-3-hydroxymyristoyl-ACP as a common precursor of LPS and
phospholipids biosynthesis pathways*!
The R-3-hydroxymyristoyl-ACP is common substrate for lipid A-Kdo2 and phospholipids
biosynthetic pathways. The main branchpoint constitutes of reaction performed by FabZ
dehydrase, for phospholipids biosynthesis, and the deacetylation of UDP-3-O-(acyl)-GIcNAc
catalyzed by LpxC deacetylase, as preceding step of the fatty acylation of UDP-GIcNAc is
unfavorable.

LpxC is metalloenzyme encoded by a conserved among various Gram-
negative bacteria single-copy gene®®42, It was originally categorized as Zn?*-
dependent deacetylase based on its reversible inhibition by metal chelators (for
example incubation with ethylene diamine tetraacetic acid, EDTA) and its co-
purification with Zn?*ions under aerobic conditions (Fig. 1.5.)*?. Following studies
identified that the replacement of the Zn?* with Fe?* enhances the catalytic activity
of LpxC approximately 6-fold and alters its affinity for ligands*3. However, such
substitution with different cofactor rendered the enzyme more susceptible to
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oxidation in vivo and LpxC was characterized by essentially higher affinity for zinc
than iron*344. The model was proposed where LpxC could switch the active site
metal depending on the cellular ion availability and under different environmental

conditions which could constitute a regulatory and/or adaptative mechanism4344,

Domain Il

Insert Il

Fig. 1.6. Structure of E. coli LpxC bound to myr-UDP-GIcNAc*
Figure presents LpxC domain and fold architectures (in yellow). Myr-UDP-GIcN (UDP-(3-O-(R-3-
hydroxymyristoyl))-N-acetylglucosamine) and phosphate are depicted in sticks molecular

representation and blue mesh corresponds to electron densities for substrate and phosphate

groups. Zn?* ion in catalytic site is shown as silver sphere45.

LpxC is a globular protein that contains two domains of similar a+g fold
that are sandwiching the Zn?*-containing active site (Fig. 1.6.)*>46. The Insert |
and Insert Il unique structures are elements that distinguish the two domains
(Fig. 1.6.)*5. The catalytic site of LpxC is located in a cleft formed at the base of
the domain interface and Inserts | and Il that form a hydrophobic tunnel known to
bind fatty acids*®. During deacetylation catalyzed by LpxC, enzyme removes the
acetyl group from the amino moiety on UDP-(3-O-(R-3-hydroxymyristoyl))-N-
acetylglucosamine. Reaction produces acetate and UDP-(3-O-(R-3-
hydroxymyristoyl))-glucosamine (myr-UDP-GIcN in active site in Fig. 1.6.) that is
further converted by subsequent enzymes354°.

Available amounts of LpxC determine the further rate of LPS biosynthesis,
therefore this catalytic step is strictly regulated. It has been reported that in the
presence of sublethal concentrations of LpxC inhibitors, the specific activity of
enzyme increases up to 10-fold*’. Similarly, when the amounts of cellular FabZ
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change, cells increase or decrease the LpxC activity, accordingly*®. Abundance
of LpxC UDP-3-O-acyl-N-acetylglucosamine deacetylase is regulated in
response to bacterium need for lipid A and occurs due to the proteolytic activity
of FtsH*"49, FtsH is an IM-anchored and zinc-dependent metalloendoprotease
that is essential for bacterial viability®°. FtsH degrades number of cellular proteins,
including heat shock sigma factor RpoH®"%2, In the model of post-translational
regulation of this heat shock sigma factor, DnaK chaperone binds to RpoH,
preventing its interaction with RNA polymerase and activation of sigma 32-
responsive genes. RpoH, captured by a chaperone, remains in a competent state
for degradation by FtsH protease and the levels of RpoH are maintained low®3.
However, when DnaK machinery is occupied by substrates such as misfolded
proteins that accumulate during stress response, chaperone is not available to
bind RpoH to limit its activity through proteolysis and in this manner, sigma H
activity is coupled directly with the level of misfolded proteins in the cell>*. Despite
participating in such an important cellular process, the essentiality of FtsH
protease was found to rely on its key role in degradation of LpxC to prevent
excessive LPS biosynthesis at the expense of synthesis of phospholipids®. Up
to date, it is known that FtsH becomes dispensable only in the AwaaA
background at 21°C, which is attributed to the overall reduced level of LPS in the
absence of WaaA transferase®. Moreover, it was found that the rate of LpxC
proteolysis is regulated in cell growth manner - it accelerates during slow growth,
and is stabilized under fast growing conditions as the LPS demand is high in order
to maintain the membrane equilibrium in growing cells®”. The proteolysis of
deacetylase was discovered to require a C-terminal degradation signal within the
final 11 amino acid residues and additional interaction between the proteins that
could possibly explain the regulation of crucial process that still remained
unclear®®.

Suspected additional interactions in FtsH-dependent LpxC degradation
were confirmed further, when it was discovered that the mechanism hinge on
another essential IM-anchored protein - the LPS assembly heat shock protein
LapB*':%°. Results published previously by Professor Raina’s laboratory
established that FtsH and LapB work together to regulate LpxC proteolysis
(Fig. 1.7.). LpxC levels were highly increased in mutants where either the lapB or
ftsH genes were deleted and the data showed that these proteins co-purify,
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suggesting in vivo interaction between molecules. Mutations in either lapB or ftsH,
or both of the genes also resulted in the increased amounts of LpxC, which led
to overproduction of LPS at the expense of phospholipids due to deficiency of
their common precursor, the R-3-hydroxymyristoyl-ACP*'. As a reinforcement
of above evidence, it was also established that the /apB or ftsH deletions in
strains carrying either a hyperactive allele of the fabZ gene, sfhC21, or when the
LPS synthesis is dampened due to mutations in either JpxA or IpxD genes, were
much more tolerated by bacteria due to restoration of the ratio between OM

components*!-%°,

periplasm

inner
membrane

cytoplasm

Fig. 1.7. Model of LPS biosynthesis and translocation machinery within envelope of
E. coli, based on*!
LapB is thought to function as a scaffold for the LPS biosynthetic enzymes and control point of
LPS amounts. It could coordinate LPS synthesis on both leaflets of IM and direct LpxC to
degradation by FtsH protease accordingly to demand for LPS molecule.

LapB (YciM), in parallel with its operon partner LapA (YciS), were
discovered during the search for mutants with the elevated levels of envelope
stress response in study concerning periplasmic folding factors®. Subsequent
in-depth analysis revealed that these two proteins play an important role in LPS
assembly, hence their names lipopolysaccharide assembly proteins LapA and
LapB*'. Detailed mutational study unveiled that single AlapA deletion was
tolerated in many tested E. coli backgrounds*'. Meanwhile, A(lapA lapB) or AlapB
suppressor-free mutants could be obtained only in the BW25113 parental strain
on M9 medium at 30°C after prolonged (72 h) incubation, and these mutants

formed very small size colonies. In other commonly used wild-type strains such
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as W3110 or BW30207, A(lapA lapB) and AlapB transductants were only
obtained in the presence of plasmid carrying /apA and lapB genes*'. Thus, it was
concluded that the lapB gene is essential under standard laboratory growth
conditions, and its deletion results in a severe growth defects*'. In addition to
already described results, the lethal phenotype of AlapB or A(lapA lapB) could be
alleviated, if either the LPS synthesis was impaired due to mutation in the waaC
gene or when non-coding sRNA SIrA (MicL), a translational repressor of the Lpp
lipoprotein was overproduced*''. The lapA/B transcription unit has three distinct
promoters. The sequence of proximal promoter resembles house-keeping
promoters, the middle promoter is recognized by heat shock sigma factor RpoH
and the most distal promoter is located upstream of pgpB gene*'. PgpB is one of
three phosphatidylglycerophosphatases, which catalyze the dephosphorylation
of phosphatidylglycerol phosphate to phosphatidylglycerol, an essential
phospholipid of the inner and outer membrane in E. coli2. It was suggested that
lapA/B and pgpB co-transcription can be another mechanism that couples
transcription of lapA/B genes with phospholipid metabolism*'.

Despite showing that LapA and LapB interact with FtsH protease and LPS,
it was still unclear what is the mechanism by which LapB regulates the LpxC
proteolysis in response to LPS status. Modelling and crystal structure studies
revealed that LapB contains three major structural motifs: the N-terminal
transmembrane helix, nine tetratricopeptide repeats (TPRs) in its N-terminal
domain and a C-terminal rubredoxin-like domain (Fig. 1.8.)*'83. The
transmembrane helix anchors LapB to the IM with the soluble domain in the
cytoplasm and the latter two structures were found to be bound together. This
association of rubredoxin metal binding properties and scaffold-folding of TPR
motifs of LapB is essential to mediate protein—protein interactions and enables
the assembly of multiprotein complexes, necessary for the assembly and
recruitment of LpxC and various LPS biosynthetic enzymes, aiding the general

E. coli growth in vivo*!3,
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Fig. 1.8. Crystal structure of LapB monomer®?
Nine TPR motifs are highlighted in the figure, rubredoxin domain is shown in red and bound zinc
atom is indicated by black sphere.

The Raetz pathway of LPS biosynthesis relies on the formation of
intermediate precursors. The lipid X is the first to be synthesized and it requires,
besides LpxA and LpxC, two other essential enzymes: LpxD and LpxH, as
depicted in Fig. 1.4.%. LpxD adds R-3-hydroxymyristate chain to deacetylated
UDP-3-0O-(acyl)-GIcNAc to make UDP-2,3-diacyl-GIcN®*, whose pyrophosphate
linkage is cleaved by LpxH, by attacking of water on the a-phosphorus atom of
the UDP moiety®®%6, As a result, the first intermediate, 2,3-diacyl-GIcN-1-
phosphate (lipid X) is formed. Lipid X undergoes condensation with UDP-2,3-
diacyl-GlcN due to LpxB activity®’. Resultant disaccharide structure, which is very
characteristic for lipid A, becomes secondarily phosphorylated by LpxK and the
most minimal structure of LPS sustaining E. coli viability of lipid IVa is
formed?668.89  Subsequently, WaaA (KdtA), the 3-deoxy-a-D-manno-oct-2-
ulosonic acid transferase, catalyzes the addition of two Kdo residues to
glucosamine disaccharide backbone of lipid A, resulting into synthesis of lipid 1Va-
Kdo2 precursor'®70, Lastly, final steps of E. coli lipid A-Kdo, formation involve the
LpxL and LpxM enzymes, which are responsible for the addition of the secondary
lauroyl and myristoyl chains, accordingly, to the Kdo-linked glucosamine unit”".
It was established previously that LpxL and LpxM require within their substrates
the presence of the Kdo disaccharide moiety prior to transfer of acyl groups,
however the most recent data reports that it is possible for lipid IVa to act as an
acceptor for acylation by LpxL/M transferases under slow-growth conditions,

without the prior incorporation of Kdo%¢:72. The described above enzymes of the
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pathway are encoded by highly conserved genes in Gram-negative bacteria'?.
First three catalytic steps are carried by soluble proteins, formation of lipid A 1-P-
disacharide is executed by peripheral IM proteins LpxB and LpxH and, the IM
integral proteins LpxK, WaaA, LpxL and LpxM involved in remaining stages,

complete the formation of lipid A-Kdo2%.

1.3.2. Diversified biosynthesis of core and O-antigen regions

Core biosynthesis relies on membrane-associated glycosyltransferases
that sequentially transfer nucleotide sugar precursors. Genes encoding core
biosynthetic enzymes are encoded within waa locus depicted in the bottom of
Figure 1.9. The waa locus is divided in three operons: gmhD, waaQ and
waaA”*- "6, |atter encoding already described enzyme WaaA, the 3-deoxy-a-D-
manno-oct-2-ulosonic acid transferase. The gmhD operon contains waaC and
waaF genes necessary for the addition of Hep residues. Within the long waaQ
operon there are encoded genes required for the biosynthesis of the outer core
and for core modifications. In E. coli strains, waaQ operon also contains the waalL
gene, whose product is required to link O-polysaccharide to the completed core2.
Figure 1.9. presents exemplary glycoform of E. coli K-12 W3110 core that was
established by Miller-Loennies et al’”-’® however E. coli can be characterized by
several known core structures, depending on varied gene expression and

regulation in response to different stimuli.

Kd()” P P Gal

l\\ aaP l\\ aaY l\\ aaB

Lipid A~e— Kdoj<— Hep; <— Hepyj «—Gle] <—— Glejj<—— Gleyj <=—— Heppy
: WaaC WaaF WaaG WaaO WaaR Waal '

WaaQ

Hepyy

inner core . outer core

gmhD waaF waaC waal waalU waaZ waaY waaR waaO waaB waaS waaP waaG waaQ waaA

o) D amm O @Ga@Gaé@amén mdaméam —)

Fig. 1.9. Organization of waa locus and core structure of E. coli K-12 W3110 strain’®
In blue there are marked glycosyltransferases of the inner core backbone and the genes encoding
these enzymes; enzymes modifying the inner core structure and their corresponding genes are
shown in red. Outer core enzymes and encoding them genes are presented in green.
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In pathogenic or commensal strains of E. coli, completion of the smooth
LPS molecule involves the addition of O-polysaccharide to the nascent lipid A-
core. O-antigen is synthesized independently of other two LPS components.
Saccharide polymer is assembled on a carrier lipid, undecaprenyl phosphate
(Und-P), which is situated in the IM on the cytoplasmic side. O-antigen
polymerization takes place at the reducing end of the growing chain, forming Und-
PP-linked saccharide. The ligation of O-PS and lipid A-core occurs at the
periplasmic face of the IM, after both elements are flipped across the

membrane2:18.79,

26


http://mostwiedzy.pl

A\ MOST

1.4. LPS translocation across the envelope and assembly on cell’s

surface

After the completion of LPS synthesis on the cytoplasmic-facing leaflet of
IM, lipid A-core is flipped across the membrane to the periplasmic side by the
ABC transporter, MsbA flippase (Fig. 1.10.)8-82, The essential E. coli msbA gene
was originally discovered as a multicopy suppressor that suppressed the
temperature sensitive phenotype of AlpxL bacteria®®. When MsbA is either
depleted or substituted with the loss-of-function mutation, it results in increased
accumulation of LPS and phospholipids in the IM8-8! The overexpression of
flippase-encoding gene relieves such accumulation as well as suppresses the

lethal phenotype of mutant with impaired Kdo synthesis®+8°.

Periplasm Outer Membrane

Lpt
Proteins

Enzymes %‘ ﬂ
== N

7 e
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Cytoplasm

Fig. 1.10. Schematic representation of MsbA activity in LPS transmembrane transport®
MsbA is a lipid flippase anchored in the IM that transports lipid A with or without core sugars from
the cytoplasmic leaflet to the periplasmic IM leaflet.

MsbA functions as a homodimer that consists of two transmembrane
domains (TMDs) and each contains six transmembrane helices and two
nucleotide binding domains located in the cytoplasm (Fig. 1.10.)%387. Based on
comparison of existing MsbA structures from different species, Padayatti et al. in
2019 proposed the model of sequential conformational changes in homodimer
that occur along the LPS transport®. It is presumed that LPS may enter the
flippase chamber through lateral opening of the membrane portals of inward-
facing MsbA (Fig. 1.11. A). At the interface of monomers in inward-facing
conformation, positively charged residues are exposed that could provide the

recognition and affinity for hydrophilic part of LPS (Fig. 1.11. B)®. Subsequent or
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concurrent binding of ATP molecule dimerizes the nucleotide binding domains
and propels the switch of dimeric protein in open outward-facing conformation
(Fig. 1.11. C)®688_Upon ATP hydrolysis and the reset of transporter a switch back
to inward-facing conformation can occur that releases LPS in the outer leaflet of
the IM (Fig. 1.11. D)®. Figure 1.11. illustrates the described model extended by
possible explanation of LPS flipping and release mechanism presented by Ho et
al. 2018%. Upon opening of the periplasmic gate in outward-facing MsbA,
hydrophobic acyl-chain exposure to the aqueous periplasm and concomitant
opening of a lateral gate provides a possible pathway for LPS to exit MsbA and

become flipped into the outer leaflet of the bilayer (Fig. 1.11. C and D)®.

A Inward-facing: B Inward-facing, LPS bound: C Outward facing, LPS bound: D Outward occluded, apo:
permissive for LPS and arginine-selectivity filterand  acyl-chain exposure to H,0 hydrophobic partitioning
ATP binding hydrocarbon ruler engaged and opening of lateral gate of LPS

ADP + PO,

Fig. 1.11. Conformational changes of MsbA during LPS transport, adapted from®.
MsbA is represented as ribbon with A- E. coli MsbA (PDB accession 3B5W), B- G907 inhibitor—
LPS—EcMsbA complex as a proxy for the LPS-bound inward-facing state, C- StMsbA (PDB
accession 3B60); D- ADP—vanadate—EcMsbA-cryo (PDB accession 5TTP). LPS is depicted in
yellow and orange in sphere molecular representation. Black lines symbolize inner and outer
leaflets of IM.

MsbA-mediated transfer of LPS plays a crucial role in quality control of
LPS structure, due to the poor recognition of underacylated precursors. Such
unrecognized by flippase LPS intermediates accumulate in the IM and are
unavailable for the periplasmic enzymes®8, |t is critical for the survival of the
mutant bacteria synthesizing minimal LPS like lipid IVa, which must be
translocated to the outer membrane, especially under fast-growing conditions.
Lipid IVa, due to underacylation and lack of Kdoy, is a poor substrate for the
flippase in comparison with penta- and hexaacylated derivatives®. Suppressors
that allow for the growth of bacteria with minimal LPS under fast growing
conditions, often require overexpression of late acyltransferases or, reciprocally,
mutations mapping to MsbA itself?6:838591 Recently, in the study published by
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Professor Raina’s group, new suppressor mutations were found that mapped to
the predicted lipid A-binding domain of MsbA and to the domain that provides
MsbA in the selection of the acyl chain length of lipid A%¢. Suppressor mutations
facilitated the transfer of LPS across the membrane of either glycosylation-free
underacylated species or strains synthesizing pentaacylated LPS in the absence
of LpxM and cardiolipin synthase A%. It emphasizes again the importance of the
proper composition of the most conserved part of LPS for functionality of
bacteria®®. Of significant interest is also the discovery of a previously unknown
requirement of cardiolipin (IM lipid) biosynthesis in AlpxM and AlpxL bacteria
lacking either myristoyl or lauroyl acyl chains, as it can point the more complex

connection between LPS and cardiolipin biosynthetic pathways®6-°2,

LPS
> |nnercore outer core

i

outer
| membrane

cytoplasm

Fig. 1.12. Model of LPS biosynthesis and trap1slocation machinery within envelope of
Mature LPS flipped by MsbA, and in subse(’q:-l.Jecrﬁh;teps LapA and LapB could function together
with transenvelope Lpt complex to transfer LPS to outer leaflet of OM.

After lipid A-core is flipped across the IM, if it is relevant for particular strain,
the ligation of lipid A—core with independently synthesized O-antigen is performed
by Waal ligase on the periplasmic site of IM®3-%5_ In laboratory strains of E. coli
K-12, transported through the inner membrane LPS molecules are then substrate
for the ATP-driven Lpt system presented in Figure 1.12. that delivers LPS through

periplasmic space to the outer membrane®-°’. Lpt (LPS transport) proteins form
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a bridge between inner and outer membranes. LptB, LptF and LptG are
assembled in ABC transport protein complex, to whom extraction of LPS from the
IM is attributed®®®°. Process of LPS extraction by Lpt machinery is compared to
removal of substrates by some efflux pumps — LptB serves as a nucleotide
binding component and provides the energy by ATP-binding, and LptF and LptG
act as two transmembrane domains'”'%. LptBFG complex interacts with the
essential IM-anchored protein LptC'?". In the hypothetical model of periplasmic
bridge formed by Lpt machinery, LPS is thought to bind LptC at the IM, from
where it is transferred through filament of LptA proteins to cross the periplasm,
and is inserted into the OM outer leaflet by LptDE complex®8.99.102.103 | ptC, LptA
and the N-terminal domain of LptD were each found to have a B-jellyroll domain,
which assemble into a continuous slide for LPS molecules, insulating
hydrophobic lipid A region from aqueous periplasm'%41%%_|n the outer membrane,
LptD C-terminal domain and LptE form stable complex. LptD forms a 26
B-stranded barrel, while LptE forms a plug located inside the LptD barrel and aids
its assembly'92106.197 | ipid A travels via hydrophobic core of LptD N-terminal
domain across intramembrane hole and is inserted into the OM, while the
hydrophilic core oligosaccharide (as well as O-antigen) pass the channel formed
by LptD C-terminal domain and LptE'®. YceK is a lipoprotein that was found to
suppress the essentiality of lapB when introduced in multicopy. In a screen for
genetic interaction maps, the interaction between IptD and yceK was reported
and it suggested its potential function in the transport of LPS'%°. Deletion of yceK
gene results in impaired outer membrane integrity, but the exact function remains

to be established*!-119,
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1.5. Regulated alterations of LPS

Lipopolysaccharide is not only structurally heterogenous molecule among
the species, but also its structure dynamically changes in response to different
stimuli. Each region of LPS molecule undergo modifications that are tightly
regulated in order to accommodate the cell to specific environmental niches or
challenges. LPS alterations respond and contribute to bacterial virulence,
resistance to antimicrobial agents, survival upon stress stimuli like temperature,

pH, osmolarity, the presence of detergents and many other™"".

1.5.1.  Modifications of lipid A

Under standard laboratory growth conditions lipid A of E. coli K-12 is
a hexaacylated and biphosphorylated disaccharide B-D-GlcpN4P-(1—6)-a-D-
GlcpN1P (Figure 1.13.), as described in subsection 1.2.2'820 In response to
different external conditions, each region of lipid A component can undergo
modifications. For example, changes within the acylation pattern of lipid A provide
bacteria with resistance to some cationic antimicrobial peptides (CAMPs) and
affect the endotoxic properties of lipid A. Lipid A is a long-known active
component of LPS endotoxin. When it is recognized in human by TLR4-MD2-
CD14 system, it induces the signal cascade that leads to the production of
cytokines, chemokines and other antimicrobial agents that activate the innate
immune response to overcome bacterial infection''?. The inflammatory reaction
is essential to eliminate the pathogen, but is also the reason for some main
pathophysiological symptoms associated with infections, with the sepsis as an
extreme example'3. It is known that bacteria can modulate the structure of its
lipid A to attenuate the inflammatory response and evade recognition by immune
system''3. One of such alterations is incorporation of additional palmitate chain
to the hydroxyl group of 3-hydroxymyristic acid at C-2 position of reducing-end of
hexaacylated lipid A, catalyzed by PagP enzyme (Fig. 1.13.)'"*. PagP is an OM
protein that is usually enzymatically inactive. Its activation is induced when
permeability of outer membrane is disturbed. The pagP gene transcription is
subject to regulation by the PhoP/Q two-component system (TCS), EvgAS TCS
and in biofilm form, RcsB cascade with aid of GadE auxiliary regulator''®116. The

PhoP/Q two-component system senses low Mg?* or Ca?* ions concentration, or
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the presence of cationic antimicrobial peptides that alter Mg?* distribution at the
membrane surface, via PhoQ that is a histidine kinase found in the cytoplasmic
membrane. PhoQ responds to the changes in ionic concentrations through
altering its conformation resulting in autophosphorylation of its conserved
histidine residue. Subsequently, the phosphorylated histidine kinase transfers
phosphate group to the PhoP response regulator, which consecutively activates
transcription of genes within its regulon, in this example the pagP gene'-119,
The next TCS, EvgS/A, confers acid resistance in E. coli. The activation of EvgS
sensor initiates the cascade of transcription factors, including its response
regulator EvgA and GadE acid-responsive regulator, inducing transcription of
many acid resistance genes. EvgS/A enhances activity of PhoP/Q TCS, thus
activating the pagP gene transcription'’®. The adaptative feature of lipid A
modifications with importance for pathogenesis is emphasized by the fact that
PagP enhanced synthesis occurs, when in biofilm state, due to the activation by
another signal cascade Rcs phosphorelay. RcsB is a response regulator that
belongs to the multicomponent RcsF/RcsC/RcsD/RecsA/ResB system. It was
found to be involved in the regulation of the various processes, like synthesis of
colanic acid capsule, cell division, periplasmic proteins control, motility and
biofilm formation'. In biofilm state, due to the osmolarity changes, Rcs system
induces changes in LPS structure, but in planktonic culture it is also able to sense
LPS defects and activate RpoE-dependent stress response’'®12! |n each signal
cascade, the activation of PagP occurs that generates the heptaacylated lipid A.
Such modification not only help bacteria to attenuate the production of CAMPs
by infected host due to not being recognized by TLR4 pathway, but it also
probably directly protects bacterial cells from certain CAMPs. Latter assumption
is based on the theory that lipid A palmitoylation presumably changes the fluidity
of the bacterial OM that interferes with CAMP insertion and translocation across

the membrane bilayer'?2,
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Fig. 1.13. Modifications within lipid A (modified)3®
Enzymes ArnT and EptA catalyze incorporation of L-Ara4N and P-EtN, respectively. Acylation of
glucosamine is regulated by several proteins: PagP, PagL, LpxR and LpxP. Asterisks indicate
modification enzymes not found in E. coli K-12. PagP and PagL are under control of two-
component systems. LpxR deacylase is negatively regulated by MicF sRNA. LpxP incorporates
a palmitoleoyl chain into lipid A instead of the secondary laurate chain regularly added by LpxL
at low temperatures.

Evading the host response by alteration of lipid pattern can also be
observed through deacylation of lipid A. Discovered first in Salmonella, with its
homolog in E. coli, protein PagL, is a lipid A 3-O-deacylase, whose gene is
another member for the PhoP/Q regulon'?3. Catalyzed by PagL deacylation of
lipid A was shown to significantly decrease ability of modified LPS molecules to
induce TLR4-mediated signaling, thus help bacteria evade the host immune
response’?*. Similar mechanism is also established for pathogenic Escherichia
coli, where another lipid deacylase, LpxR (Fig. 1.13.), was found to remove
3'-acyloxyacyl residue of lipid A and contribute to the low inflammatory response
of infected host cells'?®. What is interesting, the expression of [pxR gene is
negatively regulated by non-coding RNA MicF (Fig. 1.14. B). MicF ncRNA is
a trans-acting molecule that base-pairs within the coding sequence of IpxR
mRNA and promotes its degradation by RNase E'?%. The levels of expression of
micF itself depends on various environmental conditions and stresses, including
osmolarity changes or membrane perturbations. It was discovered as an

important regulator of outer membrane porin OmpF, and the interactions between
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these two molecules were found to increase antibiotic resistance of bacterial
cells, as well as resistance to killing by macrophages'?7128,

Escherichia coli K-12 genome does not contain paglL or IpxR genes,
probably because as a laboratory strain, it does not require mechanisms
responding to host environment. However, its lipid A modifications relying on
acylation are not limited only to PagP activity. Under cold-shock or at low
temperatures (12°C) E. coli exploits also other acyltransferase, LpxP,
palmitoleoyl-acyl carrier protein (ACP)-dependent acyltransferase that acts on
the lipid A precursor, Kdoz-lipid IVa. LpxP incorporates a palmitoleoyl chain into
nascent lipid A in place of the secondary laurate chain, regularly added by LpxL.
It is believed that the presence of palmitoleate in place of laurate may contribute
to maintaining the optimal membrane fluidity at low temperatures’?1%°,
Furthermore, transcription of the JpxP gene is activated upon RpoE induction?.

The commonly observed modifications of lipid A are also situated within
the glucosamine part of the molecule. These include incorporation of
phosphoethanolamine (P-EtN) at C1 and or C4', and 4-amino-4-deoxy-L-
arabinose (L-Ara4N) at C4' of glucosamine (Fig. 1.13. and Fig. 1.14. B). These
non-stoichiometric substitutions are catalyzed by EptA and ArnT transferases,
respectively, which reside in the inner membrane, facing the periplasm?®.
Additions of P-EtN and/or L-Ara4N to lipid A were found to contribute to resistance
of E. coli to cationic antimicrobial peptides and, similar to pagP/L genes, genes
encoding EptA and ArnT transferases are also regulated by PhoP/Q TCS.
PhoP/Q TCS also enhances activity of yet another signaling cascade — BasS/R
two-component system3%.131. BasS becomes phosphorylated in response to high
concentration of iron ions or mild acidity, and activates the BasR response
regulator that induces transcription of genes involved in modification of
lipopolysaccharide to prevent excessive Fe(lll) binding'3'. Additionally, in E. coli
and in Salmonella, BasS/R TCS is induced also due to response of PhoP/Q
system to decreased concentration of Mg?* and Ca?* ions, which requires adaptor
protein PmrD to mediate the signal between these two signal transduction
pathways'®?. Such cross-talking between different signaling cascades allows
bacteria to expand the signal sensing and fine-tune the response to win the
advantage in the environment. Glucosamine modification of carbons C1 and C4'
of lipid A relies also on another enzyme, LpxT (Fig. 1.14. B). C1 and C4' of lipid A

34


http://mostwiedzy.pl

are frequently presented as phosphorylated due to LpxH and LpxK activities
within the Raetz pathway of lipid A-Kdo2 biosynthesis®. Notwithstanding, it is
estimated that approximately one third of lipid A molecules from E. coli K-12
is biphosphorylated at C1 position'33. The enzyme responsible for incorporation
of second phosphate group, LpxT, transfers a phosphate group from
undecaprenyl-pyrophosphate to the position 1 phosphate and contributes to
increased negative charge of lipid A4 Upon exposure of bacteria to low
concentration of divalent cations or cationic antimicrobial peptides, when the
coupled PhoP/Q and BasS/R TCSs signaling occurs, the expression of short
polypeptide PmrR is induced, which binds to LpxT and inhibits its activity'3.
Then, depending on the environmental signal, either further P-EtN or L-Ara4N
addition in the place of second phosphate group is favored in order to maintain
appropriate membrane permeability'!".

LPS biosynthesis and its modifications remain in complex relations with
major regulator of extracytoplasmic (envelope) stress response, sigma factor
RpoE (sigma E, sigma 24)'%8, Strains that synthesize only minimal LPS structure,
mutants with underacylated lipid A or bacteria where the imbalance between
phospholipids and LPS synthesis occurs, are characterized with often hyper-
elevated levels of RpoE?%4".137 Concerning only the modifications of lipid A
region of lipopolysaccharide, it is worth noticing that some of RpoE-regulated
components participate in this process. In this instance, RpoE stress response
affects mainly the PhoP/Q two-component system. The sigma E-regulated
NcRNA MicA base pairs with the phoP mRNA and restrain its translation,
consequently inhibiting the lipid A modifications orchestrated by the TCS, while
stress response is activated'®. MicA sRNA was also predicted to base-pair with
the JoxT mRNA'°. The MicA-dependent LpxT inhibition and its effects on the LPS
structure has not been directly studied yet, however the structural analysis of LPS
mutants from strains with RpoE and BasS/R simultaneously induced, revealed
the absence of second phosphate group on C1 that can be attributed to MicA
activity (Fig. 1.14. B)?®*. Another ncRNA that participates in the lipid A
modifications through PhoP/Q repression is GevB sRNA™0, Binding of either
small RNA MicA or GevB to the phoP mRNA is sufficient to inhibit ribosome
binding and induce mRNA degradation. GcvB is not reported to be induced by
sigma E activity, but it has been shown during the study on mutagenic break

35


http://mostwiedzy.pl

A\ MOST

repairs that it strongly affects levels of RpoE response, though the exact
mechanism is not known''. The most recent data published by Professor Raina’s
group reported that overexpression of GevB sRNA was found to repress the
accumulation of LpxC and suppress the lethality of AlapA/B mutant®. This
previously unknown contribution of GecvB non-coding RNA to regulation of first
committed step of LPS biosynthesis could explain its link to RpoE-dependent
envelope stress response activation. It is clear that there are present variety of
mechanisms responsible for modification of only lipid A part of LPS. The
involvement of several signaling cascades, non-coding RNAs and the RpoE
sigma factor of extracytoplasmic stress response emphasize the importance of
lipopolysaccharide molecule in bacterial homeostasis and pathogenicity as lipid A

constitute the major portion of outer membrane leaflet.
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Fig. 1.14. Schematic representation of hexaacylated lipid A-core structure of E. coli K-12

(glycoform 1) and its modifications in response to different signals""
Enzymes, which catalyze biosynthesis of subsequent steps, are indicated along with non-coding
RNAs, two-component systems and RpoE sigma factor that all have an impact on glycoforms
composition. (A) Under non-stress conditions glycoform | is the main composition of LPS found
in E. coli. (B) PagP activity generates heptaacylated lipid A. On the contrary, LpxR removes the
3'-acyloxyacyl residue. Lipid A part can be modified by EptA and ArnT enzymes that catalyze
incorporation of P-EtN and L-Ara4N at position 1 and 4', respectively. Induction of envelope stress
RpoE sigma factor results in the incorporation of the Kdo Il moiety by enhanced synthesis of
WaaZ and inhibition of WaaR by RybB ncRNA. It favors the attachment of Rha on Kdo IIl and
enhancement of EptB activity that overcomes its MgrR-dependent inhibition, decorates P-EtN on
Kdo Il (panels 1 and 2). Simultaneously, the truncation of the terminal Glic Ill-Hep IV disaccharide
occurs. Activation of PhoB/R TCS results in the addition of GIcUA on Hep Il regulated by WaaH
and P-EtN moiety on Hep | by EptC.
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1.5.2. Diversification of core oligosaccharide

Along with the distance from the outer membrane, the diversification of
LPS molecule increases. The composition of the inner core is still relatively well
conserved among Gram-negative bacteria. In E. coli, inner core consists of
a-(2-4)-linked Kdo disaccharide to which three L-glycero-D-manno-heptose
residues are attached (Fig. 1.14. A)'2. The Kdo residue is the only component
found in all known cores, although in some cases its derivative, D-glycero-D-talo-
oct-2-ulosonic acid, is present?3. All components of the inner core are subjected
to modifications orchestrated by two-component systems, ncRNAs, ppGpp
alarmone and RpoE sigma factor, in order to ensure OM permeability, antibiotic
resistance and diversity in the LPS composition, depending on external
signals™'. Similar to lipid A part, one of the most common modification within the
core is its decoration with P-EtN that occurs on the second Kdo residue
(Fig. 1.14. B)'2. The phosphoethanolamine transferase that catalyze P-EtN
incorporation is encoded by the eptB gene, which was found to be induced in the
presence of Ca?* ions in the medium'543, No direct signal cascade was found
so far to control this phenomenon, however the regulation of P-EtN incorporation
on Kdo Il can be explained by cross-talking of RpoE stress response and PhoP/Q
TCS. Transcription of the eptB gene is negatively regulated by PhoP-dependent
non-coding RNA MgrR (Fig. 1.14. B panel 1)'. Under standard growth
conditions MgrR base-pairs with the eptB mRNA and silences its expression. The
mgrR transcription is induced by PhoP/Q cascade, therefore under normal
conditions, it directly inhibits the activity of EptB and P-EtN incorporation'#. The
opposite course of events can be explained by RpoE activity (Fig. 1.14. B panel
2). Under conditions that induce envelope stress response, for example as found
in the case of AwaaC or AwaaF mutants with LPS defects, the RpoE-dependent
MicA ncRNA represses the PhoP/Q signaling and as a consequence, the activity
of MgrR sRNA is also hindered?®:6:138.140 " |n addition, the eptB gene itself is
transcribed from a sigma E-recognized promoter, therefore its activity is not only
not repressed but also induced upon envelope stress conditions, and that
explains enhancement of the EptB-dependent P-EtN modification of the second
Kdo upon activation of RpoE?°. This model was confirmed by recent studies

published by Professor Raina’s group, where suppressor mutations that
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overcome the Ca?* sensitivity of a A(waaC eptB) mutant were found to map to
the basS and basR genes®. Suppressor mutations in basS/R caused
a constitutive incorporation of P-EtN in the lipid A part and were able to abolish
the sensitivity of A(waaC eptB) mutant to Ca?* through compensation for P-EtN
absence on the second Kdo®. The data reassured that incorporation of P-EtN on
the Kdo Il is due to the higher level of induction of the eptB gene, whose
transcription responds to the RpoE-dependent envelope stress response.
Another non-coding RNA that inhibits translation of eptB mRNA via base-pairing
is ArcZ sRNA'™4. ArcZ is negatively regulated by oxygen-responsive two-
component system ArcB/A'. Thus, under normal aerobic conditions ArcZ
functions freely and inhibits EptB activity (Fig. 1.14. B panel 1). The combined
effects of MgrR and ArcZ ncRNAs, when E. coli growth is undisturbed, Mg?* and
Ca?* levels are relatively low and oxygen is available, hinder P-EtN addition by
EptB. It is under microaerobic or anaerobic conditions when Mg?* or Ca?* levels
are high, and/or when E. coli is exposed to cationic antimicrobial peptides, like
polymyxin B that in all cases lead to envelope stress induction, when this and
other LPS modifications are necessary for bacteria to survive and acquire
resistance. E. coligenome encodes one more phosphoethanolamine transferase,
designated as EptC. This enzyme is necessary for the incorporation of P-EtN on
phosphorylated Hep 1'4". EptC undergoes regulatory control by PhoB/R TCS that
responds to phosphate levels in the bacterial surrounding and it is activated under
phosphate-limiting conditions (Fig. 1.14. B)'7"148  EptC-mediated P-EtN
incorporations are absent on the LPS of E. coli grown under phosphate-rich
conditions but are present in the LPS of cells grown under phosphate-limiting
conditions, when PhoB/R TCS is induced'’. This modification serves as an
adjustment of OM permeability, as mutants that lack the eptC gene exhibit
increased sensitivity to sublethal concentration of Zn?* or to the presence of SDS
detergent in the medium'#’. The same TCS contributes also to the addition of
glucuronic acid (GIcUA) on Hep |l regulated by WaaH (Fig. 1.14. B)?>'47. This
modification coincides with the absence of phosphate on the second heptose.
Extracytoplasmic stresses that induce activity of RpoE, despite the
favoring of P-EtN addition to the second Kdo, result also in several other changes
within core region. Under envelope stress, there is observed an increase in the

incorporation of the third Kdo residue linked to Kdo disaccharide, catalyzed by
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WaaZ lipopolysaccharide biosynthesis protein (Fig. 1.14. B)?®14°, Kdo Ill residue
is further decorated with rhamnose by reaction controlled by WaaS rhamnosyl
transferase?®. Under normal growth conditions Waa$S catalyzes the addition of
Rha to the second Kdo, as EptB-dependent P-EtN incorporation there is inhibited
(Fig. 1.9. B panels 1 and 2)"'". Simultaneously, RpoE-inducing conditions harbor
RybB sRNA together with, to some extent, MicA ncRNA, to repress the synthesis
of WaaR glycotransferase responsible for the addition of the third glucose (Glc
[I) to the second glucose (Glc Il) in the outer core of E. coli K-12 LPS (Fig. 1.14.
B)29%75, It results in truncated LPS, lacking terminal saccharides, with three Kdo
residues alternated with rhamnose and P-EtN, and possible P-EtN residue on

Hep |. Such core variant was designated as glycoform V.

1.6.3. Switching of glycoforms

Up to current knowledge, one can distinguish at least seven different
glycoforms of E. coli K-12. The study upon structural analysis of oligosaccharides
from LPS revealed that under optimal growth conditions, the majority of E. coli
K-12 LPS was found to correspond to glycoform |, with two Kdo residues, four
heptoses and four hexoses attached in specific order as presented in
Figure 1.14. A and 1.15. below’’. Glycoform | accounts for approximately 70% of
total LPS and other observed species under normal conditions are glycoforms Il,
Il and IV (Fig. 1.15.)"". In comparison to glycoform I, glycoform Il contains an
additional residue of N-acylated B-D-GIcN (GlIcAc) 1—7 linked to Hep IV and it
contributes only in 5% to total lipopolysaccharide amount. In the same study,
another minor amount of molecules, with approximate same 5% input, was found
to lack the terminal L-a-D-Hep in the outer core but otherwise identical to the major
oligosaccharide that was designated as glycoform Ill. Glycoform IV, which was
identified as 20% of total LPS, contained a branched tetrasaccharide of three Kdo
residues and rhamnose connected to lipid A with concurrent truncation within the
outer core missing terminal disaccharide (Hep IV-Glc IIl)"".

The molecular switch that leads to accumulation of different LPS
glycoforms can be defined as a shift in conditions activating specific signaling
cascades that have impact on LPS composition. It was discovered that
glycoform IV is the most abundant LPS species when TCSs PhoB/R and BasS/R
are induced, but there is no enhancement of RpoE activity?®. Thus, external
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signals activating the switch to glycoform |V are the limiting phosphate conditions,
mild acidity or excess of external Fe(lll) in the environment, as it was described
earlier. The accumulation of glycoform IV is a result of MgrR sRNA-dependent
repression of eptB mRNA, when P-EtN does not occupy place on Kdo Il for
rhamnose to be attached by Waa$S (Fig. 1.14. B panel 2)?#'45. On the contrary,
when RpoE sigma factor-inducing conditions arise, either naturally or due to
mutations like for example, deletion of RpoE anti-sigma factor (ArseA mutants),
the accumulation of LPS glycoform V occurs?®. Glycoform V (Fig. 1.15.) contains
rhamnose on Kdo Il and P-EtN moiety on Kdo Il as the RpoE-driven transcription
overrides MgrR sRNA-dependent repression of the EptB synthesis due to the
hyperinduction of RpoE-recognized promoter of the eptB gene?42°. Interestingly,
each known glycoform that contains three Kdo residues (glycoform IV, V and VII),
is characterized by truncation of the core due to WaaR inhibition (Fig. 1.14. B and
Fig. 1.15.). The waaR mRNA translation is silenced due to RpoE-induced activity
of two non-coding RNAs — MicA and RybB?%7>. Consistent with these findings,
the waaR mutants were discovered to synthesize derivatives of glycoform IV
without the requirement of sigma E induction?*. Therefore, signal in form of RpoE
stress response results in the switch to LPS glycoforms IV, V and VII. Glycoform
IV accumulation is dependent on predominant repression of the eptB gene by
MgrR sRNA. However, when the RpoE activity is utmost, of-induced EptB
synthesis overrides the MgrR-mediated repression, resulting in the synthesis of
glycoform V. The glycoform VIl becomes major LPS form, when in concert with
RpoE-induction, E. coli is grown under phosphate-limiting conditions with sub-
millimolar concentrations of Zn?* and Fe3*, which are the WaaH glucuronic acid
transferase-inducing conditions''"147, Lastly, difference between switches to
glycoform VI and VIl is based on the fact that no stress response activation is

required in the case of glycoform VI'47,

41


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

lycofi I
glycoform e

HeplV Gal Heplll Kdoll-7 « { -P-EIN
waal —% waaB T waaQ ——1—— waaA —z—
Gldll ‘|<|-b2 Glcll- I-LDJ Glecl 1—L>3 Pbpﬂ I-LDS H”I 1-+-—>5 Kdol- 2-—|—IIpIdA

mo waaG mF waaA
—L waaY —?— waaP
A
glycoform Il '
P-EIN
GlcNAc
|
ki it
HeplV Gal Heplll Kdoll-7 « { -P-EIN

waal f‘# waaB —;— wuov%— waalA —3—
Glcm 1<|->2 Glcll- IJ->3 Glcl 1—+—>3 H.p“ 1-A—>3 Hopl 1+->5 Kdol- 2-|—IIpIdA

wno me waaA
—L waaY —t— waaP
‘,
P-EIN
glycoform Il eptB
Gal Heplll Kdoll-7« { _P-EIN
1 1 2
waaB —‘* waaQ —*— waaA —i—
V
Glelil- 1~|—>z Glell- 1—{—»3 Glcl 1—%—»3 uopu 1-T->3 Nepl 1+>s Kdol- 2+IIﬂdA
waaR waa0 waaG waaF waaA
—i— waaY —t— waaP
‘,
glycoform IV P-EIN e
waaZ
T waaS
Gal Heplll Kdoll-5 «-1-Rha
¢ 4 ! ;
6 7 4
Glcll-1—» 3-Gicl-1—» 3-Hepll-1—» 3-Hepl-1 —» 5-Kdol-2 — lipid A
4 4
P P
A
glycoform V P-EIN Kaoll- s<+|-mn
waaZ T
ept8
Gal Heplll Kdoll 7 <+ P-EIN
I } L
6 7 4
Gicll-1—» 3-Glcl-1—» 3-Hepll-1—» 3-Hepl-1 —»5-Kdol-2 — lipid A
4 4
P P
A
glycoform VI G";UA p-EN
M—i—
T
HeplV Gal Heplll Kdoll-7 «— P-EIN
1

| - ]
6 6 7 4
Glelil-1—»2-Glcll-1—»3-Glcl-1—» 3-Hepll- 1—» 3-Hepl-1 —» 5-Kdol-2 — lipid A
4

I
L o

P-EtN
waaS
GlcUA Kdolll-5 <+ 1-Rha
glycoform Vi 1 2 <+
mﬂ—t— wnZ—i—
7 4 w2
Gal Heplll Kdoll-7<+ P-EIN
1 1 2

' v .

6 7 4
Gicll-1—»3-Glel-1—» 3-Hepll-1—»3-Hepl-1 —»5-Kdol-2 — lipid A
-

!
4 o

Fig. 1.15. Schemas of E. coli K-12 LPS glycoforms I-VII, based on?"14
Seven known glycoforms of E. coli K-12 are presented in the figure along with the indicated genes,

whose products are responsible for the addition of particular moieties.
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1.5.4. Regqulation of transcription of long LPS-related operons

The significant amount of genes that encode proteins necessary for LPS
biosynthesis and its alterations are located within long transcription units like
waaQ or rfb operons. The waaQ is the major core-oligosaccharide assembly
operon in E. coli and rfb products are involved in O-antigen biosynthesis'?. It was
found that both of these genomic locations undergo regulation by a global-acting
RfaH transcription antiterminator'%15', RfaH inhibits the Rho-dependent
termination of waaQ and rfb operons and its activity allows to bypass downstream
termination signals and to transcribe long mMRNAs™2153, RfaH is a paralog of
universally conserved family of NusG transcription factors'4. It exhibits the
unique specificity of recognition for only the operons that contain its binding ops
(operon polarity suppressor) sequence, encoded as a part of so-called JUMPstart
(just upstream of many polysaccharide-associated gene starts), located in the
5' UTR'"1%5 Such RfaH-recognized sequences were found not only upstream of
waaQ or rfb operons, but also in operons with genes encoding proteins necessary
for haemolysin, capsule synthesis and for conjugation’*. The RfaH protein that
is not bound to the ops site remains in its inactive closed conformation with the
C-terminal domain (CTD) in form of a-helical hairpin that is tightly packed against
its N-terminal domain (NTD). Closed conformation prevents the interactions of
NTD with DNA and RNA polymerase. Upon binding to ops sites, in the presence
of RNA polymerase, the CTD changes its conformation into a B-barrel, exposing
NTD and allowing for the recruitment of ribosomal proteins to couple transcription
with translation and also to enhance transcriptional elongation'®. The LPS-
associated waaQ and rfb operons contain an 8-nt ops site and the JUMPstart site
in their 5' UTR and they also lack a ribosome-binding site'?'. It was shown that in
ArfaH mutants LPS is significantly shorter and such mutants have elevated
envelope stress response, they exhibit permeability defects and pathogenic
strains of E. coli become avirulent due to the mutation'"121,

In 2016 Professor Raina’s group published identification of a new non-
coding RNA RirA sRNA (RfaH interacting RNA) as a potential regulator of the
waaQ regulon'®'. The expression of the rirA gene induced from the multicopy
plasmid led to the increased (-galactosidase activity on 5-bromo-4-chloro-3-

indolyl-B-D-galactopyranoside (X-gal) supplemented medium in strain with the
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lacZ gene fusion with rpoEP3 promoter that specifically responds to LPS defects.
RirA sRNA is 73-nt long and located in the 5' UTR of waaQ gene. It is transcribed
in the same direction as waaQ and the 5' end mapping showed that it shares the
transcription start site with the waaQ operon. Overexpression of RirA causes
similar disruptions as in the ArfaH bacteria — it abolishes synthesis of O-antigen,
causes truncation of the LPS core and reduces overall amounts of LPS. It is
known that RirA ncRNA directly interacts with RfaH in the presence of RNA
polymerase. Potential interpretation of RirA role can be explained by RfaH-
tittering function. It is possible that the accumulation of RirA in the cell might serve

as an internal checkpoint for balanced LPS synthesis''"121,
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1.6. Envelope stress systems in response to LPS defects

It has already been emphasized in this thesis how maintaining the
homeostasis within bacterial envelope is crucial for growth and viability of
bacteria. In order to protect the functioning of the envelope, which is the first
structure separating the cell from environment, bacteria have evolved the
signaling pathways not only to introduce the environment-dependent alterations,
as described above, but also to detect and cope with malfunctions and repair the
damage by controlling the expression of appropriate genes. E. coli envelope
stress response systems have been studied extensively, but only recently the
steps of exact mechanisms of sensing the defects of LPS which is one of the

major contributors to envelope stresses, were established.

1.6.1. RpoE sigma factor

Since early studies upon heat shock stress response and RpoE-regulated
extracytoplasmic stress response, it was repeatedly reported that disruptions
within lipopolysaccharide-related genes induce the expression of the rpoE gene
itself or genes recognized by RpoE sigma factor—RNA polymerase
complex®2.136.157 ‘Hyper-elevated levels of RpoE were also detected in strains that
synthesize the minimal LPS variants of Kdox-lipid IVa or free lipid IVa and the
activity of of is also induced when there is an imbalance in the ratio between LPS
and phospholipids?6#' It is also known that mutant strains synthesizing
heptoseless LPS exhibit a constitutive induction of the rpoE expression?6:157,

RpoE is regulated by products of the genes of its own operon, rseA, rseB
and rseC genes (Fig. 1.16. A). RseA is the anti-sigma factor of sigma E. Under
normal conditions it binds to sigma subunit via its N-terminal domain and
sequesters RpoE, titrating it and hence reduction in its activity’®. When the
extracytoplasmic stress occurs, activated proteases, like for example DegS or
RseP (EcfE), degrade inhibitor and relieve o5'%%, RseA interacts with another
negative regulator of RpoE, RseB'®%8. This protein facilitates the RseA-RpoE
binding and prevents the cleavage of RseA by proteases'%16". The third member
of the operon, RseC, is a positive regulator of sigma E, however the ArseC
mutants do not exhibit any effect on o activity, unless coupled with the deletion

of rseB'58. Along with the discovery of the rpoE gene, it was already established

45


http://mostwiedzy.pl

A\ MOST

in two complementary studies that the sigma E-encoding gene has its two
promoters and that its transcription is positively autoregulated from its adjacent
promoter (called rpoEP2) as it is recognized by Ec® and its activity is induced
when the disturbance in OMPs conjuncture occurs. The regulation of distal

promoter region (called the rpoEP1) remained unclear (Fig. 1.16. A)136.162,

A A -
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Fig. 1.16. Transcriptional regulation of the rpoE gene'?!, modified

Schematic presentation of transcriptional start sites of the rpoE gene known previously, since
gene discovery (A) and identified by Professor Raina’s group by mapping of transcription start
sites and verification by in vitro run-off assays (B). Different established in later study sigma
factors and regulatory proteins that affect the activity of certain promoters are presented. Black
numbers below each TSS refer to number of base pairs upstream of +1 position of the rpoE gene.

During the research in our group from Professor Raina’s laboratory,
addressed to understand mechanisms of induction of RpoE-driven stress
response to LPS defects in E. coli, it was discovered that the transcription of the
rpoE gene is initiated from six start sites and that transcription of two of its newly
established promoters rpoEP2 and rpoEP3 is specifically induced when LPS is
defective (Fig. 1.16. B)'?'. Among these, the most pronounced was the
transcription from the rpoEP3 promoter when LPS core biosynthesis was
disrupted, the assembly of LPS misfunctioned or when bacteria were challenged
with LPS-binding antibiotic polymyxin B. The activity of the same rpoEP3
promoter was found to be highly induced in mutants lacking RfaH transcription
antiterminator and by the overexpression of described RirA sRNA. Similar effect
was observed when E. coli was treated with ammonium metavanadate (AMV)

that non-specifically activates different TCSs'?".

1.6.2. Rcs signaling cascade is activated by defective LPS

The first evidence in establishing signal transduction in response to LPS

defects was observed when the 7-fold induction of the rpoEP3 promoter detected
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in AwaaC mutant was nearly abolished in double mutant of A(waaC rcsB).
It suggested that Rcs TCS is required to activate RpoE-dependent envelope
stress response’?'. This was further confirmed by the in vitro DNA binding assays
with purified RcsB response regulator that established the presence of RcsB
binding motif in the rpoEP3 promoter region’?'. The transcription run-off assays
demonstrated the authenticity of P3 promoter recognition by the house-keeping
sigma factor RpoD and analysis of mutated RcsB-binding sequence reinforced
the results that this response regulator acts as a transcription factor in response
to LPS defects'?'.

The possibility of function of Rcs pathway in sensing LPS defects was
considered earlier, during the examination of deep-rough LPS mutant strains.
The rfa-1 strains synthesize truncated LPS composed of two first heptose
residues in the core region and they are characterized by the induction of cps
genes leading to overexpression of exopolysaccharide. It was found that signal
transmission from defective LPS to induction of cps operon relied on the outer
membrane lipoprotein RcsF, as it was abolished when the rcsF gene was
deleted’®3. RcsF lipoprotein was later found to exists in complexes with outer
membrane proteins and that these RcsF/OMP complexes are required for
sensing OM outer leaflet stress. When such stress, including disturbance within
the LPS structure happens, this information is transduced to the RcsF C-terminal
signaling domain located in the periplasm, to activate the stress response’64.
Such activation of Rcs phosphorelay resulted in activated RcsB response
regulator which in turn induced transcription from the rpoEP3 promoter
(Fig. 1.17.).
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1.6.3. Free LPS competes for binding with RseB

The another model of detecting LPS defects and launching adequate
stress response is based on competition between LPS and RseA for binding
RseB'%%. Authors of this study have shown that binding of free LPS in the
periplasm to RseB endures the protective function of RseB-RseA binding and
allows for the increased proteolysis of RseA anti-sigma factor. Hindering of RseA
functioning results in the release of RpoE and the auto-induced rpoE gene
transcription, as described in the beginning of subsection'®®. The support for this
trade-off model, came from the experiment where the presence of filament-
forming LptA molecules that form crossbridge for LPS translocation through
periplasm (Fig. 1.12.), prevented the RseA-RseB dissociation by LPS. It
suggested that the accumulation of LPS in the periplasm due to release from Lpt
machinery constitute a signal that initiates the RpoE-dependent stress response
through the suspension of functioning of anti-sigma factor (Fig. 1.17.)'%%. The
model requires further validation, however the analysis of distribution between
free RpoE and IM-bound RpoE in AwaaA mutants indicated that in such strains,
where LPS is composed of only lipid 1Va, enhanced RpoE expression can be
caused by elevated release rate of RpoE from the IM'%¢. Furthermore, the A(/apA
lapB) mutants, quite like AwaaA bacteria, were also characterized with
constitutive induction of RpoE, as the lack of assembly factors leads to reduced
amounts of LptD in the OM with simultaneous overproduction of LPS due to
stabilization of LpxC, and accumulation of LPS precursors with incomplete core

and defective acylation (Fig. 1.17.).

1.6.4. Qse TCS-dependent and RpoN-regulated rpoEP2 promoter responds to
LPS defects

Induction of RpoE-dependent response when there are defects in LPS
present is also dependent on the RpoN-regulated rpoEP2 promoter. This
phenomenon occurs to a significantly lower extent than the activation of the
rpoEP3 promoter and mainly upon entry into the stationary phase'?'. Two
promoters that are affected by perturbations within LPS biosynthesis share the
same transcription initiation start site at -327 position, but the rpoEP2 exhibits

homology to RpoN-recognized promoters with the presence of conserved —-12
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and -24 RpoN recognition sites. It was discovered that this promoter is activated
by QseF protein by a nearly 20-fold induction upon overexpression of the OM
protein QseG (Fig. 1.17.)'?'. QseF is a response regulator of QseE/F two-
component regulatory system. In non-pathogenic E. coli, it is involved mostly in
the regulation of GICN6P synthase (GImS) biosynthesis. GImS catalyzes the
conversion of fructose-6-phosphate into GIcN6P, together with GImM and GImU
enzymes and it is the first step in the biosynthesis of UDP-GIcNAc, which is
a substrate for peptidoglycan, as well as for LPS biosynthesis (Fig. 1.4. and
Fig. 1.17.)'%’. QseE/F TCS is present in many bacteria species. In
enterohaemorrhagic (EHEC) strains of E. coli, this system is involved in sensing
human hormones in order to form lesions in the large intestine'8. The gseG gene,
which encodes another described outer membrane lipoprotein, is co-transcribed
with gseE and gseF genes. The phosphorylation state of QseE/QseF is strictly
dependent on interaction with QseG lipoprotein in response to an envelope
signal'®®. However, there is no exact mechanism established yet on how the Qse
TCS senses LPS.

1.6.5. Cpx two-component system is induced in LPS mutants

The integrity and homeostasis of OM, beside correctly synthesized and
assembled LPS, requires functional assembly of OMPs and a balance between
synthesis of peptidoglycan, phospholipids and LPS. It is ensured by mechanisms
that need execution of not only RpoE-dependent response, but also the function
of Cpx two-component system. The Cpx TCS responds principally to misfolded
proteins in the periplasm and it regulates the expression of genes encoding
proteases and chaperons. It is known that these two signaling cascades overlap
and that some of the envelope stress-related genes undergo regulation by both
of the systems, like in the case of degP (htrA) gene encoding periplasmic heat
shock protease'’%'71, Within this TCS, CpxA protein serves as the histidine
kinase and CpxR functions as the response regulator (Fig. 1.17.). The signal
transduction pathway is extended by regulatory protein, CpxP, that in the
absence of stress signal binds to the periplasmic domain of histidine kinase and
participates in the feedback inhibitory circle'”>'73, Along with CpxR response
regulator, the pathway utilizes another executor molecule, the CpxQ ncRNA that
is formed by RNase cleavage of cpxP mRNA from its 3' UTR'". Its main function
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is the inhibition of protein synthesis in the cytoplasm. The Cpx system responds
to both types of stimuli, internally, to excessive synthesis of membrane proteins,
and to external stresses such as alkaline pH, ethanol, adhesion, cationic
antimicrobial peptides, heavy metals, and metal chelators'™. It is not known
exactly what is the signal pathway between defective LPS and Cpx system
induction. However, mutants described above, A(lapA lapB) or AwaaA bacteria,
as well as mutants that produce tetraacylated derivatives synthesizing Kdo2-lipid
IVa like A(waaC IpxL) or A(waaC IpxL IpxM IpxP) exhibit significant induction of
both RpoE and Cpx pathways. Itis possible that Cpx TCS somehow detects LPS
malfunctions independently, as it is known to respond to the outer membrane
lipoprotein NIpE that was found to specifically monitor two essential envelope
processes - lipoprotein sorting and oxidative folding, in similar manner as RcsF
activates Rcs phosphorelay'’®'77. It should be noted that a joint signaling to
amplify RpoE induction by different models can be considered hence these

models are not mutually exclusive'?.
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1.7. LPS genetics

The overview of distribution and positioning of LPS-related genes on
E. coli map emphasize the importance and complexity of lipopolysaccharide
molecules.

Bacterial evolution studies prove that genes encoding proteins involved in
common pathways are often found in close proximity of each other along bacterial
chromosomes and there are several hypotheses explaining such occurance'’8. It
is speculated that clustering of genes is favored due to increased efficiency of
coregulation of genes concentrated in one genomic location and further, that
clustered arrangements of genes are transferred to other species with higher
probability, thus improving the chance for survival of the cluster. Other
explanation for clustering takes into consideration that genes that are in close
proximity are less likely to be disrupted by deletions'”®. Genetic studies upon
bacterial complex carbohydrate pathways often report the tendency of gene
clustering among genes encoding the molecules that participate in biosynthetic
pathways'’®. In line with such observations, LPS genes that encode the core and
O-antigen components of LPS are also found in organized locations of clusters
of contiguous genes'’®. This study is focused on LPS found in laboratory strains
of E. coli, like E. coli K-12 derivatives, therefore considerations upon O-antigen
genetics is not further described beside the O-antigen attachment. However,
considering the biosynthetic pathways of saccharides that are common building
blocks for lipid A-core as well as O-antigen (Fig. 1.2.), the clustering phenomenon
can be already observed. One of such examples is rfb L-rhamnose biosynthetic
operon, encoding rfbA, rfbB, rfbC and rfbD genes’®.

Table 1.1. enlists LPS-related genes that were selected from E. coli K-12
MG1655 genome based on information provided by Profiling of Escherichia coli
chromosome (PEC) database Version: 4.10.7 and EcoCyc bioinformatics
database'®. Enlisted genes are categorized in groups as follows: genes related
to lipid A-core biosynthesis (red), related to lipid A-core transport and
translocation (orange), LPS-related sigma and anti-sigma factors (yellow), genes
whose products are involved in signal transduction in LPS biosynthesis and
assembly (green), genes encoding proteases involved in LPS biosynthesis and

assembly (blue), genes of LPS biosynthesis/assembly proteins (pink) and genes
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of non-coding RNAs involved in LPS biosynthesis/assembly (purple). Specific
colors correspond to a schematic genetic map presented in Figure 1.18. below
that shows approximate locations of the majority of genes involved in LPS
synthesis, assembly and regulation that were listed in Table 1.1. and described
within this work. Among the species that are studied within this dissertation, the
most prominent is example of gene’s clustering exhibited by waa (rfa) locus
described above in subsection 1.3.2. This locus distinguishes three operons:
gmhD, waaQ and waaA™>7¢. The E. coli K-12 waa cluster is known to consists of
more than 17 genes (see National Center for Biotechnology Information,
Escherichia coli str. K-12 substr. MG1655, complete genome, GenBank
accession number: U00096.3)'83184 Sharing of common genetic location can be
also observed in the case of the genes encoding some participants of Raetz
pathway (IpxA, IpxB or IpxD) with the fabZ gene, encoding critical for
phospholipids biosynthesis FabZ dehydrase, underlining the importance of
maintaining the balance between these outer membrane components. Similarly,
forming of smaller clusters occurs in the case of genes encoding proteins involved
in other essential aspects of LPS homeostasis, and examples are: genetic
connection of part of LPS transportation system IptCAB with gene encoding other
relevant protein for E. coli viability, rpoN; colocalization of two-component
systems executors responding to LPS defects, like gseEF and qseG or basSR
and eptA; and lastly, forming operons like lapA/B or hslUV, that are of primary
interest in this study. As it can be observed in Figure 1.18., the genome of E. coli
is enriched in clustered LPS-related genes and their occurrence is noticeably
dispersed throughout the genome. It is also important to underline that among
approximately 4,500 known genes of E. coli, only little over 300 are essential for
survival of this microorganism. Within this group, as many as 39 of E. coli genes
that areinvolved in LPS biosynthesis, assembly and regulation are
indispensable, essential for bacterial viability at high temperature and required
for thermotolerance (Table 1.1.)181.185186 Thjs again emphasizes the importance

of complete elucidation of LPS function in bacterial viability.
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Table 1.1.

List of LPS-related genes, names of encoded products and the information of
essentiality for bacterial survival in E. coli K-12 substr. MG1655
Table based on information from Profiling of Escherichia coli chromosome (PEC) database
Version: 4.10.7 and EcoCyc bioinformatics database®

Gene Product Essentiality
genes related to lipid A-core biosynthesis
amA UDP-4-amino-4-deoxy-L-arabinose formyltransferase/UDP- not essential
glucuronate dehydrogenase
arnB UDP-4-amino-4-deoxy-L-arabinose aminotransferase not essential
arnC undecaprenyl phosphate-L-Ara4FN transferase not essential
arnD undecaprenyl phosphate-a-L-Ara4FN deformylase not essential
arnE undecaprenyl phosphate-a-L-Ara4N exporter not essential
arnF undecaprenyl phosphate-a-L-Ara4N exporter not essential
arnT lipid IVa 4-amino-4-deoxy-L-arabinose transferase not essential
CdsA CDP-diglyceride synthase essential
CIsA cardiolipin synthase | not essential
clsB cardiolipin synthase II not essential
clsC stationary phase cardiolipin synthase Il not essential
eptA lipid A phosphoethanolamine transferase not essential
eptB Kdo phosphoethanolamine transferase not essential
eptC LPS core phosphoethanolamine transferase not essential
fabZ (8R)-hydroxymyristol acyl carrier protein dehydratase essential
galE UDP-galactose-4-epimerase not essential
glmM phosphoglucosamine mutase essential
glmS L-glutamine:D-fructose-6-phosphate aminotransferase essential
gimU fused N-acetyl glgcosamine-1-phosphate uridyl transferase/ essential
glucosamine-1-phosphate acetyl transferase
gmhA D-sedoheptulose 7-phosphate isomerase therﬁgtcj(;ﬁ?afgém
gmhB D-glycero-B-D-manno-heptose-1,7-bisphosphate 7- required for o
phosphatase thermotolerance
hidD _ essentiql>42°C157,
(htrM) ADP-L-glycero-D-manno-heptose-6-epimerase " required for o
ermotolerance
hldE fused heptose 7-phosphate kinase/heptose 1-phosphate required for
(gmhC) adenyltransferase thermotolerance'®’
kdsA 3-deoxy-D-manno-octulosonate 8-phosphate synthase essential
kdsB 3-deoxy-D-manno-octulosonate cytidylyltransferase essential
kdsC 3-deoxy-D-manno-octulosonate 8-phosphate phosphatase essential
kdsD D-arabinose 5-phosphate isomerase not essential
IpxA UDP-N-acetylglucosamine acetyltransferase essential
IpxB lipid A disaccharide synthase essential
IpxC UDP-3-O-acyl N-acetylglucosamine deacetylase essential
JoxD UDP-3-O-(S-%c;::c;ﬁ?gsr;sét;ﬁ();gIucosamlne essential
IpxH UDP-2,3-diacylglucosamine pyrophosphatase essential
IpxK lipid A 4'-kinase essential
IpxL lauryl-acyl carrier protein (ACP)-dependent acyltransferase essential>33°C'82
JoxM myristoyl-acyl carrier protein (ACP)-dependent not essential

acyltransferase
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palmitoleoyl-acyl carrier protein (ACP)-dependent

IpxP not essential

acyltransferase
IpxT lipid A-core phosphotransferase not essential
pagP lipid A palmitoyltransferase not essential
PgpA phosphatidylglycerophosphatase A not essential
pgpB phosphatidylglycerophosphatase B not essential
pgpC phosphatidylglycerophosphatase C not essential
PgsA phosphatidylglycerophosphate synthetase essential
psd phosphatidylserine decarboxylase essential
pSSA phosphatidylserine synthase essential
rfbA glucose-1-phosphate thymidylyltransferase not essential
rfbB dTDP-glucose-4,6-dehydratase not essential
fbC dTDP-4-deoxyrhamnose-3,5-epimerase not essential
rfbD dTDP-4-dehydrorhamnose reductase subunit not essential
3-deoxy-a-D-manno-oct-2-ulosonic acid transferase .
waaA essential
(Kdo transferase)
waaB UDP-D-galactose:(glucosyl)lipopolysaccharide-1,6-D- not essential
galactosyltransferase
essential>42°C?5,

waaC

ADP-heptose:LPS heptosyltransferase | required for
(rfaC) 181
thermotolerance

required for

waafF ADP-heptose:LPS heptosyltransferase Il thermotolerance '

required for

waaG lucosyltransferase |
9 y thermotolerance'®’

waaH UDP-glucuronate:LPS(Heplll) glycosyltransferase not essential

UDP-D-glucose:(galactosyl)lipopolysaccharide

waaJ not essential
glucosyltransferase
waal O-antigen ligase not essential
waaP lipopolysaccharide core heptose () kinase not essential
waaQ lipopolysaccharide core heptosyltransferase Il| not essential
waaR UDP-D-glucose:(glucosyl)LPS a-1,3-glucosyltransferase not essential
waaS lipopolysaccharide core biosynthesis protein, WaaS not essential
rhamnosyltransferase
waal ADP-heptose:LPS heptosyltransferase 4 not essential
waa¥ lipopolysaccharide core heptose (ll) kinase not essential
waaZ lipopolysaccharide core biosynthesis protein (Kdo lll not essential
attachment)
genes related to lipid A-core transport and translocation
IptA periplasmic LPS-binding protein essential
IotB lipopolysaccharide transpc;_r;tsBystem ATP-binding protein essential
IptC lipopolysaccharide transport system protein LptC essential
lipopolysaccharide assembly protein LptD, B-barrel .
IptD component essential
ItE lipopolysaccharide assembly protein LptE, lipoprotein essential
component
IptF lipopolysaccharide transport system protein LptF essential
IptG lipopolysaccharide transport system protein LptG, ABC essential
permease
msbA ATP-dependent lipid A-core flippase essential
yceK outer membrane integrity lipoprotein not essential
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LPS-related sigma and anti-sigma factors

rpoE RNA polymerase, sigma 24 (sigma E) factor essential
rseA anti-sigma factor of sigma 24 therrrigltjclarlz(:a?c:é 81
rseB negative regulator of sigma E factor, binds RseA not essential
rseC of factor regulatory protein RseC not essential
rpoN RNA polymerase, sigma 54 (sigma N) factor not essential
genes involved in signal transduction in LPS biosynthesis and assembly
arcA DNA-binding transcriptional dual regulator ArcA not essential
arcB sensor histidine kinase ArcB not essential
basR DNA-binding transcriptional dual regulator BasR not essential
basS sensor histidine kinase BasS not essential
pmrD signal transduction protein PmrD not essential
pmrR small regulatory membrane protein PmrR not essential
phoP DNA-binding transcriptional dual regulator PhoP not essential
phoQ bifunctional sensor histidine kinase PhoQ not essential
CPxA sensor histidine kinase CpxA not essential
cpxP periplasmic protein CpxP not essential
cpxR DNA-binding transcriptional dual regulator CpxR not essential
evgA DNA-binding transcriptional activator EvgA not essential
evgS sensor histidine kinase EvgS not essential
gadE DNA-binding transcriptional activator GadE not essential
gseE histidine kinase QseE not essential
gseF DNA-binding transcriptional activator QseF not essential
gseG outer membrane lipoprotein QseG not essential
phoB DNA-binding transcriptional dual regulator PhoB not essential
phoR sensor histidine kinase PhoR not essential
rcsA DNA-binding transcriptional activator RcsA not essential
rcsB DNA-binding transcriptional activator RcsB not essential
resC histidine kinase RcsC not essential
resD RcsD phosphotransferase not essential
rcsF sensor lipoprotein RcsF not essential
genes encoding proteases involved in LPS biosynthesis and assembly
hsiU molecular chaperone and ATPase component of HslUV not essential
protease
hslvV peptidase component of the HslUV protease not essential
ftsH ATP-dependent zinc-metalloprotease essential
LPS biosynthesis/assembly proteins encoding genes
lapA lipopolysaccharide assembly protein A not essential
essential*',
lapB lipopolysaccharide assembly protein B required for
thermotolerance®"
lapC lipopolysaccharide assembly protein C essential'88
rfaH DNA-binding transcriptional antiterminator not essential
genes of non-coding RNA involved in LPS biosynthesis/assembly
arcZ small regulatory RNA ArcZ not essential
cpxQ small regulatory RNA CpxQ not essential
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gcvB

small regulatory RNA GcvB

not essential

glmY

small regulatory RNA GImY

not essential

glmZ

small regulatory RNA GImZ

not essential

mgrR

small regulatory RNA MgrR

not essential

micA

small regulatory RNA MicA

not essential

micF

small regulatory RNA MicF

not essential

rirA

small regulatory RNA RirA

not essential

rybB

small regulatory RNA RybB

not essential

SIrA

small regulatory RNA SIrA

not essential
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| ow.  Escherichia coli str. K-12
substr. MG1655, complete genome

Fig. 1.18. Schematic genetic map showing locations of majority of genes involved in
LPS synthesis assembly and regulation, identified in E. coli K-12 substr. MG1655
Map was created using the CGView Server'®” and further modified. Genes marked in red color
are related to lipid A-core biosynthesis. Orange indicates genes of products related to lipid A-core
transport and translocation. LPS-related sigma and anti-sigma factors are marked with yellow.
Genes whose products are involved in signal transduction in LPS biosynthesis and assembly are
presented in green and genes encoding proteases involved in LPS biosynthesis and assembly
are marked as blue. LPS biosynthesis/assembly protein-encoding sequences are indicated with
pink and lastly, genes of non-coding RNA involved in LPS biosynthesis/assembly are encircled in
purple. These colors correspond to Table 1.1. that lists depicted LPS-related genes, names of

encoded products and the information of essentiality for bacterial survival.
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2. AIM AND SCOPE OF WORK

2.1. Aim of the work

The purpose of this research was to broaden the understanding of
regulation and assembly of Escherichia coli lipopolysaccharide by examining the
molecular basis of LapB essentiality and its role in turnover of LpxC that catalyzes
the first committed step in LPS biosynthesis. In addition, the investigation was
undertaken to establish if there are any undiscovered interacting partners of LapB

present, and if the possible alternative mechanism of LpxC regulation exists.

Results presented in this dissertation are published in the form of
manuscript: Biernacka, D. et al. (2020) ‘Regulation of the first committed step in
lipopolysaccharide biosynthesis catalyzed by LpxC requires the essential protein
LapC (YejM) and HsIVU protease’ published in the International Journal of

Molecular Sciences'es.

2.2. Rationale and scope of the work

As it was repeatedly mention in the introduction, the connection between
the synthesis of phospholipids and LPS is well established and two pathways are
tightly co-regulated, maintaining the ratio of 1.0:0.15 in undisturbed cells of
wild-type E. coli'®. The imbalance within the LPS biosynthesis without
compensation in phospholipids pathway is poorly countenanced by bacterial cell
and it predominantly results in cell death*'4°. Maintaining of the balance between
these two outer membrane components depends on strict regulation of LpxC
enzyme turnover that constitutes the first committed step in LPS biosynthesis
(Fig. 1.4.)1°%°, Although the branching of two pathways occurs at earlier step
(Fig. 1.5.), where they share the common precursor, R-3-hydroxymyristoyl-ACP,
the unfavorable equilibrium constant of LpxA-driven reaction results in LpxC and
FabZ to be the key enzymes propelling two processes'®. Abundance of LpxC
UDP-3-0-acyl-N-acetylglucosamine deacetylase is regulated in response to the
bacterium need for lipid A and occurs due to the degrading activity of FtsH
protease*’*°. The FtsH-dependent LpxC degradation relies on the LPS assembly
heat shock protein LapB*'-%°. Results published previously by Professor Raina’s

laboratory established that FtsH and LapB work together to regulate LpxC
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proteolysis*'. LapB (YciM) and its operon partner LapA (YciS) were discovered
during the search for mutants with the elevated levels of envelope stress
response in study concerning periplasmic folding factors®. Several non-polar
deletions, AlapA, AlapB, and A(lapA lapB), were constructed and examined in
detail for the LPS content and transduced in well-characterized E. coli strain
backgrounds W3110, BW30207 (MG1655 derivative), and BW25113 on minimal
M9 and rich LA medium at 23, 30, 37, and 42°C. The examination of growth
phenotype under different conditions revealed that single AlapA deletion was
tolerated in all backgrounds, unless when such strains were grown on
MacConkey agar at 43°C that confers mild permeability defects and temperature
sensitivity when grown on bile salt-containing medium#'. Meanwhile, A(/apA lapB)
or AlapB suppressor-free mutants could be obtained only in the BW25113
parental strain on M9 medium at 30°C after prolonged (72 h) incubation, and
these mutants formed very small size colonies. In the parental strains W3110 or
BW30207, A(lapA lapB) and AlapB transductants were only obtained in the
presence of plasmid carrying /apA and /lapB genes*'. Thus, it was concluded that
the lapB gene is essential under standard laboratory growth conditions, and its
deletion results in severe growth defects.

Despite showing that LapA and LapB interact with FtsH protease and LPS,
it is still unclear what is the mechanism by which LapB regulates the LpxC
proteolysis in response to LPS status. Based on previously reported studies by
Professor Raina’s group, LapB was assumed to act as a scaffold in the inner
membrane, where LPS biosynthetic enzymes are recruited*'. During this
process, LapB could monitor the accumulation of LPS in the IM and direct LpxC
to proteolysis via FtsH to prevent unwanted excess of LPS biosynthesis over
phospholipids pathway. Consistent with this presumption, it was already shown
that LapB co-purifies with LPS and FtsH*'. However, it remained unknown how
LPS amounts are sensed by LapB and if FtsH is the sole protease that regulates
LpxC turnover. There are many examples throughout the research of unstable
proteins that undergo proteolytic regulation by more than one protease. One of
the relevant examples described earlier is the case of RpoH sigma factor that is
a substrate of FtsH and also of the heat shock-inducible HsIVU (ClpQY)
proteolytic complex®2191.192_ The similar example is RcsA transcriptional activator
component of Rcs phosphorelay, whose amounts are limited both by its rapid
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degradation by Lon ATP-dependent protease, and HsIVU'®. In this study,
experiments were undertaken to address if any additional interacting partners of
LapB exist and if there is the possibility of alternative mechanism of LpxC
proteolysis aside from known FtsH-mediated degradation.

Thus, several approaches were undertaken to gather the evidence that
answers given questions. First, in order to identify if additional proteases are
involved in the degradation of LpxC, the multicopy suppressor approach was
used to investigate if there are additional factors that can bypass the lethality of
AlapB or AlapA/B mutants (Fig. 2.1. A). This experiment led to identification of
the HsIVU protease complex to participate in the turnover of LpxC.
Overexpression of hslV alone or hslVU was found to repress the elevated
accumulation of LpxC in AlapB mutants, which was validated by pulse-chase
experiments revealing an alternative pathway of LpxC degradation. In the second
approach, the isolation of extragenic suppressors of AlapB strain that restored
normal LPS biosynthesis and bypassed /apB deletion lethality, identified a unique
frame-shift mutation in the essential yejM gene causing truncation of its
periplasmic domain (Fig. 2.1. B). Next, it was assumed that if LapB is interacting
with the additional partner, the deletion of such a gene could be lethal. At the
same time, if the point mutations in an appropriate gene would be introduced,
such mutant should exhibit the elevated transcriptional response of RpoE sigma
factor, similar like observed with /lapB mutants or in strains where LPS synthesis
is severely disrupted?64'. Based on this assumption, in the complementary study,
Tn10 transposon-linked point mutations were analyzed that met simultaneously
three requirements: i) mutants exhibited the elevated rpoEP3 promoter activity,
ii) the sensitivity of such mutants to CHIR090 LpxC inhibitor was observed to
different extents, and iii) mutated strains manifested membrane permeability
defects. Juxtaposition of above conditions led to the identification of three
significant point mutations again in the essential yejM gene: one having a frame-
shift mutation resulting in truncation after 377" amino acid residue (isolated three
times), the second mutation introduced a stop codon after amino acid residue
190, and another resulting into a single amino acid F349S substitution
(Fig. 2.1. C). During the completion of this work, YejM has been speculated to

either maintain lipid homeostasis or be involved in the transport of cardiolipin or
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exhibit a metal-dependent phosphatase activity'%-20. YejM was designated as

LapC based on identified genetic and biochemical interactions of LapC with LapB.

P —

l multicopy suppression

CHIR090 — - - restores growth - lethal

l l extragenic suppressors
[4
B o (v e
LpxC proteolysis restoration of LPS content

(A) (B)

l mutagenesis

facup

7 1%

Mac*
CHIR090* L

l_Y_}

lapC377fs lapC190 lapC F349S
l reduced m and ,(prc
suppressors of lapC

IpxC —» more LpxC

4[ lapA/B —> less LapB |- —» increased LpxC
N—

ftsH —» less FisH

LapC —4.an

| A(lapA/B IapC) viabie |

(©)

Fig. 2.1. lllustration of three major approaches that identified additional players in the
regulation of LPS assembly

Three main approaches used in this research to characterize LapB additional partners and its role
in LpxC regulation. (A) Multicopy suppressor analysis of AlapA/B lethal phenotype. The search
led to discovery of HsIVU-dependent proteolysis of LpxC. (B) Identification of extragenic
suppressors of AlapB that restored the normal LPS synthesis and the viability of bacteria revealed
mutation mapped in 377" aa of LapC. (C) Screening for Tn70 transposon-linked point mutations
that are CHIR090- and temperature-sensitive and have defects in LPS identified essential lapC
gene, whose product was found to interact with LapB/FtsH to regulate LpxC proteolysis.
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During the research on LapB protein, Professor S. Raina and Professor
G. Klein isolated LPS derived from wild-type E. coli, AlapB and different AlapB
derivatives to analyze their composition on the charge-deconvoluted mass
spectra in the negative ion mode. One of isolated AlapB suppressor mutation was
found to contain a frame shift mutation in the newly characterized lapC gene with
genotype of (AlapB lapC377fs). In Figure 2.2., mass spectra of LPS from wild-
type E. coli, AlapB and (AlapB lapC377fs) are presented in panels A, B and C,
accordingly, which were recently published by our group'8. Consistent with the
results published in Klein et al. 2014, mass spectra of LPS of AlapB mutant reveal
the mass peaks corresponding to early LPS intermediates and the complete LPS
molecules (Fig. 2.2. panel B)*'. Pre-mature LPS forms of LapB-deficient strain
correspond to peaks with mass ranging from 2428.9 to 3770.7 Da that comprise
mostly of predicted LAnexa + Kdo2 + Hep (2428.9 Da) and LApena + Kdo2 + Hep: +
Hex. + P (2815.4 Da), and their modifications. Interestingly, when the lapC377fs
mutation is introduced in AlapB strain (Fig. 2.2. panel C), none of the early
intermediates can be observed and the accumulation of LPS with the complete
core with hexaacylated lipid A is restored. The further similarities of wild type and
(AlapB lapC377fs) derivative spectra constitute mass peaks of LPS glycoforms
with 2 Kdo or 3 Kdo residues with P-EtN and L-Ara4N non-stoichiometric
modifications. Thus, mass peaks at 3936.8 Da and its derivatives with mass
peaks at 4139.9 and 4489.9 Da correspond to the glycoform | with 2 Kdo residues
with different additional non-stoichiometric substitutions that are observed in
panel A and C in Fig. 2.2. Glycoforms IV and V of LPS that represent derivatives
with 3 Kdo residues and rhamnose with corresponding peaks of 3948.8, 4071.7,
4202.8 and 4298.9 Da are also prominent for wild type and (AlapB lapC377fs)
but are absent in the spectra of LPS obtained from AlapB. Therefore, it is evident
that suppression of AlapB by lapC377fs mutation restores the normal LPS
composition and it suggests that the truncation within the C-terminal domain of
LapC could prevent the excessive synthesis of LPS in a AlapB background, which
is consistent with the reduced LPS synthesis in the lapC mutant observed in LPS
profiles presented further in this thesis. These results significantly indicated that

LapB and LapC cooperate to regulate the LpxC level and the amounts of LPS.
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3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Bacterial strains and plasmids

Table 3.1. contains a list of strains used in this study with their genetic

characteristics and indicated source.

Table 3.1. Strains used in this study

A\ MOST

Strain Characteristics Reference/source

F- mcrA A(mrr-hsdRMS-mcerBC) ®80dlacZAM15 Professor S. Raina
DH10B lacX74 endA1 recA1 decR (ara,leu)7697 araD139 ..

galu galK nupG rpsL X

fhuA2 [lon] ompT gal (A DE3) [decm] AhsdS A Professor S. Raina
BL21 DE3 = A sBamHIlo AEcoRI-B .

int::(lacl::PlacUV5::T7 gene1) i21 Anin5 collection
BW25113 lacl? rrnBr14 AlacZwyie AaraBADanas ArhaBADprs 2%
T7 Express lysY/I  MiniF lysY fhuA2 lacZ::T7 gene1 [lon] ompT NEB
GK1942 BW25113 (pKD46) 41
SR7753 BW25113 (lapB)<>aph “
SR9523 BW25113 (lapB)<>frt “
SR8348 SR7753 lapC377fs 188
SR16087 BW25113 lapA-lapB<>cat “
SR17187 BW25113 lapA-lapB<>aph “
SR19796 SR17187+phs/V* 188
SR17432 BW25113 ® (rpoEP6-lacZ) “
SR18868 BW25113 ® (rpoEP2/P3-lacZ) 121
SR18987 BW25113 ® (rpoEP2*-lacZ -12 and -24 mut) 121
SR19041 SR18987 lapC190 188
SR19750 SR18987 lapC377fs 188
SR22861 SR18987 lapC377fs 188
SR22862 SR18987 lapC F349S 188
GK6075 BW25113 AlapC190 188
GK6078 GK6075 IpxC K270T 188
GK6093 GK6075 IpxC V37G 188
SR22727 GK6075 JpxC R230C 188
SR22728 GK6075 JpxC R230C 188
SR22729 GK6075 JpxC R230C 188
SR22731 GK6075 IpxC V37G 188
SR22732 GK6075 IpxC V37G 188
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SR22738 GK6075 [pxC V37L 188
SR22739 GK6075 [pxC V37G 188
GK6094 GK6075 lpxC fs306 stop codon 188
GK6085 GK6075 lapA IS after 34 nt 188
GK6089 GK6075 lapA fs 137 nt 188
GK6090 GK6075 lapA IS after 103 nt 188
GK6097 GK6075 lapA L8 to TGA stop codon 188
SR22734 GK6075 lapA IS after 34 nt 188
SR22736 GK6075 lapA fs after 69 nt 188
SR22737 GK6075 IS at -106 in lapA/B promoter region 188
GK6084 GK6075 lapB D124Y 188
GK6087 GK6075 lapB R125L 188
SR22724 GK6075 lapB H325P 188
SR22725 GK6075 lapB H325L 188
SR22726 GK6075 lapB A88V 188
SR22733 GK6075 lapB R115H 188
GK6095 GK6075 ftsH A296V 188
SR22766 BW25113 AhslUV<>aph 188
SR22776 SR18987 IapC190 188
SR22777 SR17432 IapC190 188
SR22433 SR18987 lapC377fs 188

Table 3.2. contains a list of plasmids used in this

characteristics and indicated source.

Table 3.2. Plasmids used in this study

study with their

Plasmid Characteristics Reference/source
) Professor S. Raina
pET24b expression vector .
collection
) Professor S. Raina
pET28b expression vector .
collection
) Professor S. Raina
pDUET expression vector .
collection
pCP20 ts replicon with inducible FLP recombinase 201
pKD3 0riR6Kg, bla (AmpR), kan, rgnB (Ter), cat 201
pKD13 0riR6Kg, bla (AmpR), kan, rgnB (Ter) 201
pKD46 araBp-gam-bet-exo, bla (AmpR), repA101(ts) 201
pCA24N IPTG-inducible expression vector CmR 202
pSR19788 hslV* in pCA24N 188
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pSR19796 hsIVU* in pCA24N 188

JW2176 lapC* in pCA24N 202
pSR22763 hsIVU* in pET24b 188
pSR22821 hsIVU* in pET28b 188
pSR22901 lapC* in pET28b 188

3.1.2. Oligonucleotides

Table 3.3. lists the oligonucleotides used in this study with their application

and sequences indicated.

Table 3.3. Oligonucleotides used in this study

Name

Sequence

For gene disruption

lapC For

5'-CTC TAT CAA CGA AGA CAA AGC GCA CTA AGG GAA ACA
GAT AAC AGG TTATGA TTC CGG GGA TCC GTC GAC CC-3

lapC Rev

5-AGATAT TTC GCT AAC TGA TTT ATA ATT AAT CAG TTA GCG
ATAAAACGCTTT GTAGGC TGG AGC TGC TTC G-3

For cloning and overexpression

5-CCG CAT CCC ATG GCT AAA ATT AAA CAT CAC CAT CAC CAT

lapC For
CAC CAC CAT CAC CAT ATG GTA ACT CAT CGT CAG C-3'
lapC Rev 5-GCA AGT AAG AGA ATT CGC TAA CTG-3'
hslV For 5-AGG GGT CAG CAT ATG ACA ACT ATA GTA AG-3'
hslU Rev 5-GAT TGA ACG CTC GAG TCA TTA ATG ATG ATG GTG ATG ATG

TAG GAT AAA ACG GCT CAG-3'

For sequencing and PCR ampilification

lapC For 5-GCG CCT TAC AGT CCT CTATCA AC-3'
lapC Rev 5-CGT TTT CCA CAC CGA TTG CAA G-3'
lapA For 5-GTT GAT TTC GTG GGC GCT GGT G-3'
lapB Rev 5-GTC GTT GCC GGA GCA CAATGG-3'
ftsH For 5-GGA TAT AGA GTA TCC TGA CGC-3'
ftsH Rev 5-CGG TAC AAA TAC AGT CAT CTG-3'
For qRT-PCR
glapC For 5-ATT CGC AAG GTC AGG ATT TG-3'

glapC Rev

5-GCG ATA AAACGC TTC TCG TC-3'
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3.1.3. Media

Media used in this study are presented below. The composition,

manufacturers and recipes are included.

LB medium (Difco)
per liter:

10g tryptone

549 yeast extract

10g NaCl

25 g of LB powder dissolved in 1000 mL of Millipore quality (MQ) water, sterilized
by autoclaving for 30 min at 121°C 1.5 atm.

LB agar (Difco)
per liter:

10g tryptone

549 yeast extract

10g NacCl

15g agar-agar

40 g of LB agar powder dissolved in 1000 mL of MQ water, sterilized by
autoclaving for 30 min at 121°C 1.5 atm.

LB soft agar

per liter:

25g LB powder (Difco)

7.5 g agar-agar (Difco)

Dissolved in 1000 mL of MQ water, sterilized by autoclaving for 30 min at 121°C
1.5 atm.

M9 minimal medium

per liter:

200 mL  5x M9 salts (Difco)
1 mL 1 M MgSO4

1 mL 0.01 FeCly

100 pl 1 M CaClz

1 mL B1 (10 mg/mL)

5mL 10% casamino acids
15 mL 20% glucose
876.9 mL H2O
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M9 minimal agar

per liter:

500 mL 2x agar

200 mL  5x M9 salts (Difco)
1 mL 1 M MgSOa4

1 mL 0.01 FeCl

100 pl 1 M CaClz

1 mL B1 (10 mg/mL)

5mL 10% casamino acids
15 mL 20% glucose
376.9 mL H20

MacConkey agar (Difco)

per liter:

50 g of MacConkey agar powder boiled in 1000 mL of MQ H2O until dissolved
and aliquoted in sterile Petri dishes.

MOPS medium:

per liter:

10 g MOPS powder (Sigma-Aldrich)
30g tryptone (Difco)

20 g yeast extract (Difco)

Dissolved in 1000 mL of MQ water, pH adjusted with NaOH to 7.0, sterilized by
autoclaving for 30 min at 121°C 1.5 atm.

SOC medium:

per liter:

20 g bacto-tryptone (Difco)

5g yeast extract (Difco)

0.5g NaCl

1.86 g KCI

19g MgCl

1.2g MgSOs4

18 g glucose

pH adjusted to 7.0, MQ water added to 1000 mL. Sterilized by autoclaving for 30
min at 121°C 1.5 atm.
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3.1.4. Antibiotics

Media were supplemented with ampicillin (100 pg/mL), kanamycin (50 pg/mL),
tetracycline (10 pug/mL), chloramphenicol (20 pg/mL) and CHIR090 (0.004 or
0.008 pg/mL), when needed.

3.1.5. Enzymes

Table 3.4. presents enzymes used in this study and their manufacturers.

Table 3.4. List of enzymes used in this study

Enzyme Manufacturer
Lysozyme Sigma-Aldrich
Proteinase K QIAGEN
Benzonase Merck

T4 DNA ligase Thermo Scientific
Reverse transcriptase Bio-Rad

RQ1 DNase Promega
Platinum SuperFi Il DNA Polymerase Thermo Scientific
Ndel Thermo Scientific
Xhol Thermo Scientific
Ncol Thermo Scientific

3.1.6. Buffers, gels and solutions

Table 3.5. lists the buffers used during this study and their composition.

Table 3.5. Buffers used in this study

Buffer Composition
per liter:
242 g  Tris
SOXTAE 18.61g Disodium EDTA

57.1 mL Acetic Acid Glacial

MQ water up to 1000 mL

per liter:

16.1g NazHPO4 « 7TH20

55¢g NaH2PO4 « H20
Z-buffer 0.75g KCl

0.246 g MgSO4 « 7H20

2.7 mL B-mercaptoethanol

pH adjusted to 7.0

. 14.4g (glycine
1x SDS-PAGE running buffer 3.03g Tris
149 SDS
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1M Tris pH 6.8

per liter:
121 g Tris Base in 808 mL of MQ water, pH adjusted to
6.8, water added to total volume of 1000 mL

1M Tris pH 8.8

per liter: 121 g Tris Base in 808 mL of MQ water, pH
adjusted to 8.8, water added to total volume of 1000 mL

8x phosphate buffer

0.16 M sodium phosphate, 4M NaCl, pH 7.4

2x binding buffer
(20 mM imidazole)

per 10 mL:

2.5 mL 8x phosphate buffer
0.1 mL 2 M imidazole

7.4 mL MQ water

elution buffers
for protein purification

Elution buffers (10 mL) for protein purification were
prepared by mixing appropriate volume of 2 M imidazole
solution with 1.25 mL of phosphate buffer and
equivalent volume of sterile MQ water up to 10 mL. If
necessary, binding and elution buffers were
supplemented with appropriate volume of 10% octyl B-
D-glucopyranoside

gel buffer
for LPS

3 M Tris, 0.3% SDS, pH 8.45

6x lysis buffer

0.001% bromophenol blue, 10% glycerol, 2% SDS,
0.0625 M Tris-HCI pH 6.8, 5% B-mercaptoethanol

10x top buffer
for LPS

1 M Tris pH 8.35, 1% SDS, 1M Tricine

10x bottom buffer
for LPS

2 M Tris, pH 8.9

transfer buffer
for Western blotting

per liter:

14.4g Glycine

3.026 g Tris base

200 mL methanol

MQ water added to total volume of 1000 mL

Blocking buffer
for Western blotting

Thermo Scientific™ StartingBlock™ (TBS) Blocking
Buffer

Washing buffer
for Western blotting

Thermo Scientific™ Pierce™ 20X TBS Buffer

6x DNA loading buffer

30% glycerol, 0.25% bromophenol blue, 0.25% xylene
cyanol FF, MQ quality sterile water
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Table 3.6. presents composition of gels used in this study.

Table 3.6. Gels used in this study

Type of gel

Composition

SDS-PAGE 4% stacking gel

1.47 mL H20
260 yl  30% acrylamide:Bis solution (37.5:1)
250 I buffer (1 M Tris pH 6.8)
20 yI - 10% sodium dodecyl sulfate (SDS)
20 yI - 10% ammonium persulfate (APS)
4yl N,N,N' N'-tetramethylenediamine (TEMED)

SDS-PAGE 12% resolving gel

1.905 mL H20

1.8 mL  30% acrylamide:Bis solution (37.5:1)

750 pl buffer (1 M Tris pH 8.8)

45 pl 10% sodium dodecy! sulfate (SDS)

225yl 10% ammonium persulfate (APS)

2.25 ul  N,N,N',N'-tetramethylenediamine (TEMED)

SDS-PAGE 12.5% resolving gel

1.83mL H20

1.875 mL 30% acrylamide:Bis solution (37.5:1)

750 yl  buffer (1 M Tris pH 8.8)

45 ul 10% sodium dodecyl sulfate (SDS)

225yl 10% ammonium persulfate (APS)

2.25 I N,N,N',N'-tetramethylenediamine (TEMED)

14% Tricine-SDS resolving gel
for LPS

1.142 mL H20

0.410 mL 49.5% acrylamide:Bis solution

1.494 mL gel buffer (3 M Tris, 0.3% SDS, pH 8.45)
0.468 mL 100% glycerol

12 pl 10% ammonium persulfate (APS)

7.2 ul N,N,N',N'-tetramethylenediamine (TEMED)

16% Tricine-SDS resolving gel
for LPS

1.084 mL H20

0.468 mL 49.5% acrylamide:Bis solution

1.494 mL gel buffer (3 M Tris, 0.3% SDS, pH 8.45)
0.468 mL 100% glycerol

12 pl 10% ammonium persulfate (APS)

7.2 ul N,N,N' N'-tetramethylenediamine (TEMED)

stacking gel Tricine-SDS
for LPS

1.260 mL H20

0.150 mL 49.5% acrylamide:Bis solution

0.465 mL gel buffer (3 M Tris, 0.3% SDS, pH 8.45)
30 ul 10% ammonium persulfate (APS)

13 ul N,N,N' N'-tetramethylenediamine (TEMED)
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Table 3.7. lists the solutions used during this study.

Table 3.7. Solutions used in this study

Solution

Description

X-Gal
5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside

X-Gal indicator dye of B-galactosidase activity was used at
a final concentration of 40 or 60 ug/mL in the agar medium

IPTG

isopropyl B-D-1-thiogalactopyranoside

IPTG reagent was prepared as 1 M H20 solutions and added
accordingly to indicated concentration when induction of
expression from lactose-induced promoter was needed

1 M sodium citrate

Sodium citrate was prepared as 1 M water solution, sterilized by
autoclaving for 30 min at 121°C 1.5 atm and added accordingly
to indicated concentration when needed during bacteriophages-
involved experiments

20% glucose

Glucose was prepared as 20% water solution, sterilized by
filtration, added accordingly to indicated concentration when
needed as a carbon source or catabolic repressor

10x M9 salts

Composition per liter: 60 g NazHPO4, 30 g KH2PO4, 10 g NH4Cl,
5 g NaCl. Salts dissolved in Millipore Quality water and sterilized
by autoclaving for 30 min at 121°C 1.5 atm

2x agar

Per liter 20g of agar-agar powder (Difco) were dissolved in
1000 mL of MQ H20 and sterilized at 121°C, under 1.5 atm
pressure for 30 minutes

1 M MgSOa4

Magnesium sulfate was prepared as 1 M water solution,
sterilized by autoclaving for 30 min at 121°C 1.5 atm and added
accordingly to indicated concentration or diluted with sterile MQ
water to obtain concentrations indicated in methods

1 M MgCl2

Magnesium chloride was prepared as 1 M water solution,
sterilized by autoclaving for 30 min at 121°C 1.5 atm and added
accordingly to indicated concentration or diluted with sterile MQ
water to obtain concentrations indicated in methods

10 mM FeCl2

Iron (Il) chloride was prepared as 10 mM water solution,
sterilized by autoclaving for 30 min at 121°C 1.5 atm, stored in
the dark and added accordingly to indicated concentration

1 M CaClz

Calcium chloride was prepared as 1 M water solution, sterilized
by autoclaving for 30 min at 121°C 1.5 atm and added
accordingly to indicated concentration or diluted with sterile MQ
water to obtain concentrations indicated in methods

10 mg/mL B1

Vitamin B1 was prepared as a 10 mg/mL water solution and
sterilized by filtration

10% casamino acids

Casamino acid were prepared as 10% water solution, sterilized
by autoclaving for 30 min at 121°C 1.5 atm and added
accordingly to indicated concentration

80% glycerol

Glycerol was prepared as 80% water solution, sterilized by
autoclaving for 30 min at 121°C 1.5 atm and added accordingly
to indicated concentration or diluted with sterile MQ water to
obtain concentrations indicated in methods

10% SDS

sodium dodecyl sulfate

SDS was prepared as 10% water solution

4 mg/mL ONPG

2-nitrophenyl-B-D-galactopyranoside

ONPG was prepared as a 4 mg/mL solution in Z-buffer

1 M Na2COs

Disodium carbonate was prepared as 1 M solution in MQ water

Benzonase® endonuclease

EMD Millipore
Enzyme in 20 mM Tris-HCI (pH 8.0), 2 mM MgClz, 20 mM NaCl,
50% glycerol

B-PER

Bacterial Protein Extraction Reagent

Pierce
In 20 mM Tris buffer (pH 7.5)

2 M imidazole

Imidazole was prepared as 2 M solution in MQ water
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Lysozyme was prepared as 20 mg/mL solution in sterile MQ
water

40% ethanol, 5% acetic acid

Lysozyme

fixing solution
for silver staining

3.1.7. Other chemicals

The kits and other chemicals used in this study are listed in Table 3.8.

below.

Table 3.8. List of other chemicals and kits used in this study

Name Manufacturer
Acetic acid POCH

Ethanol POCH
Isopropanol POCH

Methanol POCH
Chloroform POCH
GeneRuler 1kb DNA Ladder Thermo Scientific
SeaKem™ LE Agarose Lonza

Ethidium Bromide Sigma-Aldrich
InstantBlue Expedeon

SuperSignal™ West Pico PLUS
Chemiluminescent Substrate

Thermo Scientific

Plasmid DNA Extraction GPB Kit GenoPlast Biochemicals
GenElute™ Bacterial Genomic DNA Kit Sigma-Aldrich
GeneJET Gel Extraction Kit Thermo Scientific
GeneJET PCR Purification Kit Thermo Scientific
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3.2. Methods

3.2.1. Calcium chloride competent cells

The overnight culture was diluted in ratio 1:100 (or higher, if necessary) in
LB or M9 medium supplemented with appropriate antibiotic. Diluted culture was
incubated with shaking at 30 or 37°C until value of ODsgs reached approximately
0.4. After, culture was transferred to sterile, pre-cooled centrifuge tube and
centrifuged for 15 min at 7,000 rpm at 4°C. Supernatant was discarded and pellet
was resuspended in half of the initial culture volume of ice-cold 10 mM MgClz.
Immediately after, the tube was centrifuged for 10 min at 7,000 rpm, 4°C. This
step was repeated twice, and after the second centrifugation, supernatant was
removed and pellet was resuspended in half of the initial culture volume of ice-
cold 100 mM CacCly, followed by 20 min incubation on ice. After that time, sample
was centrifuged for 10 min at 7,000 rpm at 4°C to remove calcium solution and
recentrifuged for 3 min for all of the liquid to be eliminated. Cells prepared in such
manner were resuspended in desired volume of ice-cold 100 mM CaCl, and
aliquoted by 100 pl to pre-cooled Eppendorf tubes with 15 ul 0 80% glycerol for
immediate freezing at -80°C (for storage) or to tubes without glycerol for

upcoming transformation.

3.2.2. Transformation of calcium chloride competent cells

To 100 pl (or less) of prepared competent cells 1-2 pl of plasmid DNA was
added. Tube was incubated on ice for 45 min and heat-shocked at 43°C for 45 s.
Immediately after the reaction tube was incubated on ice for 2 min, up to 700 pl
of M9 or LB medium (supplemented with glucose, if needed) was added. Cells
were incubated in culture medium for 1 h at 30 or 37°C. After the time passed,
culture was centrifuged for 3 min at 7,000 rpm, at room temperature (RT), the
supernatant was discarded. Pellet was resuspended in the desired volume of M9
or LB medium and cultures were plated on solid medium supplemented with

necessary additives. Plates were incubated overnight at 30, 37 or 42°C.

3.2.3. Plasmid DNA isolation

Isolation of plasmid DNA was performed using Plasmid DNA Extraction

GPB Kit (GenoPlast Biochemicals) according to the protocol provided by the
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manufacturer. If necessary, isolation process was confirmed by agarose gel

electrophoresis.

3.2.4. Chromosomal DNA isolation

The volume of 1.5 to 3 mL overnight culture was centrifuged at maximum
speed for 3 min to pellet the cells. Isolation of chromosomal DNA was performed
using GenElute™ Bacterial Genomic DNA Kit (Sigma-Aldrich) according to the
protocol provided by the manufacturer. If needed, isolation process was

confirmed by agarose gel electrophoresis.

3.2.5. DNA agarose gel electrophoresis

Electrophoretic DNA separation was carried out in an agarose gel with
a concentration of 0.8 to 1.2%, depending on the size of the analyzed DNA
fragments. DNA samples were prepared by adding the appropriate amount of 6x
DNA loading buffer and applied to the wells of a prepared gel containing ethidium
bromide at a final concentration of 0.5 ug/mL. For the electrophoretic separation,
1x TAE buffer and a voltage adequate to the size of the gel were used. The time
of separation was chosen individually. The gel was observed using a UV

transilluminator to visualize the DNA fragments.

3.2.6. PCR amplification

For 100 ul of total reaction mixture, 50 ul of 2x Master Mix, 43 pl of H20,
2.5 ul of each forward and reverse primer, 2 ul of template chromosomal DNA
and 0.5 pl of high fidelity polymerase were mixed and subjected to PCR
amplification using standard procedure with cycling parameters according to
manufacturer’s protocol.

After the PCR amplification, amplified DNA was resolved by agarose gel

electrophoresis on 1% agarose gel and excised.

3.2.7. Elution of DNA products from agarose gel

Excision of PCR products and other DNA fragments from agarose gels
was performed using GeneJET Gel Extraction Kit (ThermoFisher Scientific)

according to the protocol provided by the manufacturer.
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3.2.8. Enzymatic digestion

For 20 pl of digestion mixture, 2 pl of 10x Fast Digestion buffer, 1 ul of
enzymes, and appropriate volumes (due to the concentration of DNA) of DNA
fragment/plasmid and H2>O were added to the Eppendorf tube. The mixture was
incubated at 37°C for 60 min, centrifuged briefly, separated on the agarose gel

and the DNA excised when required.

3.2.9. Ligation

The ligation mixture contained 8 pl of H20O, 4 pl of 5x reaction buffer, 3 pl
of DNA insert, 4 pl of vector and 1 ul of T4 DNA ligase. The ligation reaction was
incubated at 23°C for 45 min.

3.2.10. Bacteriophage P1 lysates

To obtain bacteriophage P1 lysates, 1 mL of overnight culture carrying the
appropriate mutation marked with antibiotic resistance cassette was inoculated
in 7 mL of LB with 5 mM CaClin ratio that allowed for ODsgs ~ 0.1. Cultures were
incubated with shaking at 30 or 37°C for at least 20 min or until the exponential
growth phase was reached at ODeoo ~ 0.3. Next, 100 pl of bacteriophage P1 stock
(collection of Professor Raina) was added and culture was incubated for 20 min
at 30 or 37°C for the P1 bacteriophage to be absorbed. Afterwards, the
incubation, with shaking, at 30 or 37°C was continued until cultured lysed. In order
to kill any resistant bacteria, 300 pl of chloroform was added and cultures were
incubated with shaking at 37°C for 20 min to make sure all bacteria are lysed.
Subsequently, sample was transferred to the centrifuge tubes without chloroform
and centrifuged for 5 min at 7,000 rpm at 4°C. Supernatants (bacteriophage P1

lysates) were carefully collected to the pre-cooled tubes and stored at 4°C.

3.2.11. Bacteriophage P1-mediated transduction

Overnight culture of recipient strain was diluted 1:100 ratio in LB medium
with 5 mM CaClz and cultivated at 30 or 37°C until culture reached appropriate
optical density of ODs¢s ~ 1.0. Subsequently, to 1.2 mL of culture, bacteriophage
P1 lysate was added at multiplicity of infection (MOI) of 1 and the mixture was
incubated at 37°C for 20 min. Next, 130 pl of 1 M sodium citrate was added to

prevent readsorption of bacteriophage and the culture was centrifuged for 3 min
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at 7,000 rpm at RT. Bacterial pellet was resuspended in desired liquid medium
supplemented with 10 mM sodium citrate and incubated for 22 min at 30 or 37°C,
allowing the resistance genes to be expressed. In case of kanamycin resistance
cassette, such incubation was omitted. Culture was centrifuged again at the same
parameters, resuspended in the appropriate volume of M9/LB with 10 mM sodium
citrate and plated on M9/LA plates supplemented with 10 mM sodium citrate and
appropriate antibiotic and/or additive like IPTG. Plates were incubated overnight
or longer at 30 or 37°C. Depending on the aim of experiment, colonies were
counted or passaged on the same type of 10 mM sodium citrate-supplemented

plates and handled accordingly to next experiment procedures.

3.2.12. SDS-PAGE electrophoresis

Equivalent amounts of whole cell lysates or protein samples prepared with
the addition of 6x lysis buffer and, if necessary water, were boiled at 95°C for
10 min. Next, samples were incubated on ice for 2 min and briefly centrifuged.
Samples were separated on appropriate gel, using Bio-Rad SDS-PAGE Mini-
PROTEAN® Tetra Cell apparatus. Electrophoresis was carried at 200 V. The time
of separation was chosen individually. Gels were washed with water for 1 min
and either stained using InstantBlue® Coomassie Protein Stain (Expedeon)
according to the protocol provided by the manufacturer or used in Western

blotting.

3.2.13. Western blotting

Samples were separated on acrylamide gels using SDS-PAGE technique
according to protocol described above. Proteins from SDS-PAGE gel were
transferred on methanol-activated PVDF membrane using 90 min electrotransfer
at 100 V. After electrotransfer was finished, membrane was incubated in blocking
buffer overnight at 4°C. Blocking was followed by 1 h incubation with specific
primary antibodies. To remove antibodies that did not bound, membrane was
washed 3 times with washing buffer, each time with 15 min incubation with gentle
agitation. Afterwards, secondary antibodies were added to the membrane for 1 h
incubation. Lastly, membrane was washed 5 times with washing buffer, each time
with 10 min incubation with gentle agitation. Blots were revealed by

chemiluminescence kit from Thermo Scientific as per manufacturer’s instructions.
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LPS amounts were detected using the WN1 222-5 monoclonal antibody
(kindly gifted by Prof. S. Miller-Loennies) at a dilution of 1:10,000%°'. Anti-LpxC
(1:20,000) and anti-FtsH antibodies (1:2,000) were kind gifts of Professors
F. Narberhaus and K. Ito. Custom made LapB-specific antibodies were made by
Cusabio (Wuhan, China) and used at a dilution of 1:5,000.

3.2.14. Electrocompetent cells

An overnight culture of GK1942 strain was diluted in MOPS medium to
ODsgs of 0.05. Cells were further cultivated at 30°C in the presence of
L-arabinose, until culture reached mid-exponential phase and optical density
ODsgs of 0.6. Such cultures were transferred into pre-cooled centrifuge tubes and
incubated on ice for 30 min. Next, cultures were centrifuged for 15 min at 4°C at
5,000 rpm. Supernatant was discarded and pellet was resuspended in the initial
volume of ice-cold H20. After 15 min centrifugation with the same parameters,
pellet was resuspended in half of the initial volume of ice-cold H2O. Centrifugation
was repeated and cells were resuspended in 1/20 of the initial volume of ice-cold
10% glycerol. The last centrifugation lasted 15 min at 4°C at 5,000 rpm. All the
supernatant was removed and cells were resuspended in ice-cold 10% glycerol
so that they were concentrated approximately 350 times. Such prepared

electrocompetent cells were used directly for electroporation.

3.2.15. Electroporation

To the electrocompetent cells, less than 100 ng of DNA was added.
Contents were mixed gently and mixture was let to sit on ice for 1-2 minutes and
it was transferred into a chilled cuvette. Next, the cuvette was placed in the
MicroPulser Electroporator (Bio-Rad) and the electroporation was performed.
After electroporation, cells were recovered in SOC medium. Transformed cells
were incubated for 75 min at 30 or 37°C in a shaking incubator and plated on LA
plate supplemented with 20 ug/mL of chloramphenicol. Plates were incubated
overnight at 30 or 37°C.
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3.2.16. Gene disruption strategy

Strains with gene deletions of hslV, hslU, hsIV/U, lapB and lapA/B used in
this study have been constructed and used in previously published research*!-192,
The AlapC190 strain was constructed using A-Red mediated recombineering,
according to method described by Datsenko and Wanner, 2000, as followed'®.
PCR primers to construct AlapC190 deletion were designed in such a manner to
contain upstream and downstream regions of homology flanking the sequence
encoding the periplasmic domain of LapC. Simultaneously, these
oligonucleotides carried 20 nt of homology to aph kanamycin resistance cassette.
DNA fragment was PCR amplified using pKD13. Product of PCR reaction was
verified on agarose gel, excised from the gel and electroporated in
electrocompetent cells of wild-type E. coli BW25113 transformed prior with A-Red
recombinase-expressing pKD46 plasmid (GK1942). Transformants were
selected for kanamycin on LA medium at 30°C. Colonies of transformants
were passaged in parallel on LA plate supplemented with ampicillin and LA plate
with kanamycin and incubated at 30°C, to confirm temperature-induced loss of
pKD46 plasmid. Additionally, constructed strains were verified for carrying
a AlapC190 deletion by PCR amplification, using isolated chromosomal DNA
from mutants as a template. The AlapC 190 deletion was further transduced using
bacteriophage P1-mediated transduction in BW25113 resulting into the

construction of GK6075, which was retained for further experiments.

3.2.17. Multicopy suppressor screening to identify genes whose overexpression

restore viability of AlapA/B bacteria

Search for the genes that overcome phenotypic defects of tested mutants,
when present in multicopy was based on transformation of calcium chloride
generated competent cells of SR17187 A(lapA lapB) strain with a complete library
of all cloned open reading frames (ORFs) from ASKA collection?®2, In this
collection, genes are cloned in pCA24N and are expressed from the Prs-lac
promoter that is IPTG-inducible. Transformants were plated on LA rich medium
at 37 and 42°C (non-permissive growth conditions for SR17187) in the presence
of 75 uyM IPTG to induce gene expression. Based on the colony size and

appearance of transformants, colonies of strains carrying potential multicopy
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suppressors were chosen to start the liquid culture for the isolation of plasmid
DNA. Plasmids with DNA fragments encoding suppressor genes were isolated
and used to retransform SR17187 strain to confirm suppression. Confirmation of
suppression was performed by cultivation of transformants in parallel, on growth-
permissive M9 medium at 30°C and non-permissive conditions on LB agar at
42°C. The identification of multicopy suppressor genes was obtained by
sequence analysis of plasmid DNA of confirmed suppressors. DNA sequencing
was performed by Eurofins company.

To validate the suppression by overexpression of either the hs/V gene
alone or by co-expression of hs/VU, pSR19788 (hs/V* in pCA24N) and pSR19796
(hsIVU* in pCA24N) were used that were derived from plasmids constructed in

the previous study from Professor Raina’s laboratory'%2.

3.2.18. Isolation of extragenic mutations that prevent AlapB mutants lethality

Bacteriophage P1 lysate grown on SR17187 (AlapA/B) was used to
transduce lapA/B deletion in E. coli W3110 background, where it was known that
such deletion is only tolerated, if an extragenic suppressor is present*’.
Transductions were carried on M9 minimal medium at 30°C. After prolonged
incubation, colonies of strains with potential extragenic mutation that restored
E. coli W3110 AlapA/B mutants viability were cultivated. In parallel, as most of
the extragenic suppressors of E. coli W3110 AlapA/B strain map either to waaC
or gmhA genes and thus, synthesize deep-rough LPS, during this screening
isolated AlapA/B derivatives in W3110 were examined if they synthesize normal
LPS based on reactivity with WN1 222-5 antibodies. It conjointly resulted in the
construction of one strain that met both conditions, SR8348. The suppressor
mutation was marked by Tn 70, as described below, and further transduced in the
wild-type strain. Subsequently, the complementation study was performed, using
the plasmid DNA from the ASKA library of E. coli ORFs?%?. Plasmids that could
restore the growth of mutants were isolated and used for subcloning and DNA
sequencing of cloned inserts. The position of Tn70 mutation was established by
DNA sequencing of PCR-amplified product determined by complementation.
PCR amplification of region with determined Tn 70 mutation, using chromosomal
DNA of SR8348 strain and DNA sequencing, revealed that SR8348 had
a mutation in the lapC (yejM) gene. This mutation caused an insertion of
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C residue at 1133 nt position and resulted in the frame-shift after 377" amino acid
(lapC377fs) and the addition of 13 amino acid residues after Thr377, which led

into the truncation of periplasmic C-terminal domain.

3.2.19. Isolation of extragenic mutations that induce transcription from the

rpoEP3 promoter, which led to identification of the lapC gene

The screening for additional partners involved in LpxC turnover regulation
was based on two initial assumptions: mutations in such potential genes should
induce transcription from rpoEP3 promoter, as its activity is induced during
envelope stress response, specifically when LPS biosynthesis or assembly is
severely compromised'’?’; and by analogy to defects exhibited by other mutations
in essential genes involved in LPS homeostasis, potential mutants should be
characterized by sensitivity to elevated temperatures. Therefore, saturated pools
of mini-Tn70 Kan transposon mutants were generated in wild-type BW25113
strain in rich medium at 30°C. Bacteriophage P1 was cultivated on these pools,
subjected to chemical mutagenesis and used to transduce strains SR18868
(BW25113 ® rpoEP2/P3-lacZ) and SR18987 (BW25113 @ (rpoEP2*-lacZ -12
and -24 mut) that were constructed during other research in Professor Raina’s
laboratory upon regulation of the rpoE gene'?'. Among transductants, the deep
blue colonies that exhibited a Lac up phenotype on LA X-Gal-supplemented
plates, were patched simultaneously at 30 °C as a control, and at 42°C to select
Ts mutants. Approximately more than 80,000 Lac up colonies were replica plated
in such manner. At this point, only Tn70-linked point mutations that were unable
to grow at 42°C and were simultaneously inducing the activity of the rpoEP3
promoter were retained. Next, in order to narrow down the pool of candidates, to
the fraction of strains that would have mutations in genes whose products are
involved in LpxC regulation with higher probability, two more conditions were
tested. Lac up and Ts isolates were tested by streaking on MacConkey agar at
37°C and on LA agar with the addition of the LpxC inhibitor CHIR090
(0.008 pg/mL) at 30°C. Only those mutants that were unable to grow or grew
poorly on MacConkey agar and were sensitive to growth inhibition by the
sublethal concentration of the CHIR090 compound, were selected for further
testing. Isolated candidates were verified by bacteriophage P1-mediated
transductions and measurement of -galactosidase activity of the rooEP3-lacZ
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fusion. To identify the gene, in which mutation took place, the position of insertion
linked with Tn70, was determined by inverse PCR on candidates chromosomal
DNAs and sequencing of amplified fragments or by sub-cloning of Tn710 from
recombinant cosmid clones that complement the mutation causing LPS defects,
as further described. Mutations in the genes that mapped to the main biosynthetic

waa locus or other known LPS-related genes, were not followed.

3.2.20. Mapping and complementation of mutations that allowed for the

identification of lapC gene

The complementation studies that allowed for the identification of isolated
mutated genes was performed using cosmid library in the single-copy vector to
transform the mutants. This protocol was based on strategy published by Raina
et al. 19953, Complementing cosmids were selected by searching for the
restoration of mutants growth at 42°C on MacConkey agar. Plasmids that could
recombine mini-Tn70 and restore growth of Ts mutants on MacConkey agar were
isolated and used for subcloning and DNA sequencing of cloned inserts. Five
Tn10-linked Ts mutants mapping at 49 min on the genetic map of E. coli with the
rpoEP3-lacZ Lac up phenotype and unable to grow on MacConkey agar that
identified the lapC gene were further followed. In addition, to identify the mutation,
the isolated from candidates chromosomal DNA was used as a template to PCR
amplify the /apC gene and its adjoining regions, using appropriate
oligonucleotides. Amplified DNA fragments were sequenced and analyzed.
Presented approach resulted in mutant strains designated as SR19041,
SR19750, SR22861 and SR22862.

3.2.21. Isolation of extragenic suppressors of lapC377fs and lapC190

Strains isolated in the approaches described above, with the mutations
mapping to the lapC gene, were characterized by the temperature-sensitive
phenotype (above 42°C) and intolerance to MacConkey agar, due to the strategy
of their isolation. These features were used to identify extragenic suppressor
mutations that would restore the growth defects of lapC377fs and lapC190
bacteria. Thus, several independent cultures of each strain were cultivated in LB
at 30°C (permissive growth conditions) and portions of each plated on non-

permissive growth conditions at 43°C, to search for temperature-resistant

83


http://mostwiedzy.pl

colonies. Simultaneously, in a similar manner, suppressors that restore growth
on MacConkey agar were selected by directly plating /lapC derivatives cultures
from LB at 30°C on MacConkey agar medium. Obtained colonies were verified
for suppression by passaging in the same non-permissive growth conditions.
Potential extragenic suppressor mutations in confirmed candidates were marked
with mini-Tn70 Kan and verified by complementation analysis using cosmid
library, as described above. Cosmid clones that could recombine Tn70-linked
suppressor mutation, were used to group 26 out of 29 suppressors in three
complementation groups. Additional transductions with defined linked mutations
were performed to reinforce verification. Furthermore, to specifically define
isolated extragenic mutations, chromosomal DNA of all 29 suppressor strains
was isolated and used as a template to PCR amplify candidate genes that were
chosen based on complementation. PCR amplified regions, using appropriate
oligonucleotides, were defined as followed: the coding and adjoining regions
covering the IpxC gene, the promoter region and structural genes of lapA/B

operon, and the ftsH gene.

3.2.22. Bacterial growth measurement by spot-dilution

For the analysis of bacterial growth and comparison of suppression under
varied conditions that were considered, the spot-dilution assay was used. First,
exponentially grown cultures were adjusted to an optical density ODses of 0.1.
Ten-fold serial dilutions of cultures in sterile 10 mM MgSOs4 were prepared
starting from 10° (undiluted cultures) up to 10¢. Five pl drops of each dilution
were spot-tested on agar plates supplemented with appropriate
antibiotic/compound at different temperatures. Bacterial growth was analyzed

after incubation at indicated temperatures.

3.2.23. Measurement of 3-galactosidase activity

In order to measure the effect of lapC mutations on the expression of the
rpoE gene from its LPS defects-responsive promoter, isogenic cultures of the
wild-type E. coli and its derivatives with a lapC mutations carrying chromosomal
fusions of rpoEP3-lacZ were grown overnight under permissive growth
conditions. Next, ODsgs of each culture was measured and adjusted to ODsgs of

0.05. Rejuvenated cultures were allowed to grow at 30°C for another 45 min. After
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this time, every 30 min interval, two sets of samples were taken from each culture:
500 pl to establish the ODsgs and 200 ul to measure B-galactosidase activity. The
200 pl sample was placed in previously prepared vial with 800 ul of Z-buffer. To
such mixture subsequently added were: 20 pl of 10% SDS, 20 ul of chloroform
and 200 pl of ONPG substrate (4 mg/mL). Next, vials were incubated at 30°C for
10 min and 500 pl of 1 M Na2CO3was added to stop the reaction. Before the final
measurement, samples were incubated for 3 min in the dark (RT) and then
transferred to cuvettes to establish the absorbance with 420 and 550 nm
wavelengths. B-Galactosidase activity of examined strains was calculated in
Miller Units, using the equation presented below:

Aszo-(1.75%A
Miller Units=1000 420" 550)

VxODgg5
where:
As0 - absorbance measured with 420 nm wavelength
Asso - absorbance measured with 550 nm wavelength
\% - volume of sample [mL]

ODses - optical density of culture measured with 595 nm wavelength
For each assay, three independent cultures were used and average of

each were plotted.

3.2.24. LPS extraction and measurement of LPS amounts

In order to analyze LPS levels in different strains from this study, cultures
were grown at permissive growth conditions up to an ODses of 0.5 and harvested
by centrifugation. To obtain the whole cell lysates, pellets were resuspended in
1x lysis buffer, boiled for 10 min at 95°C, incubated on ice for 2 min and briefly
centrifuged. Subsequently, lysates were treated with Proteinase K. As described
in SDS-PAGE method, equivalent portions of such whole cell lysates were
applied to a 14% or 16% SDS-Tricine gel. After the electrophoresis, LPS was
either silver-stained or transferred by Western blotting. Immunoblots were probed

for LPS amounts using the WN1 222-5 monoclonal antibody.

3.2.25. Purification of proteins

For the induction and purification of HslIVU proteins, using the

chromosomal DNA from the E. coli BW25113, the minimal coding region of the
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operon was amplified using PCR and cloned in the expression vector pET24b
(pSR22763). To co-purify LapA and LapB proteins, the minimal coding region of
lapA/B operon was cloned into the low-copy T7 promoter-based pDUET
expression vector (Novagen) in a way that LapA was tagged with in-frame deca-
His tag at the N-terminus. The BL21(DE3) derivative was transformed with the
constructed vector. The expression of lapA/lapB genes was induced in 1 L of
culture medium at an ODsgs of 0.2 by the addition of either 100 or 500 uM IPTG.
For the purification of LapC, the lapC gene was cloned in the T7 promoter-based
pET28b vector and the expression induced with the addition of 200 uM IPTG.
Cells were harvested by centrifugation at 4°C, 10,000 rpm for 20 minutes. Pellet
was frozen overnight at -80°C. Next, pelleted cells were resuspended in B-PER
reagent (Pierce) and adjusted to contain 50 mM NaH2PO4, 300 mM NacCl, 10 mM
imidazole (buffer A), supplemented with lysozyme to a final concentration of
200 pg/mL. A cocktail of protease inhibitors (Sigma) was added as per
manufacturer’s instructions. The mixture was incubated on ice for 15 min with
gentle mixing. To this lysate 30 units of benzonase (Merck) were added,
incubated with gentle mixing at 4°C for another 45 min. The mixture was
centrifuged at 45,000 x g for 90 min at 4°C. LapA/B and LapC proteins were
extracted using 2% octyl-B-D-glucoside for solubilization of inner membrane
proteins in the presence of PMSF and a cocktail of protease inhibitors. Solubilized
IM proteins were applied over nickel-nitrilotriacetic acid beads (Qiagen) and
LapA/B and LapC proteins eluted, as described in Klein et al. 2014*'. For HslUV
purification, soluble proteins fraction was applied over nickel-nitrilotriacetic
(Ni?*-NTA) acid beads columns, washed and eluted with buffers with increasing

concentration (50 mM - 500 mM) of imidazole.

3.2.26. Isolation of RNA and qRT-PCR analysis

To measure the lapC mRNA amounts at different temperatures, the
BW25113 wild-type culture was grown at 30°C in LB medium to an ODsges of 0.1.
To induce heat shock, aliquots of culture were shifted to prewarmed medium held
at 43°C and incubated for 15 min. Equivalent amounts of samples from cultures
grown at 30°C and 43°C were harvested by centrifugation. Total RNA was
extracted by hot phenol extraction as established in methods published by
Professor Raina in previous study?%*. The purification of total RNA was performed
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according to original protocol with additional steps of digestion of possible
chromosomal DNA contamination with RQ1 DNase (Promega) and ethanol
precipitated. Next, pellets were resuspended in DEPC-treated water. RNA
amounts were quantified and RNA integrity confirmed by agarose gel
electrophoresis. To quantify changes in the lapC gene expression in response to
temperature shift gRT-PCR was used. For each sample, 2 ug of purified mRNA
was reverse transcribed to cDNA using iScript Reverse Transcription Supermix
(Bio-Rad). qRT-PCR was performed using CFX Connect Real-Time PCR
Detection System (Bio-Rad). According to protocol published previously?%,
reactions were carried out for 40 cycles in an optical 96 well plate with 20 ul
reaction volumes containing 10 ul PowerUp SYBR® Green PCR Master Mix
(ThermoFisher Scientific), 0.5yl cDNA, 0.6 yl each of the 10 yM forward and
reverse primers, and 8.3 ul of RNase-free water. In addition, samples lacking
cDNA in above reaction served as a control for any DNA contamination. Data
were analyzed by software Bio-Rad CFX Maestro. For each condition, three

biological replicates were used.
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4. RESULTS

4.1. Multicopy suppressor screening of genes that overcome AlapB

lethal phenotype at high temperature in rich media

It was previously shown by Klein et al. 2014 that the /apB gene is essential
in E. coli under normal laboratory growth conditions and that AlapB mutants can
survive only under specific settings in few strain backgrounds at 30°C on minimal
medium after prolonged incubation, unless an extragenic suppressor is present*'.
Performed previously by Professor Raina’s laboratory multicopy suppressor
analysis showed that overexpression of genes encoding enzymes involved in the
phospholipid and fatty acid biosynthesis (fabZ, fabB), peptidoglycan synthesis
(murA), and envelope stress response regulators (rcsF, slIrA ncRNA, and
toxin/antitoxin system hicA) and genes of unknown function: yceK, yeaD, yffH,
and ydhA that are predicted to function in the envelope biogenesis, can bypass
the lethality of a lapB deletion derivative at 37°C in rich LA media*'. The essential
function of LapB is attributed to its role in LPS biosynthesis by regulating turnover
of LpxC in concert with the essential metalloprotease FtsH*':83, In this work, it
was intended to find additional genes that overcome AlapB lethal phenotype at
42°C on LA media when present in multicopy, aiming to identify if any alternative
proteolytic pathway exists for LpxC enzyme. Therefore, a complete library of all
cloned open reading frames (ORFs), where genes are expressed from the IPTG-
inducible Prs-lac promoter from ASKA collection in the vector pCA24N2%2, was
introduced into the A(lapA lapB) strain SR17187 and plated on LA medium at
42°C in the presence of 75 uyM IPTG as an inducer for the gene expression.
Subsequently, plasmid DNA was isolated from such transformants and used to
retransform the A(lapA lapB) strain to confirm that the plasmid-mediated
suppression generates viable cells. Confirmed plasmid DNAs were analyzed by
sequencing in order to identify which gene present in multicopy in the A(lapA
lapB) mutant rescue the lethality of such a deletion. Analysis of sequenced DNAs
revealed that most of the suppressors overlap with results published in Klein et
al. 2014, except for the set of plasmids that encoded the hs/V gene*'. HslV is the
peptidase component of HsIVU (ClpQY) protease complex'9?2%, |t forms

a double ring that is associated with one or two of hexameric rings of HslU that
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has the ATPase activity??”-2%8. HslV exhibits homology to the B-subunits of the
eukaryotic 20S proteosome, while HslU is highly homologous to the ClpX protein
of E. coli, which is known to present large polypeptides to its partner, the ATP-
independent proteolytic enzyme ClpP and it resembles ATP-stimulated process
similar to that of the chymotrypsin-like activity of the eukaryotic proteasome 192209,
HslV is also characterized by its own proteolytic function, which is enhanced by
HslU in the presence of ATP to a much greater extent'922°°, Compatible with the
set high temperature of experiment HsIVU are known heat shock proteases that
also contribute to regulation of the heat shock sigma factor RpoH to some
extent™1,

To verify the contribution of HslV in the LapB-deprived bacteria, the set of
controlled transductions was performed. Transformants of BW25113 wild-type
E. coli strain derivatives carrying either the vector alone, or the plasmid carrying
either only the hs/V gene or with cloned hs/VU genes in the presence of 75 uM
IPTG, were transduced with AlapA/B (P1 SR17187) and AlapB (P1 SR7753)
deletions using bacteriophage P1 cultivated on mutant strains. Transductions
were carried at 30°C on M9 medium. Results from transductions are presented
in Table 4.1. below.

Table 4.1. Number of colonies of transductants

Recipient strain

Donor
BW25113
+ vector + phsiv* + phsiUV*
P1 SR17187 35 KanR,
_ 1112 KanR 3230 KanR
AlapA/B KanR small colonies
P1 SR7753 43 KanR,
1230 KanR 2980 KanR
AlapB KanR small colonies

Results presented in Table 4.1. demonstrate that overexpression of the
hslV allows for the deletion of the lapB, and the transduction frequency is even
enhanced by approximately 3-fold, when the hs/VU genes were overexpressed
simultaneously. It should be noted that the AlapB transductants appear only after
prolonged incubation, when vector alone is present and with very low numbers of

colonies that are much smaller in size.
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4.2. Monitoring of LpxC degradation under overexpression of the

hslV gene in LapB-independent manner

It was presumed that overexpression of hslV or hslUV genes encoding
proteases could bypass the AlapB lethality due to regulation of LpxC amounts. In
attempt to resolve the molecular basis of this suppression, the levels of LpxC
protein in the AlapA/B mutant derivative transformed with the plasmid containing
the hslV gene under the control of a tightly regulated inducible Pts-lac promoter,
were measured using Western blotting technique. Cultures of mutant strain with
the hslV gene on a plasmid were cultivated in M9 medium and adjusted to the
starting ODsgs of 0.2 in LB medium at 42°C. Induction of the hs/V expression was
achieved by the addition of 75 yM IPTG to the broth. During experiment, the equal
amount of culture was sampled after 10 min intervals. Proteins from whole cell
lysates were resolved on a 12% SDS-PAGE. Analysis of LpxC amounts with
LpxC-specific antibodies was performed using Western blotting. It was shown in
Klein et al. 2014 that in the absence of LapB, LpxC is stabilized and its levels are
increased in a AlapA/B mutant, which results in the bacterial lethality due to
increased synthesis and accumulation of LPS*'. Analysis of Western blot showed

a progressive reduction in amounts of LpxC in the time of experiment (Fig. 4.1.).

AlapAB + phsiV*

Fig. 4.1. Immunoblot of LpxC amounts during incubation at 42°C in the AlapA/B strain

with the hslV overexpressed from the plasmid
Lanes 1-8 in Western blot picture represent the position of LpxC indicated by red arrow, which
was detected with anti-LpxC primary antibody using cell lysates from AlapA/B mutant transformed
with the plasmid containing the hs/V gene under control of inducible Pts-lac promoter, sampled in
10-minute intervals. Each lane is described with time of sample collection starting with 0 min in
lane 1 that corresponds to the beginning of induction of hs/V expression by the addition of 75 uyM
IPTG. A progressive reduction in amounts of detected LpxC in the time of experiment can be
observed.
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After only 20 min of incubation, less than half of the initial amount of LpxC
was detected and within 70 min of incubation LpxC signal could be barely
detected (Fig. 4.1. lanes 3 and 8, accordingly). It should be noted that in LapB-
deficient mutant the amounts of LpxC in the cell are elevated under all conditions,
as LpxC cannot be directed to LapB/FtsH-mediated proteolysis*'. Results
presented in Figure 4.1. show that LpxC can be subjected to degradation, even
when LapB is absent, establishing an alternative mechanism of LpxC levels
adjustment. These results help to explain the identification of the HsIV subunit
encoding gene as a suppressor of AlapB lethality, when expressed at higher

levels.
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4.3. Impact of co-overexpression of hsIVU genes on LpxC amounts
in the wild-type background

As HslV peptidase is known to hydrolyze some proteins alone albeit at very
low rate that is significantly increased by HslU ATPase?'%2'", Thus, it was decided
to examine the fate of LpxC in the wild-type background, when hs/VU genes are
co-overexpressed, using pulse chase experiments. The T7 polymerase
expression-based derivative of E. coli strain was transformed with a pET24b
plasmid DNA carrying hs/UV genes under control of T7 promoter. Cultures were
grown in LB at 30°C up to ODsgs of 0.1. The induction of both genes
overexpression was initiated by the addition of 75 yM IPTG for 15 min. Next,
cultures were washed to remove the inducer and shifted to 42°C. Next
immediately, transcription of host genes was stopped by the addition of
200 pg/mL of rifampicin and the chase incubation at 42°C initiated. The
equivalent amount of aliquots were collected after 10 min intervals. Proteins from
total-cell extracts were resolved on a 12% SDS-PAGE gel and analyzed by
immunoblotting, using anti-LpxC antibodies. Results from the pulse chase

experiment are presented in Figure 4.2.

wt +phsIVU*
-~ O O < N & O O &
¥ & & & & & & &
I A I R I I S O
LpxC ——»
1 2 3 4 5 6 7 8 9 10

Fig. 4.2. LpxC during chase after co-overexpression of hs/UV in the wild-type E. coli
Image of Western blot is shown. Lanes 1-10 marked in the picture represent protein
corresponding to LpxC (red arrow), which was detected with anti-LpxC primary antibodies using
total protein extracts of wild-type E. coli transformed with the plasmid containing the hs/VU genes
under control of inducible Pt7-lac promoter, sampled in 10-minute intervals. Each lane is
described with time of sample collection after chase start (0 min in lane 1) that corresponds to the
beginning of induction of hs/UV expression by the addition of 75 uM IPTG and stopping of host
transcription by the addition of 200 pug/mL of rifampicin and the chase incubation at 42°C.
A progressive reduction in amounts of detected LpxC in the time of experiment can be observed.

It can be observed that during the chase time, LpxC signal rapidly declines.
Since the addition of rifampicin shuts down the host transcription, results from
Fig. 4.2. confirm that HslUV protease degrades LpxC in the LapB/FtsH-

independent manner. Even after 10 min following the chase (Fig. 4.2. lane 2),
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LpxC amounts are approximately five times reduced, with background level
detection after only 40 min chase (Fig. 4.2. lane 5). Therefore, these results
provide a convincing evidence of alternative LpxC proteolysis, where HsIV can
degrade LpxC in the absence of LapB/FtsH and this degradation is enhanced,

when HslU is also present.
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4.4. Purification of HslUV

In order to investigate the overexpression of hs/UV genes in the wild-type
E. coli and purify the complex of HslUV proteases, the pSR22763 plasmid
carrying His-tagged hs/U and non-tagged hs/V under control of T7 promoter was
transformed into the T7 Express lysY/IY E. coli. Transformant colonies were
cultivated in LB medium at 30°C and induction of expression was initiated by the
addition of 0.5 mM IPTG. After 2 h of incubation, all host transcription was
stopped with the addition of 200 ug/mL of rifampicin and incubated at 37°C for
additional 2 h. Cells were harvested and proteins were purified using the Ni?*-
NTA chromatography. Selected fractions were resolved by SDS-PAGE
electrophoresis (Fig. 4.3.). As it can be observed, the expression system delivers
substantial amounts of protein. The interaction between proteins is observable
as non-tagged HsIV co-purifies with HslU and elutes mostly with lower

concentrations of imidazole (lanes 1-3).
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Fig. 4.3. SDS-PAGE gel of the elution profiles of overexpressed and purified HslU
and HslV

Lanes 1-9 correspond to HslUV protein samples resolved by SDS-PAGE electrophoresis, eluted
with appropriate concentration of imidazole (1 — 50 mM second fraction, 2 - 50 mM third fraction,
3 - 100 mM second fraction, 4 — 250 mM first fraction, 5 — 250 mM second fraction, 6 — 250 mM
fourth fraction, 7 — 250 mM fifth fraction, 8 — 500 mM first fraction, 9 — 500 mM second fraction).
In lane 10 the prestained molecular weight standard PageRuler™ Prestained Protein Ladder
(Thermo Scientific) was added. After electrophoresis proteins were visualized by staining with
InstantBlue® (Expedeon) Coomassie protein detection reagent.
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4.5. Testing the sensitivity of AhslV, AhslU and AhsIUV mutants to
the LpxC inhibitor CHIR090

Based on the discovery that HslUV regulates the amounts of LpxC in
E. coli, it was suspected that mutants lacking the genes encoding subunits of
protease complex, can exhibit altered sensitivity to CHIR090 LpxC inhibitor.
CHIRO090 (N-aroyl-L-threonine hydroxamic acid) is the most potent inhibitor of the
LpxC isolated up to date and it exhibits antibiotic activity against most Gram-
negative bacteria, including E. coli and Pseudomonas aeruginosa, as effectively
as ciprofloxacin or tobramycin?'?2'3, |ts described in detail characteristic,
promising antimicrobial activity and specificity towards LpxC, made CHIR090
ideal compound to complement the study upon LpxC regulation. Therefore,
isogenic strains of wild-type BW25113 and its derivatives lacking HslU and HslIV
protease subunits were tested by spot dilution on LA agar with or without
supplementation of CHIR090 at a sublethal concentration that is not deleterious

to the wild-type strain. Results are presented in Figure 4.4. below.

0 ug/mL 0.004 ug/mL 0.008 ug/mL

CHIR090

Fig. 4.4. Spot-testing of wild-type E. coli and its lapC190, AhslU, AhslV and AhsIUV

derivatives on LA agar with or without CHIR090
Figure presents pictures of plates with spotting of serial dilutions of exponentially grown cultures
of the wild-type strain and its isogenic derivatives lacking genes encoding HsIVU protease
subunits. Cultures were adjusted to an ODsges of 0.1, serially diluted and spotted at 30°C on LA
agar supplemented with or without varying concentrations of CHIR090 as indicated in the bottom
of the pictures. The isogenic CHIR090-sensitive strain with the /apC790 mutation was included
as a control. Plates were photographed after 24 h incubation. Presented results are from one of
the representative experiments.
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Presented results indicate that deletion of hslV gene or both genes
encoding HslUV protease subunits, impacts the resistance ability of mutants by
reducing their viability by 100-fold in comparison to the wild-type strain, when
exposed to 0.008 ug/mL of CHIR090. The reduction of colonies size is observed
in the case of all derivatives. The Ahs/U mutants, although more sensitive than
the parental strain, exhibit only a moderate sensitivity to CHIR090. The strain with
the lapC17190 mutation was included as a control in this experiment, as it was
established in the experiment described in subsection 4.9. that it is characterized
by significant sensitivity to inhibitor. Thus, it can be concluded that consistent with
a role for HslUV protease in the regulation of LpxC amounts, a deletion of either
both genes encoding subunits of this protease complex or the hslV gene alone
that encodes catalytic subunit, enhances the sensitivity to CHIR090, which is

a specific inhibitor of LpxC.
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4.6. Search for the extragenic mutations that prevent lethality of

AlapB mutants

It was described earlier in this thesis that under normal laboratory growth
conditions /apB is an essential E. coli gene and its deletion is only tolerated under
specific conditions, unless an extragenic suppressor is present*!. To understand
the molecular basis of LapB essentiality and its function, the screening for
supplementary extragenic suppressors was undertaken. Transduction of lapB
deletion in E. coli W3110 resulted in the identification of a novel mutation that
suppressed the AlapB and AlapA/B lethality. The constructed strain carrying the
mutation was designated as SR8348. The suppression mutation was marked with
Tn10 and used to transduce the mutation in the AlapA/B strain in BW25113
background on LA rich medium at 30°C. This resulted in obtaining of viable
AlapA/B in BW25113 background with the extragenic suppressor mutation. It
proved that this isolated suppressor mutation of AlapB was not only specific for
W3110 strain. The DNA sequencing and complementation experiments revealed
that obtained mutation arose due to a frame-shift in the yejM gene. Based on
further experiments on its genetic interaction it was designated as the lapC gene.
This mutation caused an insertion of C residue at nucleotide position 1133
resulting into frame-shift after 377 amino acid (referred from now on as
lapC377fs), with the addition of 13 aa residues after Thr377, leading into the
truncation of C-terminal periplasmic domain. LapC (YejM) structures have been
described recently revealing five IM-spanning helices in the N-terminus and
a large C-terminal globular domain connected by a linker domain 95197214215,
Thus, the experiments were undertaken to understand the role of the LapC

inactivation in suppression of AlapB and AlapA/B mutants lethality.

97


http://mostwiedzy.pl

A\ MOST

4.7. Examination of the molecular basis of suppression by the

lapC377fs mutation

Based on the data published before by Professor Raina’s group that
lethality of LapB-deprived strains is strongly connected to excessive
accumulation of LPS, it was decided to examine the LPS content of AlapB,
lapC377fs and (AlapB lapC377fs) mutants, in order to address the molecular
effects of the lapC377fs mutation*'. The whole cell lysates from the wild-type
E. coli and its AlapB, lapC377fs and (AlapB lapC377fs) derivatives were treated
with Proteinase K to remove proteins and further obtain LPS. Equivalent amount
of extracts were resolved on a 14% SDS-Tricine gel and LPS was revealed by
silver staining. Figure 4.5. below presents the LPS profiles of tested strains.
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Fig. 4.5. LPS profiles of (AlapB lapC377fs), wild-type E. coli, lapC377fs and AlapB
derivatives
Lanes 1-4 show LPS from equivalent amounts of Proteinase K-treated whole cell lysates of
isogenic E. coli derivatives: 1 — (AlapB lapC377fs), 2 — wild-type strain, 3 - lapC377fs mutant and
4 — AlapB bacteria. Samples were resolved on a 14% SDS-Tricine gel and the presence of LPS
was detected by silver staining. The red arrow indicates the position of LPS.

The comparison of LPS profiles clearly indicates that combination of
lapC377fs mutation with AlapB deletion restores the wild-type LPS content
(Fig. 4.5. lanes 1 and 2) that is otherwise significantly increased in the AlapB
derivative (Fig. 4.5. lane 4) and visibly reduced when LapC is defective (Fig. 4.5.
lane 3). These results clearly correspond and support the mass spectra results

presented in Fig. 2.2. that were obtained earlier by Professor S. Raina and
Professor G. Klein.
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4.8. Identification of additional partners in LpxC turnover using

transposon-mediated mutagenesis

In order to expand the search for additional proteins that could regulate
LpxC turnover, therefore sense the accumulation of LPS in the envelope or
respond to defects in LPS biosynthesis, the temperature-sensitive (Ts) Tn70
transposon-linked point mutations that conferred the increased activity of single-
copy rpoEP3-lacZ promoter were isolated. The assumptions of this experiment
were based on the fact that previously identified proteins that play key roles in
LPS maintenance, as for example LapB or FtsH, were found to be essential for
bacterial viability. The lacZ fusion with rpoEP3 promoter was chosen as,
according to researches published by Professor Raina’s group, its activity is
induced specifically when LPS biosynthesis or assembly are severely
compromised’?'. Among isolated mutants that are characterized by temperature
sensitivity and induction of rpoEP3 promoter, only isolates that were
simultaneously unable to propagate on MacConkey agar and that were sensitive
to the CHIRO090 inhibitor, were retained. Mapping and complementation analysis
of Tn10-linked mutations identified four independent Ts mutants with permeability
defects with a mutation linked > than 95% to the bcr gene located at 49 min and
were designated SR19041, SR19750, SR22861 and SR22862. Subcloning and
further complementation approach led to the cloning of the lapC gene, which
reversed the Ts phenotype, restored growth on MacConkey agar plates as well
as restored the nearly wild-type activity of the rooEP3-lacZ fusion. Next, the lapC
gene was PCR amplified from the chromosomal DNA isolated from identified
mutants. Analysis of the DNA sequence revealed that SR19041 has a stop codon
(TGA) replaced with the tryptophane-coding TGG (/lapC7190), SR19750 and
SR22861 carry the same frame-shift mutation /lapC377fs that was identified
during search for the extragenic mutations that prevent lethality of AlapB mutant
(subsection 4.6.), and SR22862 contains a single amino acid change resulting
into substitution of 349F to 349S (/apC F349S). Among the isolated Ts mutations,
the lapC190 is identical to a mutation found in strain LH530 that is characterized
with membrane permeability defects'%42'6. It lacks the entire periplasmic domain
and expresses only the IM domain that consists of five predicted TM helices?".

SR22862 mutant carries the mutation in highly conserved 349 amino acid residue
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that is located in the Mg?*-binding pocket of the pseudo-hydrolase domain and in
the putative phosphatase active site of the enzyme'9197. However, the most
frequent mutation found in the course of this study is the lapC377fs that results
in the truncation of C-terminal periplasmic domain and it has been not described
up to date.
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4.9. Comparison of lapC mutants sensitivity to CHIR090 LpxC
inhibitor

To characterize isolated mutation further and recognize their relevance to
regulation of LpxC, specific sensitivity to sublethal concentrations of CHIR090
was examined for each type of mutation. The wild-type E. coli culture and its
isogenic derivatives with point mutations in the lapC gene, described in previous
subsection, were exponentially grown, adjusted to an ODsgs of 0.1 and serially
spot diluted at 30°C on LA agar supplemented with or without varying

concentrations of CHIR090 as indicated in Figure 4.6.

0 ug/mL 0.004 ug/mL  0.008 ug/mL

CHIR090

Fig. 4.6. Spot-testing analysis of wild-type E. coli and its isogenic derivatives lapC377fs,
lapC F349S and lapC190 sensitivity to CHIR090

Figure presents spot dilution of exponentially grown cultures of the wild-type strain and its isogenic

derivatives carrying the isolated mutations in the /apC gene. Cultures with genotypes indicated

above each figure, were adjusted to an ODses of 0.1 and serially spot diluted at 30°C on LA agar

supplemented with or without varying concentrations of CHIR090 as indicated in the bottom of

the pictures. Plates were incubated overnight and the photograph of each plate was taken.

Comparison of sensitivity profile of each /apC mutant to CHIR090 showed
that the most severely affected by the CHIR090 concentration, when growth of
the parental strain is not affected, is the strain with /apC790 mutation that does
not express the periplasmic domain (Fig. 4.6.). It is followed by lapC377fs that is
able to grow to only slightly higher extent, forming suppressor colonies. In the
case of the lapC F349S derivative, only a small decrease in the colony size was

observed upon the exposure to CHIR090.
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4.10. Induction of transcriptional activity of rpoE in lapC mutant

strains

Simultaneously, besides sensitivity to CHIR090, it was decided to evaluate
exact impact of each point mutation on the rpoEP3 promoter activity that is
responsive to LPS defects. Thus, cultures carrying the single-copy chromosomal
rpoEP3-lacZ fusion of wild type and /apC mutants, were grown exponentially,
adjusted to an ODsgs of 0.05 and allowed to grow in LB medium at 30°C. Aliquots
of cultures were drawn after different time points and used to measure the
B-galactosidase activity. To prevent the read-through of stop codon in the original
lapC190 derivative, it was decided that for further comparative analysis and
verification of results, a AlapC190 derivative (GK6075) will be used. GK6075 was
constructed in a manner to express the 190 amino acids of N-terminal part of
protein (IM anchor), but the periplasmic domain was replaced by recombineering
with an excisable antibiotic cassette. SR19041 (lapC190) and GK6075 were both
used in this assay for comparison. Figure 4.7. presents a comparative of
B-galactosidase activity expressed in Miller Units (MU) for wild type and each
mutation carrying strains at two optical densities — ODsgs of 0.15 and 1.5. Error
bars represent the standard error of three independent measurements.

Analysis of B-galactosidase activity of /lapC mutants revealed the most
pronounced difference (6 to 8-fold induction of rpoEP3 promoter activity) in
comparison to wild-type when examined during growth in stationary phase at
ODsgs of 1.5 in lapC190 or AlapC190 and lapC377fs derivatives. The lapC F349S
mutation had lower impact on expression from LPS defects-responsive promoter.
These results correlate with the examination of /apC mutants sensitivity to the
CHIR090 LpxC inhibitor as described in the subsection 4.9. Taken together, the
induction of transcription from the rooEP3 promoter that responds to LPS defects
accompanied by the Ts phenotype, the sensitivity to the CHIR090 inhibitor and
membrane permeability defects allowed to conclude that LapC is required for the
bacterial envelope integrity and the regulation of LPS biosynthesis. It is consistent
with the suppression of lethality and the restoration of wild-type LPS content in
LapB-deprived bacteria by /lapC loss-of-function mutations (subsection 4.7. and
Figure 2.2.). These results establish that LapC has to be essential for the

regulation of LpxC. Among three isolated mutants of LapC, /lapC790 and
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lapC377fs showed a strict temperature sensitive phenotype, the hypersensitivity
to CHIR090 and these two mutations were further characterized as they
conferred a tighter phenotype.
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Fig. 4.7. Induction of RpoE activity from its LPS-responsive promoter in the wild-type
E. coli and its isogenic derivatives AlapC190, lapC190, lapC377fs and lapC F349S
carrying a single-copy chromosomal rpoEP3-/acZ fusion for ODsgs5 of 0.15 and 1.5

Chart presents the B-galactosidase activity measured from isogenic cultures of wild type and
mutation carrying strains having a single-copy chromosomal fusion of rpoEP3-lacZ at two optical
densities — ODsgs of 0.15 and 1.5. Genotypes are indicated in the bottom of the figure. Three
independent measurements were taken for each strain and error bars represent a calculated
standard error.
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4.11. Mapping of extragenic suppressors of lapC mutants

Taking the advantage of phenotypes such as the sensitivity to high
temperature and the inability to grow on MacConkey agar of strains with the
lapC190 and lapC377fs, it was decided to search for extragenic suppressors that
either restored growth on LA agar at 42°C or allowed growth on MacConkey agar.
Cultures were plated under non-permissive growth conditions and that led to
isolation of several strains with spontaneous suppressor mutations. Twenty-nine
of such strains were cultivated and mutations were marked with Tn 70 transposon
according to protocol by Raina et al. 1995'¢. The positions of Tn70 insertions
were directly sequenced from recombinant cosmid clones. Among mapped
extragenic mutations, 26 suppressor mutations could be grouped into three
complementation groups: zab::Tn10 (10 suppressors), pyrF:Tn10 (15
suppressors) and greA::Tn10 (1 suppressor). These map positions suggested
that suppressor mutations linked to zab::Tn70 could have a mutation in the [pxC
gene, those linked to pyrF::Tn10 mapping to the lapA/B locus and the last one
linked to the greA gene could be having a mutation in the ftsH gene. Therefore,
the chromosomal DNA from all 26 mutants was isolated and DNA region that
encompass these four genes of interest and their flanking regions was
sequenced. Table 4.2. below presents the results of DNA sequencing analysis.

The most frequently isolated suppressor (4 independent isolations) had
a single exchange in 37" amino acid in the coding region of the JoxC gene of
valine to glycine. Alteration of the same amino acid position, but V37L, was also
isolated. The isolation of five independent mutants with the substitution of the
same Val37 residue is consistent with recent identification of LpxC V37G as
a stable variant in Klebsiella pneumoniae?'®. It can be assumed that strains with
substituted variants can have the LpxC that is also resistant to proteolysis. The
next three of the mutant strains had an exchange of R230C residue, one strain
with single amino acid alteration of K270T and another suppressor revealed
a frame-shift mutation due to the deletion of 2 nt in the stop codon that results in
the extension of LpxC wild-type sequence by 20 amino acids. Such addition of
20 amino acids to the C-terminal domain can result in the stabilization of LpxC,
as the C-terminal part of LpxC was found to be involved in the recognition of

enzyme by FtsH protease?'®. DNA sequence analysis revealed also eight strains
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with suppressor mutations within the /apB gene. All eight suppressors contain
single amino acid substitutions located in highly conserved regions defining TPR
elements required for mediation of protein—protein interactions. It is also worth
noticing that /apA and /lapB genes are co-transcribed and their translation is
coupled, therefore all 7 isolates with the mutations disturbing the lapA expression
have a possible impact on LapB amounts. Lastly, during search for extragenic
suppressors of lapC mutants, one strain was found that contain the mutation in
the Second Region of Homology (SRH) domain of FtsH protease. Mutations in
this domain are associated with the loss of ATPase activity, which is critical for
the proteolytic activity of enzyme, therefore should also result in the stabilization
of LpxC protein??. In order to understand the function of LapC, it was decided to
investigate further each of isolated strains that carry extragenic suppressors of

lapC mutants.
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Table 4.2. Extragenic suppressors of lapC7190 and lapC377fs mutations

Gene Mutation Position

Amounts of Isolates

V37G (GTC — GGC)

V37L (GTC — CTC)

R230C (CGT — TGT)

IpxC K270T (AAA — ACA)

- W =

a frame-shift by the deletion of 2 nt TA from the
stop codon resulting into the addition of 20 aa at

the C-terminus

A88V (GCT — GTT) TPR2

R115H (CGT — CAT) TPR3

D124Y (GAC — TAC) TPR3

lapB R125L (CGC — CTC) TPR3

H181R (CAT — CGT) TPR5

H325L (CAC — CTC) TPR9

H325P (CAC — CCC) TPR9

A Al Al Al Al AN

IS element after 34 nt

IS element after 103 nt

ENEN N

IS element after -107 nt - 2 nt after P2hs promoter

of the lapA gene

a frame-shift by the insertion of G after 69 nt (23 aa

lapA from LapA wt and 7 aa new followed by the stop

codon)

a frame-shift by the deletion of 137 nt C (45 aa
from LapA wt and 12 aa new followed by the stop

codon)

LapA L8 (TTA — TGA) stop codon

ftsH A296V (GCG — GTG) in the SRH domain
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4.12. Comparison of lapC mutants extragenic suppressors ability to
reverse Ts phenotype and permeability defects conferred by LapC

C-terminal domain truncation

Results presented up to this point strongly suggested that LapC has
a specific role in the regulation of LPS biosynthesis and/or assembly. The lapC
mutants are characterized by severe sensitivity to the sublethal concentration of
the LpxC inhibitor CHIR090 (Fig. 4.6.), they excessively induce the rpoEP3
promoter, whose activation occurs in response to defects in LPS (Fig. 4.7.) and
they were found to restore the LPS composition of a AlapB mutant strain (Fig .4.5.
and Fig. 2.2.). Such phenotypes, associated often with LPS-related function,
resulted also in the sensitivity to high temperature and permeability defects that
hinder growth of bacteria on MacConkey agar. This set of features attributed to
lapC mutants allowed for the isolation of various suppressor mutations that
alleviate the susceptibility of bacteria to challenged conditions (Table 4.2.). To
further gain information about the function of LapC, firstly growth of the lapC7190
and lapC377fs extragenic suppressor-carrying strains on LA and MacConkey
agar was measured to compare the extent of suppression effects. Exponentially
grown cultures with indicated in Figure 4.8. genotypes were grown in M9 at 30°C,
adjusted to an ODsgs of 0.1 and spot diluted on LA and MacConkey agar at 30,
37 and 42°C. The spot-testing analysis presented in Fig. 4.8. indicates the degree
of suppression of lapC190 phenotype.

Among the suppressors that harbor the mutation of V37 single amino acid
residue that were independently isolated as suppressor strains that restored
growth at 42°C on LA medium and also allowed growth to some extent on
MacConkey agar (Table 4.2.), the strain with LpxC V37G suppressor grows
poorly on MacConkey agar as compared to the LpxC V37L suppressor-
containing strain in the /lapC7190 background, although both of mutations
suppress the Ts phenotype of the /apC mutant. The suppressor mutations that
restored growth of either lapC190 or lapC377fs mutant strains and had an
exchange of R230C or K270T in the coding region of the [pxC gene allow for the
nearly wild type-like growth of the /apC790 mutant, with K270T less pronounced
effect and forming smaller size colonies. Mutations in FtsH SRH domain and the

frame-shift mutation within LpxC C-terminal domain in combination with lapC190
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encoding the periplasmic domain-deficient LapC, also results in complete

restoration of growth, with FtsH A296V forming small colonies.
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Fig. 4.8. Spot-testing analysis of wild-type E. coli and its isogenic derivatives of lapC190,
and isolated strains that carry the extragenic suppressor mutations of lapC790 and
lapC377fs phenotypes on LA rich media and MacConkey agar
Exponentially grown cultures of the wild type and /apC7190 mutant and its isogenic derivatives
with suppressor mutations that are indicated in the figure were grown at permissive conditions
(M9, 30°C) adjusted to an ODsgs of 0.1 and serially spot diluted on LA and MacConkey agar at
30, 37 and 42°C. Plates were incubated at designated temperatures overnight, growth of different
strains compared and the photographs were taken. Presented results are from one of the

representative experiments.
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4.13. Effect of lapC190 and lapC377fs suppressor mutations on

LpxC amounts

As a next step, it was decided to investigate what is the effect of
suppressor mutations on LpxC amounts. Among three /lapC mutations identified
in this work a lapC 790 mutation exhibits the most stringent phenotype as reflected
by the sensitivity to CHIR090 (Fig. 4.6.). Thus, the levels of LpxC from cellular
extracts obtained from exponentially grown cultures of the isogenic wild type and
its lapC190 derivative were analyzed. As controls, the mutants with /apA/B
deletion and a strain carrying a suppressor mutation of AlapA/B mapping to the
IoxC gene (AlapA/B IpxC186) were also included*'. Cultures were grown under
permissive growth conditions in M9 at 30°C. To measure LpxC amounts whole
cell extracts were analyzed by Western blot technique, using anti-LpxC

antibodies. In Figure 4.9. results from one of representative experiments are

presented.
(@] A N\
& \% N Q @
K o&{’\ &A'{’\ &qﬂ? o*‘j'\ Y\v'f«a 0@
& PN \Q* ¢

4 o
o SIS E S

1 2 3 4 5 6 7 8 9 10

Fig. 4.9. Western blot revealing LpxC amounts in the isogenic wild type, its lapC790
derivative and as controls AlapA/B, (AlapA/B IpxC186) in comparison to derivatives with
suppressor mutations
Lines 1-10 in Western blot picture shows detected LpxC levels (red arrow) using anti-LpxC
primary antibodies from total protein extracts obtained from equivalent amount of cultures of
exponentially grown wild type, its lapC190 derivative and strains with suppressor mutations
(genotypes indicated in the figure). As controls, the mutants with /apA/B deletion and a confirmed
in other study strain carrying a suppressor mutation of AlapA/B mapping to the IpxC gene
(AlapA/B IpxC186) were included. Cultures were grown under permissive growth conditions on
M9 at 30°C, the whole cell extracts were prepared and equivalent amounts resolved on a 12.5%

SDS-PAGE and analyzed by Western blotting technique.

It should be noted that lapC 790 bacteria reveal almost undetectable levels
of LpxC in comparison to the isogenic parental strain (Fig. 4.10. lanes 1 and 4).
It contrasts significantly with elevated LpxC levels in a AlapA/B derivative and its

partial reduction in the IpxC186 derivative of lapA/B mutation (Fig. 4.10. lanes 2
and 3). In the case of all extragenic suppressors of /lapC mutants, the amounts of
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LpxC are visibly higher than in strain with LapC mutation (Fig. 4.10. lanes 4-10).
The most prominent examples are strains with LpxC V37G, LpxC R230C and
with a frame shift causing the extension of LpxC C-terminal domain. This is
consistent with the considerations upon increased stability of LpxC due to
mutations in described regions (subsection 4.12.). Taken together, these results
allow to conclude that truncation of the C-terminal periplasmic domain of LapC
destabilizes LpxC and suppressors mapping to the [pxC gene that restore growth

at high temperature render LpxC more stable to balance the LPS synthesis.
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4.14. Comparison of LPS levels in strains with different suppressor
mutations of lapC190 and lapC377fs

As the altered LpxC amounts should correlate with different LPS
accumulation in examined mutants, the levels of LPS were measured using
Proteinase K-treated whole cell lysates of the isogenic bacterial cultures of the
wild-type E. coli, the lapC790 mutant and its derivatives with the indicated
genotypes were grown up to an ODsgs of 0.5 at 30°C. The equivalent portions of
whole cell lysates were applied to a 14% SDS-Tricine gel. LPS was analyzed by
Western blotting with detection using the LPS-specific WN1 222-5 monoclonal
antibody?°'. Results that are presented in Figure 4.10. indicate that the lapC7190
mutant has reduced amounts of LPS that reacted with the WN1 222-5 monoclonal
antibody, as in comparison to wild-type strain and even more reduced compared
to the AlapA/B strain (Fig. 4.10. lanes 1-3). It clearly suggests the role of LapC in
regulating LpxC turnover by controlling LPS synthesis that is in line with the
results presented in subsection 4.7. Mutations that suppress the lapC790 strain
defects are all characterized by increased accumulation of LPS as compared to
the original lapC790 mutant (Fig. 4.10. lanes 3-10). These results provide an
explanation of decreased LPS synthesis due to the destabilization of LpxC, when
LapC function is impaired, and the restoration of LPS synthesis in the presence
of suppressors mapping either to the IJpxC gene or to the lapAB operon, which

results in stabilization of LpxC.
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Fig. 4.10. Immunoblot revealing LPS levels in the isogenic wild type, its AlapA/B and
lapC190 derivative and derivatives with suppressor mutations of LapC mutants
Immunoblot compares LPS content of wild-type E. coli (lane 1), in lane 2 A(lapA/B) mutant and in
the lane 3 the lapC7190 bacteria and its derivatives with suppressor mutations with relevant
genotypes indicated in the figure (lanes 4-10). Cultures were grown up to an ODsgs of 0.5 at 30°C
and the Proteinase K-treated whole cell extracts were resolved on 14% SDS-Tricine gel and
immunoblotted using LPS-specific WN1 222-5 monoclonal antibody. LPS detected in samples is

indicated by the red arrow.
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4.15. Verification of the extragenic suppressor mutations of lapC190

and lapC377fs mapping to the lapA/B operon

Mapping of extragenic suppressors of lapC7190 and lapC377fs mutants
resulted in the isolation of more than half out of 26 suppressors that had
a mutation either in the coding region of the lapB gene, or an insertion sequence
element (I1S) in the /apA gene or in the promoter region of /lapA/B operon, or a stop
codon within the sequence of lapA gene. Two mutations were also identified that
caused frame shifts in the lapA gene, which can disrupt the co-translation of
downstream /lapB mRNA (Table 4.2.). Figure 4.12. shows the position of

suppressor mutations in the /apA gene.

P2, P3
tggttgattttcecgaatttageeecttaaa LcaL:ducaangug tgty/-/aaaatggtactttaaagggetattgcgygtaay/-/gtaat
-35 -10 -10
<107 IS
+23 +34 +69 +103 +137
start lapA

Y
gtgaa/-/ Lcttac:g/’-/‘tggtgtLagicgatcttcgtg/—/gg:gcgcagAaacgat /-/ctgt:agi:gcaagg;’—/g:tggcggtatz

tga 5 g [
STOP

MKYLLIFLLVLAIFVISVTLGAQNDQQVTFNYLLAQGEYRISTLLAVLFAAGFAIGWLICGLFWLRVRVSLARAERKIKRLENQLSPATDVAVVPHSSAAKE
MKYLLIFL *

MKYLLIFLLVL

MKYLLIFLLVLAIFVISVTLGAQERDTGDV *

MKYLLIFLLVLAIFVISVTLGAQNDQQVTENYLL

MKYLLIFLLVLAIFVISVTLGAQONDQOVTFNYLLAQGEYRISTLLGYCLLRGLLSVG *

Fig. 4.11. lllustration of position of suppressor mutations within the /apA gene
Figure shows position of mapped suppressor mutations in the /apA gene within the sequence
flanking TSS. Triangle indicates IS elements at the specific nucleotide positions. Mutations that
cause frame shifts or introduce stop codons are marked with the arrows with defined exact nt
positions of mutations. In corresponding color to the arrow, the alternated by mutations amino
acid sequences are enlisted. Introduction of stop codon is marked as an asterisk (*) symbol.

In Figure 4.11. the presence of IS element in either the coding region or
the promoter region is indicated by a triangle at the specific nt position. Other
mutations causing frame shifts or introducing stop codons, resulting into either
truncation of LapA or alterations in the amino acid sequence, are marked
according to the description provided in the legend to figure (Fig. 4.11). It is
important to remember that these mutation in /apA coding region have the direct
impact on the expression of the essential downstream /lapB gene, since they are
transcribed as an operon and their translation is coupled*'. Therefore, such
mutations, either in the coding region of the /apB, or within /apA sequence, could
result in the increased stability of LpxC, as its proteolysis by FtsH in the absence
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of functional LapB, would be prevented. It was published already by Klein et al.
2014 that LpxC becomes stabilized when the LapB is absent and that is the
reason of lethality of AlapB bacteria, as LpxC stabilization leads to excessive
accumulation LPS. The same research demonstrated that suppressors mapping
to the IpxC gene and reducing the synthesis or accumulation of LpxC, can allow
a deletion of the lapB gene*'. However, the results presented in this work
suggested that LapC could act as an antagonist of LapB, as a loss-of-function
mutations in LapC have reduced LpxC stability and less LPS, which is the
opposite phenotype to AlapB bacteria. Additionally, the combination of mutations
(AlapB 1apC377fs) restores the normal LPS synthesis. Therefore, the
characterization of isolated suppressors of the lapC790 and lapC377fs mutations
mapping to the lapA/B operon should allow to explain how LapB and LapC
interact.

First, to confirm the suppression and estimate the degree of phenotypic
restoration, suppressor mutations in the lapA/B operon that restore bacterial
growth at high temperature of lapC7190 and lapC377fs mutant derivatives were
analyzed by spot-dilution on LA medium and MacConkey agar at 37 and 42°C
and on LA at 30°C as a control. Results are presented in Figure 4.12. below. All
tested suppressor strains restore the growth of strain with a /lapC790 mutation on
LA rich media at all temperatures tested. Similar results are observed for growth

on MacConkey agar, with slight differences in the extent of suppression.
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Fig. 4.12. Measurement of bacterial growth by spot-dilution analysis of cultures of
wild-type E. coli and its isogenic derivatives of lapC790, and isolated strains that carry
the extragenic suppressor mutations of lapC790 and lapC377fs within lapA/B operon
Cultures of the wild-type strain, lapC7190 mutant and its isogenic derivatives with suppressor
mutations in /apA/B operon (genotypes indicated in the figure) were grown exponentially at
permissive conditions (M9, 30°C) and adjusted to an ODsgs of 0.1. Serially diluted cultures were
spotted on LA and MacConkey agar at 37 and 42°C and on LA agar at 30°C as a control. Plates
were incubated at designated temperatures overnight, growth of different strains compared and
the photographs were taken. Presented results are from one of the representative experiments.
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4.16. Measurement of LapB levels in isolated suppressors of the

lapC190 mutants mapping to the lapA gene

To verify the molecular mechanism of suppression of lapC mutants defects
by the mutations that map to the /apA gene region, the LapB amounts were
compared in cell extracts of such suppressor-containing strains to the isogenic
wild-type E. coli, its lapC190 derivative and to strain with a deletion of lapA/B. As
a positive control, the purified LapB protein was used due to courtesy of Professor
Raina*'. As already described, the equivalent amount of total proteins from whole
cell lysates of strains with indicated mutations in the /lapA gene or its promoter
region were examined by Western blotting using anti-LapB antibodies to measure

LapB amounts. Results of this immunoblot are presented in Figure 4.13.
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Fig. 4.13. Immunoblot analysis of extracts obtained from the wild-type E. coli, its
isogenic derivatives of JapC190, and isolated strains that carry the extragenic suppressor
mutations of lapC190 and lapC377fs mapping to the /apA gene and its promoter region
Lanes 1-10 in immunoblot picture show detected LapB amounts (red arrow) using anti-LapB
primary antibodies. LapB levels were compared in obtained strains that carry the extragenic
suppressor mutations of lapC790 and lapC377fs mapping to the lapA gene and its promoter
region with the wild type, AlapA/B and lapC190 mutants. Prior to Western blotting, cultures of
such strains were grown under permissive growth conditions, the whole cell extracts were
prepared and its equivalent amounts resolved on SDS-PAGE along with the purified LapB protein

as a positive control (lane 10).

Analysis of LapB immunoblot reveals that the presence of mutation within
the lapA structural gene or its promoter region results either in the complete
abolishment of LapB accumulation or it reduces synthesis of this scaffold protein,
when comparing to the wild-type strain or the lapC790 mutant. It supports the
assumption that transcription and translation of /apA and lapB genes is coupled
and that the suppression mechanism of mutations of /apC derivatives that map
to the /apA gene, rest on blocking the LapB synthesis. Reduced amounts of LapB,
again, cause the enhanced stability of LpxC, which suppress lapC mutants that

have less LPS and less LpxC.
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4.17. Verification of the extragenic suppressor mutations of lapC
mutants with the substitutions in the coding sequence of the lapB

gene

Nearly one third of isolated strains with extragenic suppressor mutations
that restore the growth of either the lapC7190 or lapC377fs mutants on LA and
MacConkey medium at 42°C, map to the lapB-coding sequence (Table 4.2.). To
validate the isolation of suppressor mutations within this essential gene, the
degree of suppression by all point mutations was quantified. Thus, exponentially
grown cultures of lapC7190 mutant strain and its derivatives with A88V, R115H,
D124Y, R125L, H181R, H325L and H325P amino acid substitutions in LapB
sequence, were cultivated in M9 at 30°C, adjusted to an ODsgs of 0.1 and spot
diluted on LA and MacConkey agar at 30, 37 and 42°C. Results from this spot-
testing analysis are shown in Fig. 4.14.

Presented results reveal that amino acid substitutions in the /apB coding
sequence restore the temperature sensitive growth of lapC790 mutant on LA
medium at 37 and 42°C, but the permeability defects reflected by the sensitivity
towards MacConkey medium were alleviated only when suppressor mutations
D124Y, H181R and H325P were present. All tested suppressor-containing
strains have a single amino acid substitution in the highly conserved residues in
TPR elements of LapB. Such mutations could result in ceased interaction with
proteins such as FtsH or the interaction with its own rubredoxin domain, therefore

inhibit LapB activity that rescues lapC mutants.
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Fig. 4.14. Spot-dilution analysis of lapC790 mutant and its isogenic derivatives that

carry the extragenic suppressor mutations within /apB sequence
Cultures of the wild-type strain, lapC790 mutant and its derivatives with A88V, R115H, D124Y,
R125L, H181R, H325L and H325P amino acid substitutions in LapB sequence (genotypes
indicated in the figure) were grown exponentially at permissive conditions (M9, 30°C) and
adjusted to an ODsgs of 0.1. Serially diluted cultures were spotted on LA and MacConkey agar at
30, 37 and 42°C. Plates were incubated at designated temperatures overnight, growth of different
strains compared and the photographs were taken. Presented results are from one of the
representative experiments.
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4.18. Measurement of LapB amounts in isolated suppressors of the

lapC190 mutants with alterations in LapB sequence

In order to investigate if isolated suppressor mutations mapping to the lapB
structural gene have an impact on accumulation of protein itself, the
immunoblotting of total cellular proteins from strains used in experiment
described above was performed. The isogenic bacterial cultures of the wild-type
E. coli, the lapC190 mutant and its lapB derivatives were grown up to an ODsgs
of 0.5 at 30°C and the equivalent amounts of cell extracts were resolved on a 12%
SDS-PAGE and proteins analyzed by Western blotting. To detect relative
amounts of LapB, immunoblots were probed with LapB-specific antibodies. As
a positive control, purified LapB protein was used as described in subsection

4.16. Results are presented in Figure 4.15.
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Fig. 4.15. Immunoblot of LapB detected in the wild-type E. coli and its isogenic
derivatives of lapC190 and isolated strains that carry its suppressor mutations within
lapB gene coding sequence
Picture of immunoblot shows detected LapB amounts (indicated with red arrow) using anti-LapB
primary antibodies. LapB levels were compared in the wild-type strain (lane 1), the lapC7190
mutant (lane 2) and its derivatives with A88V, R115H, D124Y, R125L, H181R, H325P and H325L
amino acid substitutions (lanes 3-9) in LapB sequence. Purified LapB protein was used as
a positive control (lane 10). Cultures of these strains were grown under permissive growth
conditions, the whole cell extracts were prepared and its equivalent amounts resolved on SDS-
PAGE. Proteins were transferred by Western blotting and probed with LapB-specific antibodies.

Examination of LapB levels by immunoblotting revealed that most of the
strains with mutations mapping to the /apB gene are characterized by a significant
reduction in the amounts of protein as compared to the wild-type strain. The
exception is the LapB D124Y that most likely undergoes some conformational
change due to mutation, which inactivates protein. Consistent with this

assumption are the results of spot-testing analysis of lapC790 mutant and its
growth restoration by extragenic suppressor mutations within /apB (Fig. 4.14.),
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where the D124Y substitution in LapB is one of mutations that restore the growth
defects of the lapC7190 mutation on LA as well as on MacConkey agar. It can be
concluded that the examined changes in LapB amino acids result in its reduced
accumulation or misfolding of protein, which could be due to an enhanced
proteolysis and/or its dysfunction due to aberrant folding. These results are in line
with the data presented in Fig. 4.10, as the amounts of LapB protein in the cells
corelate with LPS accumulation measured using the WN1 222-5 monoclonal
antibody. The availability of functional LapB determines the rate of LPS synthesis
and the reason for AlapB strain lethality is based on the fact that in such strain
LpxC protein is stable and it causes the increased synthesis of LPS that results
in depletion of pools of the common precursor for both phospholipid and LPS
biosynthesis (Fig. 1.5.)*'. LPS immunoblots show that the LPS synthesis is
restored in all investigated variants of either LapA or LapB mutations (Fig. 4.10.,
lanes 6 to 10). As suppressor mutations strains exhibit the increased
accumulation of LPS and decreased levels of LapB, in comparison to the lapC
mutants with the highly reduced LPS content, these results provide the molecular
explanation of suppression of lapC790 mutant that lacks the C-terminal
periplasmic domain. Thus, it allows to conclude that LapC and LapB jointly

regulate the LPS synthesis by acting in an antagonistic manner.
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4.19. Measurement of relative abundance of FtsH in lapC190 ftsH
A296V bacteria

Lastly, among suppressor mutations that were found to restore the growth
of lapC mutants on LA medium at 42°C, one such strain contained a suppressor
mutation that was mapped to the fisH gene in a region that encodes the SRH
domain of FtsH protease (Table 4.2.). The mutation caused the substitution of
296" alanine by valine residue. It is known that mutations in SRH domain are
associated with the abolishment of ATPase activity of FtsH?2°, The immunoblot
presented in Fig. 4.10. indicates that lapC190 ftsH A296V strain accumulates
significantly more LpxC protein as compared to the isogenic lapC790 mutant
(Fig. 4.10. lane 9 and 4). According to results published by Professor Raina’s
group in Klein et al. 2014 and confirmed throughout this research, LapB acts in
concert with FtsH to regulate LpxC proteolysis to prevent unwanted excess of
LPS biosynthesis over phospholipids*'. Therefore, it was decided to examine the
levels of FtsH in the strain with lapC190 fisH A296V genotype and compare its
amounts to the lapC190 isolate, using Western blotting technique. As described
earlier, equivalent amounts of total cellular extracts of strains with indicated
genotypes were resolved on a 12% SDS-PAGE gel and immunoblots were
treated with anti-FtsH antibodies. As a positive control, the cellular extract of
isogenic wild-type E. coli was used and cell lysates from AftsH mutant bacteria
that are viable due to the sfhC21 suppressor mutation, served as a negative
control??'. Results are depicted in Figure 4.17. below.

The results from Western blot experiment demonstrate that the lapC7190
ftsH A296V bacteria are characterized by considerably reduced amounts of FtsH
protein that reacted with antibodies, as compared to the parental lapC190 mutant,
as well as to the wild type (Fig. 4.16. lane 3 versus 1 and 2). It allows to deduce
that A296V amino acid substitution in FtsH restores /lapC7190 bacteria growth
defects due to decreased amounts of FtsH protease and location in SRH
ATPase-regulating domain that hinder degradation of LpxC and restore the LPS

synthesis in bacteria with defective LapC.
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Fig. 4.16. Western blot analysis to detect FtsH amounts in the wild-type E. coli and its
isogenic derivatives of lapC190, lapC190 ftsH A296V and (AftsH sfhC21) mutant as
a control

Picture presents comparison of FtsH protein levels (red arrow) detected in total cellular extracts
obtained from the wild type (lane 1), the lapC790 mutant (lane 2) and the /apC190 ftsH A296V
derivative (lane 3). As the negative control, the isogenic strain with AftsH sfhC21 mutations was
used (lane 4). Similarly, as described before, cultures of indicated strains were grown up to an
ODsgs of 0.5 at 30°C and the equivalent amounts of whole cell extracts were resolved on SDS-
PAGE gel, transferred by Western blotting and probed with FtsH-specific antibodies.
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4.20. Verification of lapB gene essentiality in lapC loss-of-function

mutants

The reasoning to address the details of LapB and LapC interaction was
supported by several lines of evidences described in this thesis. First, it has been
shown that the suppressors of AlapB, lapC377fs and further isolated lapC190 are
characterized by reduced amounts of LPS that is an opposite phenomenon to
what can be observed in AlapB mutants. Among the isolated extragenic
suppressor mutations of lapC377fs and lapC190, more than half mapped to the
lapA/B operon and resulted in restoration of the lipopolysaccharide content.
Lastly, the AlapB lapC377fs mutations combination recovered the viability of
AlapB bacteria, while showing the restoration of wild type-like composition of the
LPS in the analyzed mass spectra. Based on the presented data, it can be
assumed that if LapC and LapB cooperate to regulate the LPS synthesis in an
antagonistic manner, the essential /lapB gene could be dispensable when LapC
is dysfunctional. Therefore, using bacteriophage P1 grown on strains with
deletions of lapA/B or lapB alone, the transductions were performed that
attempted to introduce deletions in either the lapC7190 or in the lapC377fs

backgrounds. The numbers of obtained transductants are shown in Table 4.3.

Table 4.3. Number of transductants with selection for kanamycin resistance

Donor Recipient strain
BW25113 BW25113 lapC190 BW25113 lapC377fs
33 KanR, 2930 KanR, 3470 KanR,
P1 AlapA/B KanR

small colonies normal size normal size

36 KanR, 3154 KanR, 3696 KanR,
P1 AlapB Kan®
small colonies normal size normal size

Results from transductions presented in Table 4.3 fortify the thesis that the
deletions of lapB gene or lapA/B deletion can be introduced in strains carrying
a mutation in the lapC gene that renders LapC inactive, with high efficiency.

Transductants of AlapB or AlapA/B in the wild-type strain appear to the extremely
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low frequency and form very small colonies and are obtained after the prolonged
incubation. As it was described earlier, the lapB gene is essential in most of wild-
type E. coli backgrounds, however its deletion is tolerated at very low efficiency
on M9 minimal medium at 30°C, and such strains grow very poorly, if the
extragenic suppressor mutations are not introduced*'. Presented results support
the original isolation of lapC377fs as an extragenic suppressor of AlapB
(subsection 4.6.). Taken together, it can be concluded that LapB becomes
dispensable, when LapC is dysfunctional, consistent with the model of

antagonistic function of LapB and LapC in the regulation of LpxC.
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4.21. Verification of lapC gene essentiality in the presence of

overexpressed IpxC

It was shown that the suppressor mutations of /lapC mutants phenotype
that map to the /pxC gene render LpxC variants resistant to proteolysis and that
leads to increased accumulation of LpxC in such cells, which results in the
restoration of LpxC amounts otherwise limiting in /apC mutant bacteria. Hence,
with the similar rationale as presented in previous subsection, experiments were
performed to verify if the presence of [pxC gene in multicopy will allow for
introduction of lapC deletion. Firstly, the AlapC derivative of wild-type E. coli was
constructed in a strain with a low-copy cosmid clone expressing the lapC gene.
In such background, the AlapC derivative is maintained viable due to the
extrachromosomal expression of the /lapC gene and it can serve as a donor in
bacteriophage P1-mediated transduction. Next, the recipient strain was
constructed by transformation of wild-type E. coli with a plasmid expressing the
IpxC gene under the inducible Pts-lac promoter. Using controlled bacteriophage
P1-mediated transductions, it was attempted to introduce the lapC gene deletion

in a IpxC-expressing recipient.

Table 4.4. Number of AlapC transductants with/without overexpression of IjpxC

Recipient BW25113 + p/pxC*
Donor

no IPTG 50 uM IPTG
P1 AlapC KanR® none 754

Results presented in Table 4.4. confirm that the /apC deletion can be
introduced when the IpxC gene is induced by the addition of 50 yuM IPTG, but not
when the IpxC gene is repressed by supplementation of 0.2% glucose and
without IPTG. Obtained results are in line with the fact that extragenic suppressor
mutations of /apC mutants were characterized by increased accumulation of
LpxC amounts. Therefore, again, it supports the conclusion that LapC and LapB
act in the antagonist manner to maintain the turnover of LpxC enzyme, as
a deletion of the essential /lapC gene can be introduced in either the LapB-

deprived bacteria or when the [pxC gene is mildly overexpressed.
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4.22. Co-purification of LapC and LapB

Taking into consideration all genetic evidence for LapB and LapC
interaction, the pull-down experiments were performed to verify these data. LapA
and LapB proteins were co-overexpressed from a plasmid carrying both genes,
with N-terminally Hisso-tag LapA used as a bait. The inner membrane fractions
were subjected to Ni?*-NTA chromatography, eluted and resolved on a 12% SDS-
PAGE gel. The identity of isolated polypeptides from SDS-PAGE were revealed
using MALDI-TOF mass spectrometry. In parallel, the pull-down experiment was
performed with Hise-LapC protein induction that was subjected for affinity

purification. Results of pull-down experiments are depicted in Figure 4.17.

LapB LapC LapB MWS ,pa

—~170
—~130

—~100

LapC—> -

FtsH -~
LapB—>

LapA—>

1 2 3 B

Fig. 4.17. SDS-PAGE gel of elution profiles of proteins from IM fractions after the

induction of /JapA and lapB transcription, and /lapC transcription
Figure presents purification profiles of proteins from IM fractions after the induction of /apA and
lapB transcription with 100 uM and 500 uM IPTG addition (lanes 1 and 3). Lane 2 shows elution
profile of hexahistidine-tagged LapC. Proteins were resolved on a 12% SDS-PAGE and visualized
using InstantBlue stain. The identification of isolated polypeptides was performed using MALDI-
TOF mass spectrometry. The position of identified proteins (LapC, FtsH, LapB and LapA) is
indicated by red arrows.

In Figure 4.17., lanes 1 and 3 present the elution profile of proteins that
co-purify with His-tagged LapA with LapB. Lane 2 shows the profile of proteins
that co-elute with Hisg-LapC. The bands corresponding to LapC, LapB, LapA and
FtsH are indicated by arrows. The evidence for co-purification of LapA, LapB and
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FtsH was published by Klein et al. in 2014*'. Consistent with LapA and LapB co-
purification, presented experiment allowed to also identify LapC as one of the
proteins that could be part of this complex. In pull-down experiments using
Hise-LapC, it was also possible to identify LapB protein. Thus, presented
reciprocal co-purification of LapB and LapC provide the additional evidence of
interaction of these proteins, supporting data showing their interaction at genetic

level.
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4.23. Measurement of lapC transcript abundance under heat shock

conditions

Although the lapC gene was found to be essential under all growth
conditions, the fact that it is involved in the regulation of LPS synthesis, which is
a major envelope component, allowed to presume that the expression of this
gene might vary under stress conditions. What is more, the expression of its
interacting partners, LapA, LapB and FtsH are known to be heat shock-
inducible*'. To further characterize this molecule and address if its transcription
is altered upon exposition to high temperature, the relative abundance of lapC
transcripts was measured by qRT-PCR using total RNA extracted from the wild-

type E. coli grown at 30°C and after a transient shift for 15 min to 43°C.

lapC

wt30°C wt43°C

Fig. 4.18. Relative quantity of lapC transcripts in the wild-type E. coli at 30°C and after
a 15-min shift to 43°C
Bars present the relative quantity of lapC transcripts in gqRT-PCR analysis isolated from wild-type
bacteria grown up to an ODsgs of 0.2 in M9 minimal medium at 30°C and after shift to 43°C. Data
presented are from RNA isolated from three biological replicates and bars indicate standard error
of experiments.

Comparison of gene expression pattern based on the relative quantity of
lapC transcripts in gRT-PCR analysis, revealed a 3.5-fold higher amounts of lapC
mRNA after transient exposure to heat shock conditions. Thus, it should be noted
that transcription of /apC is not only sustained at high temperature but is rather

induced.
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5. DISCUSSION

Balanced LPS biosynthesis is critical to maintain the OM integrity and
bacterial viability. Regulation of its first rate-limiting step that determines the ratio
between phospholipids and LPS outer membrane component, greatly relies on
the tight control of LpxC, UDP-3-O-acyl-N-acetylglucosamine deacetylase,
amounts*'484%.111 Up to date, it was known that the FtsH protease and LapB
protein play a critical role in the regulation of LpxC turnover, directing its
degradation in response to variable demand of lipid A synthesis*'4%5%, However,
the mechanism of how LapB interacts with FtsH during this process and if there
are any additional proteins involved in control of LpxC, remained unclear. Both,
LapB and FtsH, are essential for E. coli viability and a deletion of either of
encoding them genes can be tolerated by bacteria only when suppressor
mutations or when complementing gene is provided ectopically. Thus, a deletion
of lapB or ftsH genes can be achieved in bacterial backgrounds alternated by
mutations in genes, whose products are required in lipid A or early LPS core
biosynthesis that results in reduction of LPS biosynthesis or intercept the
accumulation of LPS in the inner membrane. One of such examples is
the presence of sfhC21 mutation that results in hyperactive allele of the fabZ gene
that shifts the utilization of R-3-hydroxymyristoyl-ACP common precursor to
phospholipid biosynthesis?*414°, The lapB gene deletion was found to be poorly
tolerated under specific conditions in certain genetic backgrounds, like in
BW25113 strain, where after prolonged incubation on minimal medium at 30°C,
the AlapB mutants can be obtained with very low efficiency*'. This circumstance
was fundamental for employed within this research approaches, to expand the
knowledge about the LpxC regulation and how LapB participates in its
proteolysis.

In the first place, the multicopy suppressor approach was implemented to
search for the genes whose presence in high dosage allow for the deletion of
lapB or lapA/B genes at elevated temperatures. These experiments, besides
identifying previously published multicopy suppressors, resulted in the isolation
of the hslV gene. The hslV gene encodes ATP-dependent subunit (HslV) of
HsIVU proteasome-like degradation complex. HsIVU (ClpQY) is one of ATP-

dependent proteases in E. coli that are involved in general cellular protein quality
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control. It has been proven to drive the proteolysis of several unstable proteins
(RpoH, RcsA, SulA), had a role in degradation of the defective peptides produced
in the presence of puromycin and, as a heat shock-inducible protease, lessen the
elevated heat shock response in bacterial cells'®1-193222_ Results described in this
dissertation experiments show that elevated LpxC levels that contribute to either
AlapB or AlapA/B derivatives lethality, can be reduced by overexpression of hs/V
gene from the plasmid (subsection 4.1. and 4.2.). This effect is enhanced by co-
overexpression of hslU gene, as it has been shown in pulse chase experiments
when they together synergistically enhance LpxC proteolysis at elevated
temperatures. Thus, under conditions when the synthesis of all bacterial proteins
is blocked by the addition of rifampicin, the hs/UV genes under control of T7
promoter expressed from the plasmid contributed to almost complete degradation
of LpxC within first 20 min of experiment (subsection 4.3.). In 2016 Emiola et al.,
in the computational and system biology-based study upon the relationship
between bacterial phospholipid biosynthesis and LPS regulation, predicted that
LpxC can be regulated by an additional unidentified protease??. Presented
results demonstrate for the first time such FtsH-independent degradation of LpxC
in vivo and that this speculated proteolytic activity is due to HsIUV complex.
Furthermore, it was shown that Ahs/V and AhsIUV mutants are sensitive to
sublethal concentrations of CHIR090 LpxC inhibitor, which is in line with the
discovered role of protease complex in the regulation of LpxC amounts
(subsection 4.5.). The uncovering of HsIUV complex role in LpxC turnover can be
of relevance, particularly at high temperatures. In Escherichia coli, the expression
of HslU and HsIV enzymes is known to increase approximately 10-fold at high
temperatures and furthermore, the proteolytic activity of complex is triggered
directly by heat-induced conformational changes'92206.224  As | pxC degradation
is inversely corelated with the doubling time of bacteria, it is possible that the
HslUV-dependent LpxC proteolysis becomes mostly relevant at high
temperatures and serves as a back-up mechanism to regulate the levels of LpxC
and LPS under stress conditions®’. It can be supported by the data published by
Chang et al. 2016, where at 41°C the more rapid degradation of RcsA by HsIUV
was observed than at 30°C??. It is one of the examples when HslUV fills the role
of the Lon protease under specific conditions'3. Similarly, it was found that
overproduction of HsIVU reduced RpoH levels in strains that were otherwise
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expected to accumulate heat shock sigma factor'®'. Although FtsH is the primary
regulator of RpoH degradation under normal growth conditions, HslUV can be
harbored as an additional regulatory proteolytic complex, when the stress
conditions-induced misfolded peptides titer FtsH. In the same study, Ahs/UV
mutant was established to display growth defects only at very high temperatures
(>44°C) in rich medium'®'. This could also be reason why HslUV are not essential
for bacterial growth like FtsH, since it seems that its proteolytic function comes
into play mostly at high temperature. Thus, in similar manner, the HsIUV-
dependent proteolysis could also constitute a back-up mechanism to fine tune
levels of LpxC under stress conditions to maintain the balance between
phospholipids and LPS.

Unlike in E. coli BW25113, the AlapB mutation is not viable in other
commonly used wild-type strains such as W3110*'. Therefore, the second
approach used in this study, rested on attempt to identify suppressor mutations
that would allow for introduction of the /apB gene deletion in W3110 strain. It led
to isolation of a novel frame-shift mutation in an essential gene yejM. The yejM
was designated as lapC upon further characterization of its genetic interactions
and the strain with the suppressor mutation that resulted in the frame shift after
377" amino acid in yejM was referred as lapC377fs mutant. Isolated mutation
causes the truncation of C-terminal periplasmic domain that has probably
a significant role in LapC functioning. Further experiments verifying LPS content
of AlapB, lapC377fs, (AlapB lapC377fs) in comparison to the wild type, allowed
to establish a significant explanation for LapC function in the restoration of AlapB
mutant viability. As previously shown by Klein et al. 2014, E. coli AlapB mutants
synthesize excessive amounts of LPS and excessive presence of its precursor
species. Such aberrant LPS species could accumulate in the IM or may not be
targeted to the OM correctly, which can account for the observed toxicity*'. In this
study, it was shown upon comparison of LPS profiles that combination of
lapC377fs mutation with /lapB deletion restores the wild-type LPS content
(subsection 4.7.). Most importantly, mass spectrometry analysis of LPS from the
(AlapB lapC377fs) derivative revealed the restoration of normal LPS composition
and suppression of accumulation of early intermediates as is observed in the

spectra of LPS of strains lacking LapB (Fig. 2.2.). Obtained results suggested
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that LapB and LapC could act as antagonists and co-operate to adjust the LPS
amounts in cell at the level of regulation of LpxC.

In the third approach, to complement the gathered results, the genetic
screen was designed to identify the Tn70 transposon-linked Ts point mutations
that induce the envelope stress response, cause LPS defects and
simultaneously, confer the sensitivity of such mutant bacteria to sublethal
concentration of LpxC inhibitor CHIR090. The rationale for such a screen based
on the activation of rpoEP3 promoter of rpoE gene, whose product is a major
responder to envelope stress, was supported by the data published by Professor
Raina’s group that transcription directed from this particular promoter is known to
be specifically induced upon defects in LPS'!. Additionally, mutant strains with
disturbed LPS synthesis and/or assembly are characterized by permeability
defects that render them sensitive to bile salt-containing MacConkey agar. And
lastly, inclusion of LpxC inhibitor CHIR090 sensitivity criteria allowed for selection
of mutants that potentially fail to interact with LpxC deacetylase*®??6. Combination
of these requirements led to isolation of several mutant strains with mutations
that mapped to the lapC gene (subsection 4.8.). This gene, previously designated
yejM, was known to be essential for E. coli viability and the loss-of-function
mutations in yejM were characterized by imbalance in outer membrane
components, although the molecular basis of this effect was not fully
understood’®4216. Among isolated strains, three mutations in /apC were identified:
one with a stop codon (TGA) replacing the tryptophane-coding TGG resulting into
truncation after amino acid residue 190 (lapC190), two that carried the same
frame-shift mutation lapC377fs that suppressed the AlapB strain lethality, and
one that contained a single amino acid change resulting into substitution of 349F
to 349S (lapC F349S). The lapC190 and lapC377fs conferred a tight Ts
phenotype, the hypersensitivity to CHIR090 and the inability to grow on
MacConkey agar and were further investigated.

To further examine the function of LapC and possibly identify its partners,
the search for extragenic suppressors that could restore growth of /lapC790 or
lapC377fs mutants at elevated temperatures or when such mutants were plated
on MacConkey agar at 42°C were employed. Isolated extragenic suppressor
mutations mapped either to the promoter region of the lapA/B operon or within
the structural genes of lapA, lapB, IpxC and ftsH. Suppressor-containing strains
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isolated in this dissertation work were characterized by the increased synthesis
of LPS as well as the restoration of LpxC amounts. On the contrary, the
examination of LPS content of lapC190 revealed a drastic reduction in LpxC and
LPS amounts. It suggested that LapC can regulate the degradation of LpxC.
Furthermore, all of the isolated within this experiment suppressors of lapC
mutants that mapped to the /pxC structural gene, were shown to accumulate
higher amounts of LpxC, indicating that isolated LpxC variants are resistant to
FtsH-mediated proteolysis (subsection 4.13.). It has been reported that C-
terminal residues of deacetylase are crucial for recognition by FtsH, and indeed
one of the LpxC mutations was found to introduce a frame-shift mutation at the
stop codon resulting into the addition of 20 amino acids?'®. Such a LpxC variant
obviously would not be recognized by FtsH. The most frequently isolated
mutation had a single exchange in V37 amino acid (four independent isolations
V37G and one V37L). Similarly, to the aforementioned mutation, structural
analysis predicts that this V37G substitution results in a structural change in LpxC
that leads to the stabilization of LpxC. Consistent with these results, a Val37
substitution mutation in Klebsiella pneumoniae has been reported to render LpxC
more stable and resistant to the LpxC inhibitor?'®. The second most frequently
mapped LpxC mutation was R230C residue alteration. It was isolated three times
independently and confirmed that this change results in elevated levels of LpxC
in comparison to the /apC mutant.

Consistent with assumed model that LapC, LapB and FtsH co-operate to
regulate LpxC turnover, the significant amount of isolated extragenic suppressors
of lapC mutants had mutations that reduced the LapB abundance or its activity.
The impairing of LapB expression in analyzed mutants was observed to be
achieved in many different manners. Some of mutations blocked transcription or
prevented translation of lapB as a member of lapA/B operon, which was evident
from the identification of suppressor mutation due to IS elements in the /apA-
coding region and its translational stop codon. This was further confirmed by
immunoblotting examination of LapB levels, where all mutants with the IS element
or mutations in the lapA gene, revealed a pronounced or complete reduction in
the detected amounts of LapB. In addition, 8 out of 26 extragenic suppressor
mutations identified, mapped within the coding region of lapB gene itself, more

precisely in highly conserved residues of various LapB TPR domains. It is known
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that TPR domains are involved in the governance of protein-protein interactions
and multiprotein complex mediators??7-22°. Thus, such LapB variants could be
misfolded or be unable to interact with its partners, resulting in nonfunctional
variant. The analysis of computed LapB model suggest that isolated A88V
substitution disrupts all side-chain H-bonds. Another mutation that stands out
during analysis of DNA sequences of suppressors within LapB, is H181R
substitution. The mutation of H181 residue was reported in earlier studies by
Prince et al. to be a loss-of-function mutation in LapB®3. It can be deduced that
all isolated LapB mutants, as they result into its loss of function, thus they mimic
the AlapB mutants phenotype with the excessive accumulation of LPS and the
reduced levels of LapB. Therefore, by analogy to described isolation of lapC377fs
loss-of-function mutation as suppressor of AlapB growth defects, LapB inactive
derivatives rescue the lapC mutants phenotype. These findings again support the
model, in which LapC and LapB act antagonistically and LapC could either inhibit
the interaction of LapB with FtsH or forestall the LapB functioning as a scaffold in
the IM that directs the LpxC degradation by FtsH.

After the completion of this manuscript, five independent groups using
complementary genetic or structural approaches reported results that support
proposed model of LapC and LapB interaction emanating from this work!%: 198-
200,230 However, none of these studies were aimed to directly address regulation
of either LPS biosynthesis or that of turnover of LpxC and sensing of LPS defects,
unlike the work undertaken in this thesis. Nonetheless, similar sets of lapA, lapB,
IoxC and ftsH suppressors has been characterized with nonsynonymous
polymorphisms that suppressed the defects in OM integrity, rifampin resistance,
survival in macrophages, and colonization of mice only in Salmonella enterica
serovar Typhimurium bacteria’®. Research was focused on LapC (PbgA)
homolog with a truncated periplasmic domain in a similar manner as in the
lapC190 mutant isolated in this study and it was the first evidence reported that
linked PbgA to LPS biosynthesis'®. The role of LapC in OM homeostasis in
E. coli was also revealed in the studies involving iron uptake since truncation of
LapC periplasmic domain suppressed growth defects of E. coli tonB mutant on
a medium low in iron%*. It was found that the analyzed yejM1163 strain with the
truncated LapC periplasmic domain after 388" amino acid is characterized with
an increased OM permeability that suppressed a tonB mutants phenotype by
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allowing iron to enter the cell. Further testing of yejM1163 strain while searching
for suppressors to bulky antibiotics, identified mutations in LapB and FtsH that
were identified in this study as well?®. LpxC and LapA/B suppressors of the
AlapC mutant with a lapC-carrying suicide vector were also reported by Fivenson
and Bernhardt 2020'°. In parallel, the search for suppressors was performed that
alleviate growth defects of yejM569 mutant, expressing a truncated version of
LapC lacking its globular and linker domains, on SDS and EDTA-containing
media or at 42°C. Suppressors were mapped to /lapB and IpxC genes and
measured LPS levels demonstrated lowered LPS amounts in the mutant were
restored in the suppressor-carrying strains'®. It should be noted that among
extragenic suppressors of lapC190 and lapC377fs mutations mapped in this
research (Table 4.2.), there can be found suppressor mutations of either V37 or
R230 amino acids that were reported in two of mentioned manuscripts, after the
completion of this research and during the publication of Biernacka et al. 2020
manuscript'88.198.199 |t js of significant importance that different approaches led
to the identification of the same mutations, which suggests the relevance of
described amino acids in LpxC-LapC dynamics. However, in this work a broader
and saturated spectrum of suppressor mutations were isolated, mapping to the
lapA/B operon and /pxC gene. Thus, many of the isolated additional mutations
mapping to either the IpxC gene, or to the lapA gene, or the lapB gene that
suppress lapC190 and lapC377fs mutations, were not reported earlier in other
mentioned complementary studies. Hence, this study provides a broader
background for the model of LpxC regulation and helps to establish the function
of LapC.

The reciprocal co-purification of LapB and LapC presented in this
research, constitute a direct proof of interaction between LapB and LapC and
supports the model derived from genetic experiments. Additionally, a finding
published during completion of this dissertation, has reported that FLAG-tagged
LapC can pull-down LapB'®. The most recent study of Lee et al. 2021 reports,
based on bacterial two-hybrid assay, that it is the transmembrane domain of LapC
that inhibits LapB through protein-protein interaction and that this interaction
requires transmembrane domain of LapB?3'.

Considering these antagonistic interactions and the fact that a vast number
of isolated suppressors of /lapC mutants that mapped to the /apA/B region were
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in fact synthesizing very limited amounts of LapB, it was reasoned that the
deletion of essential lapB gene could be feasible in background where LapC is
defective. This was indeed accomplished by the successful transduction of the
lapA/B deletion into strains with lapC190 and lapC377fs mutations (subsection
4.22.). These results were successfully reproduced later by Lee et al. 2021,
where they were able to construct double deletion of lapC and lapB genes in the
cells with extra chromosomal copy of /lapB gene under the control of an arabinose
inducible promoter?®'. In line with the explanation why LapB becomes
dispensable when LapC is dysfunctional, are the results that established the LPS
content in various suppressor backgrounds that revealed the elevation in the LPS
accumulation in mutants despite the presence of lapC790 mutation. Thus, the
absence of LapB would stabilize LpxC and increase the LPS synthesis that
compensate for the reduction in LPS levels in lapC mutants. Based on the same
reasoning, the extrachromosomal expression of the /pxC gene allowed for
successful transduction of lapC deletion. Taken together, the findings presented
in this doctoral dissertation research, support a proposed model wherein the
newly established interaction partner, LapC, inhibits the LapB/FtsH-driven
proteolysis of LpxC and allows for the accumulation of LpxC and increased LPS
biosynthesis. This inhibition could be relieved, when higher levels of the LPS are
not physiologically required. Additionally, as a safety mechanism which could be
recruited at high temperatures, HslIUV proteolytic complex prevents
disadvantageous accumulation of LpxC and LPS by promoting proteolytic

degradation of LpxC.
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6. CONCLUSIONS

The aim of this research was to broaden the understanding of regulation
and assembly of E. coli LPS, specifically by examining the molecular basis of
LapB role in mediating the turnover of LpxC. LpxC is essential for bacterial growth
as its product mediates the first committed step in the LPS biosynthetic pathway.
The undertaken investigation allowed to identify the role of additional interacting
LapB partner, LapC. Based on the presented data, the model was established
where LapC cooperate with LapB and FtsH to regulate the turnover of LpxC by
the controlled proteolysis in order to ensure dynamically changing demand for the
balanced LPS synthesis in relation to phospholipids synthesis and growth
condition of bacteria. The multicopy suppressors of AlapB provided the first
evidence for an alternative pathway of LpxC degradation based on HslUV-
dependent proteolysis that could constitute a back-up mechanism to fine tune
levels of LpxC under stress conditions to maintain the balance between
phospholipids and LPS. However, it remains for further investigation to determine
the circumstances leading to LapB and LapC interaction that promotes LpxC
stability, or how such LapC-dependent inhibition of LapB is disrupted to direct
LpxC to degradation. One possible explanation could be that stress conditions,
like for example elevated temperature, which were shown to induce the
expression of the /lapC gene, can be a signal to repress the proteolytic activity of
LapB/FtsH. This model is supported by independent findings that LpxC
degradation is inversely correlated with the E. coli doubling time®’. Such
mechanism would allow for the enhanced synthesis of LPS under stress
conditions. However, when the accumulation of LPS under stress condition
becomes toxic and the LapB/FtsH-mediated proteolysis of LpxC is the limiting
factor, the HslUV proteolytic complex could shift the equilibrium, as its expression
and proteolytic activity are significantly induced at high temperatures that would
result in the rapid degradation of excess LpxC to restore the balance between
LPS and phospholipids biosynthesis. Another explanation of LapC and LapB
dynamic can be considered when the unwarranted accumulation of LPS
intermediates in the IM or before/during the LPS delivery to the OM by Lpt
machinery. During such occurrences LapB function becomes limiting and that

might signal to relieve the inhibitory effect of LapC and direct LpxC for
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degradation by FtsH, again allowing a balance between phospholipid and LPS
biosynthesis. This explanation is reinforced by a crystal structure of LapC from
E. coli that was published by Clairfeuille et al. 2020, during the completion of this
dissertation%. In the manuscript, the group reported an additional density within
LapC that could fit a modelled lipid A molecule and designed synthetic peptides
that mimicked the potential LapC lipid A-binding domain were found to interact
with LPS'®5. Furthermore, during the completion of this dissertation, Professor
Raina’s laboratory reported negative control of LpxC synthesis by non-coding
sRNA, GcvB®6. Upon overexpression of GevB sRNA, the reduction in LpxC
quantities was observed and strains with GcvB in multicopy were able to partially
suppress the lethality of AlapA/B bacteria. In addition, AgcvB mutants exhibited
increased sensitivity to CHIR090 inhibitor®®. It remains to be elucidated if jpxC
MRNA base-pairs with GecvB sRNA, adding another level of control of LpxC

amounts along with LapC and LapB/FtsH-mediated regulation.
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Abstract: We previously showed that lipopolysaccharide (LPS) assembly requires the essential LapB
protein to regulate FtsH-mediated proteolysis of LpxC protein that catalyzes the first committed
step in the LPS synthesis. To further understand the essential function of LapB and its role in LpxC
turnover, multicopy suppressors of AlapB revealed that overproduction of HslV protease subunit
prevents its lethality by proteolytic degradation of LpxC, providing the first alternative pathway of
LpxC degradation. Isolation and characterization of an extragenic suppressor mutation that prevents
lethality of AlapB by restoration of normal LPS synthesis identified a frame-shift mutation after 377 aain
the essential gene designated lapC, suggesting LapB and LapC act antagonistically. The same lapC gene
was identified during selection for mutations that induce transcription from LPS defects-responsive
rpoEP3 promoter, confer sensitivity to LpxC inhibitor CHIR090 and a temperature-sensitive phenotype.
Suppressors of lapC mutants that restored growth at elevated temperatures mapped to lapA/lapB,
IpxC and ftsH genes. Such suppressor mutations restored normal levels of LPS and prevented
proteolysis of LpxC in lapC mutants. Interestingly, a lapC deletion could be constructed in strains
either overproducing LpxC or in the absence of LapB, revealing that FtsH, LapB and LapC together
regulate LPS synthesis by controlling LpxC amounts.

Keywords: lipopolysaccharide; LapB; LapC; YejM; LpxC; HslV/U protease; FabZ; RpoE

1. Introduction

The cytoplasm of Gram-negative bacteria, such as Escherichia coli, is surrounded by an inner
membrane (IM), which is a phospholipid bilayer that separates an aqueous periplasmic compartment
containing a thin layer of peptidoglycan from the outer membrane (OM). The OM of Gram-negative
bacteria is an asymmetric bilayer in nature with phospholipids located in its inner leaflet, while the
lipopolysaccharide (LPS) is located on the outer leaflet [1]. LPS is a complex glycolipid, essential for the
bacterial viability and constitutes the major amphiphilic component of OM in most of the Gram-negative
bacteria, including E. coli [1,2]. However, LPS is highly heterogeneous in the composition and comprised
of a mixture of different glycoforms, whose synthesis and accumulation are controlled by various
regulatory factors and growth conditions [3-7]. The preferential synthesis of certain glycoforms
that determine the LPS composition involves the induction or activation of regulatory factors that
include the main envelope stress-responsive regulator RpoE, two-component systems such as BasS/R,
PhoP/Q and Rcs in addition to regulatory sRNAs [5,7-9]. Despite the heterogeneity in the composition
of LPS, they in general share domains composed of a membrane-anchored bisphosphorylated and
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acylated ((1—6)-linked GIcN disaccharide, termed lipid A, to which a carbohydrate moiety of
varying size is attached [10-12]. The latter may be divided into a proximal core oligosaccharide
and, in smooth-type bacteria, a distal O-antigen. The inner core usually contains residue(s) of
3-deoxy-a-p-manno-oct-2-ulosonic acid (Kdo) and L-glycero-D-manno-heptose (L,D-Hep). The lipid
A part and the inner core are generally conserved in the structure, but often have nonstoichiometric
modifications [2,5,8,11].

LPS biosynthesis begins with the acylation of UDP-GIcNAc by LpxA with R-3-hydroxymyristate
derived from R-3-hydroxymyristoyl-ACP, which is also used by FabZ for the phospholipid synthesis.
Thus, R-3-hydroxymyristoyl-ACP serves as a common precursor for the synthesis of phospholipids
and LPS [3,13,14]. The second reaction of the lipid A biosynthesis is catalyzed by LpxC deacetylase,
constituting the first committed step in the LPS synthesis, as the equilibrium constant for the first
reaction catalyzed by LpxA is unfavorable due to reversible nature of reaction. The biosynthesis of LPS
in E. coli proceeds in a discontinuous manner. First, the tetraacylated lipid A (lipid IV 4) precursor is
synthesized, which requires six essential enzymes. After the synthesis of lipid IV 5 precursor, the transfer
of two Kdo residues constitutes an additional essential step in the LPS biosynthesis [3,9,15,16]. This Kdo
addition ensures the incorporation of secondary lauroyl and myristoyl chains resulting in the synthesis
of hexaacylated lipid A [11,16]. Following the synthesis of Kdo,-lipid A, further sugars are sequentially
transferred by membrane-associated glycosyltransferases for the completion of core biosynthesis. Thus,
Kdo,-lipid A constitutes the minimal LPS structure that is required for the viability of bacteria like
E. coli under standard laboratory growth conditions [10,11]. However, viable strains synthesizing LPS
composed of only glycosylation-free lipid IV 4 precursor can be constructed, which can be propagated
only under slow growth conditions at low temperatures with a narrow growth range around 23 °C,
due to poor recognition by MsbA LPS flippase [11]. Furthermore, when the bacterial LPS synthesis
is compromised at different steps of its biosynthesis, such as when the LPS is composed of minimal
structures like Kdop-lipid A AwaaC, Kdo,-lipid IV 5 or with only lipid IV precursor, such mutant
bacteria exhibit severe permeability defects and the highly elevated RpoE-dependent envelope stress
response [11]. Similarly, when the LPS assembly is compromised due to an imbalance in the synthesis
of LPS and phospholipid as in AlapB strains, they too exhibit the super elevation in the RpoE-dependent
stress response [17]. These LPS defects are sensed via the activation of Rcs two-component system that
causes an induction of rpoE mRNA synthesis from its rpoEP3 promoter [18].

It is well established that the synthesis of LPS and phospholipids is tightly co-regulated and
held at a nearly constant ratio of 0.15 to 1.0 [19]. Any alterations in the balance of phospholipid
and LPS are not tolerated by bacteria and cause cell death. Thus, either the excess or reduction
in the LPS synthesis in comparison to the phospholipid synthesis causes the lethality [17,20].
This balance is achieved by tightly regulated turnover of unstable LpxC enzyme to maintain the flux
of common precursor R-3-hydroxymyristoyl-ACP for the utilization in either LPS or phospholipid
biosynthesis. Thus, the key players in this pathway are FabZ and LpxC enzymes. The fabZ gene
encodes the R-3-hydroxymyristoyl-ACP dehydratase, catalyzing the first step in the phospholipid
biosynthesis [15]. Hence, the utilization of the fundamental common metabolic substrate of LpxC
and FabZ, R-3-hydroxymyristoyl-ACP, constitutes an essential branch point in the biosynthesis of
phospholipids and the lipid A part of LPS (Figure 1).

The turnover of LpxC enzyme is catalyzed by the essential IM-located, Zn-dependent
metalloprotease FtsH in concert with another essential IM-anchored LPS assembly heat shock protein
LapB (Figure 1) [17,20,21]. Although FtsH has several substrates, the essentiality of FtsH protease
stems from its key role in proteolysis of LpxC to prevent excess build up in the LPS biosynthesis
at the expense of synthesis of phospholipids [22]. The notion that FtsH and LapB work together to
regulate LpxC proteolysis is based on biochemical data revealing their co-purification and the increased
accumulation of LpxC in either ftsH or lapB mutants [17]. Thus, mutations in either the ftsH gene or the
lapB gene result in the increased abundance of LpxC, which leads to excess of LPS over phospholipids
due to depletion of the common precursor R-3-hydroxymyristoyl-ACP [17,20,23]. Consistent with their
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role in regulating LpxC amounts, a deletion of either ftsH or lapB are tolerated in strains carrying either
a hyperactive allele of the fabZ gene sfhC21 or when the LPS synthesis is dampened due to mutations
in either IpxA or IpxD genes [17,23].

LapC

?
|
unsu E. (heat shock)

©-uoP

LpxM
» —» Kdo,-lpidA,
Hoo
GH,-[CHy);; AGP
R-3-0H-C,-ACP
\A FabZ a Fabl Q
E“u'ICHﬁAAEP —_— CH‘-|EH;/|T:\QEP —————— = phospholipids
trans-2-enoyl-C,, -ACP
Figure 1. Model of regulation of balanced LPS and phospholipid biosynthesis:

R-3-hydroxymyristoyl-ACP serves as a common metabolic precursor for the LpxC—dependent LPS
biosynthesis and the FabZ-mediated phospholipid biosynthesis. LpxC stability is regulated by previously
established FtsH/LapB and, from this study, via the negative regulation by LapC counteracting the
LapB/FtsH pathway and also at high temperature by HsIVU proteolysis of LpxC.

In addition, the lethal phenotype of AlapB or A(lapA lapB) can also be overcome, if either the
LPS synthesis is impaired due to mutations in the gene encoding heptosyltransferase I (waaC) or
when non-coding sRNA SIrA (MicL), a translational repressor of the most abundant Lpp protein,
is overproduced [17]. Interestingly, lapA and lapB genes are co-transcribed from three promoters:
the distal promoter located upstream of the pgpB gene, the middle promoter recognized by the
heat shock sigma factor RpoH and the last one resembling house-keeping promoters [17]. Such a
transcriptional organization suggests coupling of transcription of lapA/B genes with phospholipid
metabolism using pgpB co-transcription. The pgpB gene encodes phosphatidylglycerophosphatase,
an enzyme that is a part of the pathway of phosphatidylglycerol biosynthesis, and hence associated
with phospholipid metabolism [24].

Although we showed that LapA and LapB proteins interact with FtsH and co-purify with LPS,
it is unclear how LapB senses LPS to regulate LpxC proteolysis. Based on modelling prediction and
subsequent crystal structure studies, it was shown that the LapB protein contains in its N-terminal
domain nine tetratricopeptide repeats (TPR) and a C-terminal rubredoxin-like domain, both of which
were found to be essential for its function and together provide a scaffold for the assembly and
recruitment of LpxC and various LPS biosynthetic proteins [17,25].

It has been often reported that some unstable proteins can be substrates of multiple proteases.
For example, the RpoH heat shock sigma factor is a substrate for FtsH and also the heat shock-inducible
HsIVU (ClpQY) protease [26—28]. Similarly, unstable SulA and RcsA proteins can be subjected to
degradation by either Lon or HsIVU proteases [29,30]. Thus, in this study, experiments were undertaken
to further understand the molecular basis of the essentiality of LapB, address if additional interacting
partners of LapB exist and if there is the possibility of alternative mechanism of LpxC proteolysis.
We rationalized that if LapB is interacting with the additional protein(s), the deletion of such a gene
could be lethal. However, point mutations in such a gene should exhibit the elevated transcriptional
response of RpoE sigma factor quite like that observed with lapB mutants or in strains synthesizing the
severely truncated LPS [11,17]. In parallel, a multicopy suppressor approach was utilized, asking if
overexpression of any gene can rescue the lethal phenotype of either AlapB or A(lapA lapB) strains.
Thus, in the first approach, Tn10-linked point mutations that simultaneously exhibited the elevated
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rpoEP3 promoter activity, the sensitivity to the LpxC inhibitor CHIR090 to different extents and
membrane permeability defects were analyzed leading to the identification of three point mutations:
one having a frame-shift mutation resulting in truncation after 377 amino acid residue isolated three
times, the second mutation introduces a stop codon after amino acid residue 190, another resulting
into a single amino acid F349S substitution, in the essential yejM gene. During the completion of this
work, YejM has been speculated to either maintain lipid homeostasis or be involved in the transport of
cardiolipin or exhibit a metal-dependent phosphatase activity [31-37]. We designated this gene lapC
based on identified genetic and biochemical interactions of LapC with LapB. Mutations in the lapC
gene exhibited a nearly 2 to 8-fold increased expression of rpoEP3-lacZ fusion, with the inability to
grow on rich medium above 37 °C, the sensitivity to the CHIR090 LpxC inhibitor and highly decreased
amounts of LpxC and LPS. Suppressor analysis identified several mutations mapping to the lapA/B
operon, ftsH and IpxC genes. In the second approach, we show that overexpression of islV encoding
the protease subunit can bypass the lethality of a AlapB derivative. Overexpression of hslV alone or
hslVU was found to repress the elevated accumulation of LpxC in AlapB mutants, which was validated
by pulse-chase experiments revealing an alternative pathway of LpxC degradation.

2. Results

2.1. Rationale

It is well established that LpxC constitutes the first rate-limiting step in the LPS biosynthesis and
its amounts are tightly regulated by its proteolysis by the FtsH/LapB complex. However, it remains
unknown, how LapB exerts its effect. Based on several lines of experimental evidence, LapB was
proposed to act as a scaffold in the IM, where LPS biosynthetic enzymes, involved in lipid A and LPS
core biosynthesis, are recruited [17]. During this process, LapB could monitor the accumulation of LPS
in the IM and direct LpxC to proteolysis via FtsH to prevent unwanted excess of LPS biosynthesis.
Consistent with this presumption, we have shown co-purification of LapB with LPS and FtsH [17].
However, it is unknown how LPS amounts are sensed and if FtsH is the sole protease that regulates
LpxC turnover. Thus, we took several approaches: in one case, we sought to identify if additional
proteases are involved in the degradation of LpxC using the multicopy suppressor approach to identify
additional factors that can bypass the lethality of AlapB or AlapA/B mutants (Figure 2A). This multicopy
suppressor approach identified the HsIUV protease complex to participate in the turnover of LpxC and
its overexpression circumvented the essentiality of LapB. Isolation of extragenic suppressors of strains
lacking LapB, that restored normal LPS biosynthesis and bypassed LapB essentiality, identified a
unique frame-shift mutation in the essential gene yejM causing truncation of its periplasmic domain
and was designated lapC (Figure 2B). In a complementary approach, we sought temperature-sensitive
point mutations that render E. coli sensitive to the LpxC inhibitor CHIR090, exhibit permeability defects
(sensitivity to growth on MacConkey agar) and simultaneously induce transcription from the rpoEP3
promoter (Figure 2C). CHIR090 is a known inhibitor of LpxC and severe defects in LPS biosynthesis
cause permeability defects and turn on transcription of the gene encoding the alternative sigma factor
RpoE, which responds to defects in LPS and outer membrane protein maturation [11,17,18,38,39].
This approach further led to the isolation of several point mutations in the lapC gene establishing
an essential role in the LPS assembly and sensing. LapC was shown to genetically and physically
interact with LapB and found to control LpxC levels together with FtsH based on the identification of
extragenic suppressors of lapC loss-of-function mutations.
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Figure 2. Schematic drawing illustrating three major approaches that identified additional players
in the regulation of LpxC proteolysis. The multicopy suppressor approach led to discovery of the
HslVU-dependent proteolysis of LpxC in the absence of LapB (A). In search of suppressors that bypass
the lethality of a lapB deletion, the lapC377fs mutation was isolated that restored the normal LPS synthesis
and the viability in the absence of LapB (B). In the third approach, based on mutagenesis, CHIR090-
and temperature-sensitive mutants with defects in LPS identified the lapC gene. Suppressors of lapC
mutants revealed that LapC works together with LapB/FtsH to regulate LpxC proteolysis and the
essential lapC gene is dispensable in the absence of LapB (C).

2.2. QOverexpression of Heat Shock Protein HslV Protease Can Bypass the Lethality Due to the Deletion of the
lapB Gene, Whose Product Is Required for the Regulated Assembly of LPS

We previously showed that the lapB gene is essential for the viability of E. coli and its deletion
can be very poorly tolerated only in few strain backgrounds at 30 °C on minimal medium unless
an extragenic suppressor is present [17]. The essential function of LapB was shown to be due its
role in LPS biosynthesis by regulating turnover of LpxC in concert with the essential Zn-dependent
metalloprotease encoded by the ftsH gene. FtsH has been shown to be required for degradation of
LpxC [17,20,21]. In this work, we sought to isolate factor(s) that bypass the lethality of AlapB mutants
in order to identify, if any alternative back up proteolytic pathway exists in E. coli by using a multicopy
suppressor approach. Thus, a complete library of all cloned ORFs, where genes are expressed from the
IPTG-inducible Prs-lac promoter from ASKA collection in the vector pCA24N [40], was introduced
into the A(lapA lapB) strain SR17187 and plated on LA medium at 42 °C in the presence of 75 uM
IPTG as an inducer for the gene expression. Plasmid DNA was isolated from such transformants and
used to retransform the parental A(lapA lapB) strain to confirm the plasmid-mediated suppression.
Such plasmid DNAs were sequenced and their analysis revealed that besides previously identified
multicopy suppressors a set of plasmids contained the hslV gene, which encodes the catalytic subunit
of ATP-dependent protease HslUV [27,41].

The hslV gene is co-transcribed as a part of heat shock-inducible operon hsIVU also called
clpQY [27,42]. HsIVU comprises the prokaryotic counterpart of eukaryotic proteasome [43,44].
HslV exhibits homology to the -subunits of the eukaryotic 20S proteosome, while HslU shows
the high amino acid sequence homology to the ClpX protease [27]. HslV on its own exhibits
the proteolytic activity, which is significantly enhanced by HslU in the presence of ATP [27,41].
We previously identified HsIVU (ClpQY) on the basis of its overexpression repressing abnormally
induced the heat shock gene expression or that induced by the addition of puromycin [27,45] and was
indeed subsequently found to degrade the heat shock sigma factor RpoH [26].
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Thus, we performed sets of controlled transductions, using bacteriophage P1 grown on AlapA/B
and AlapB strains, into wild-type strain BW25113 derivatives transformed with either the vector alone or
by the plasmid carrying either the hisIV gene alone or with cloned hsIVU genes in the presence of 75 uM
IPTG. Results from such transductions convincingly demonstrate that the essential lapB gene can be
deleted, when the hslV gene alone is overexpressed (Table 1). Furthermore, the transduction frequency
was enhanced by approximately 3-fold, when hsIVU genes were co-overexpressed (Table 1). It should
be noted that AlapB transductants appear at a low frequency and are obtained after the prolonged
incubation with small sized colonies, when the vector alone is present (Table 1). Taken together, we can
conclude that the lapB gene becomes nonessential, when the hslV gene is overexpressed.

Table 1. Viable strains lacking the essential lapB gene can be constructed, when either the catalytic
protease subunit of HslV or when HsIUV is overproduced.

Number of Transductants with Selection for Kanamycin Resistance on Minimal Medium

Donor Recipient
BW25113 + vector BW25113 + phsIV* BW25113 + phsIUV*
P1SR17187 AlapA/B KanR 35 KanR small colonies 1112 KanR 3230 KanR
P1SR7753 AlapB KanR 43 KanR small colonies 1230 KanR 2980 KanR

2.3. Overexpression of Either hslV or hsIUV Rescue the Lethality of LapB Deletion by Enhancing LpxC
Degradation in a LapB-Independent Manner

To address the molecular basis of suppression of the lethality of either the lapB or lapA/B deletion
by HslV or HsIVU overproduction, we rationalized that the unstable LpxC could be a substrate for the
HslV protease. We have earlier shown that LpxC is stabilized in the absence of LapB and its levels
are enhanced in a AlapA/B derivative that leads to the increased synthesis of LPS and a consequent
bacterial lethality. Thus, we measured levels of LpxC in a AlapA/B derivative transformed by the
plasmid carrying the hslV gene expressed from a tightly regulated inducible P15-lac promoter using
Western blotting technique. The expression of the hslV gene in the strain lacking lapA/B genes was
induced by the addition of 75 uM IPTG and an equivalent amount of culture was withdrawn after
10 min intervals and proteins resolved by SDS-PAGE. Western blot analysis with anti-LpxC antibodies
revealed a progressive reduction in amounts of LpxC, with less than 50% of LpxC present after 20 min
incubation (Figure 3A, lane 3). After the prolonged incubation of 70 min, a barely detectable level of
LpxC was observed (Figure 3A, lane 8). It should be noted that in the absence of LapB, LpxC is stable
and its levels are elevated at all conditions [17]. Results from these experiments showed that LpxC can
be subjected to proteolysis in the absence of LapB, which is known to work with FtsH, establishing an
alternative mechanism of control of LpxC levels and helps to explain the identification of the hslV gene
as a suppressor of lethality of AlapB.

As HslV is known to exhibit a weak peptidase activity, which is enhanced by HslU, we examined
the impact of co-overexpression of hsIVU genes in the wild-type background and analyzed the fate of
LpxC in pulse chase experiments. A plasmid expressing both genes from the T7 promoter in pET24b
was used for such studies. For these studies, the expression of hsIUV genes was induced for 15 min
and further transcription stopped by the addition of 200 pg/mL of rifampicin and incubated at 42 °C
during chase. The equivalent amount of aliquots were collected at indicates intervals. Total proteins
were resolved on SDS-PAGE and analyzed by the Western blotting technique, using LpxC-specific
antibodies (Figure 3B).

As can be seen, LpxC amounts rapidly decline during the chase time, confirming that LpxC is a
substrate for the HsIUV protease that does not require FtsH protease (Figure 3B), since the complete
host transcription was shut down by the addition of rifampicin. Following the 10 min chase itself,
approximately only 20% of LpxC species that cross-react with anti-LpxC antibodies are observed
(Figure 3B, lane 2). After 40 min, only the background level of LpxC can be detected (Figure 3B, lane 5).
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Figure 3. Overexpression of either the /isIV gene alone or hsIVU genes results in enhanced proteolysis
of LpxC. (A) Cultures of AlapA/B strain carrying the inducible /1s/V gene on a plasmid were grown in
M9 medium, adjusted to an ODsg5 of 0.2 in LB medium. Expression of the hslV gene was induced
by the addition of 75 uM IPTG at 42 °C. An equivalent amount of total proteins from indicated time
points were resolved by SDS-PAGE and LpxC levels were determined by immunoblot analysis using
LpxC-specific antibodies, revealing a gradual decrease of LpxC. (B) Expression of hsIVU genes from the
pET24b vector in BL21 strain was induced by the addition of 75 uM IPTG at 30 °C for 15 min at an
ODsy5 of 0.1. Cultures were washed and shifted to 42 °C and further host transcription stopped by the
addition of rifampicin. LpxC levels were determined using the equivalent amount of total proteins by

immunoblot analysis using LpxC-specific antibodies.

Thus, these results provide a convincing evidence that HslV can degrade LpxC in the absence
of LapB/FtsH and this degradation is enhanced, when HslU is also present providing a rationale
explanation for the identification of HslV as a multicopy suppressor of the lapB deletion and preventing
the lethal accumulation of LpxC.

2.4. hslV and hsIU Mutants Exhibit the Sensitivity to the LpxC Inhibitor CHIR090

It is well-established that the LpxC activity can be inhibited by the CHIR090 inhibitor, which binds
near the Zn-binding domain of LpxC that determines its active site [39]. Mutations that confer resistance
to CHIR090 are known to map to the IpxC gene [38]. Thus, we wondered if deletion derivatives of
hslV and hslU genes exhibit any altered sensitivity to sub-lethal doses of CHIR090. Isogenic strains
of wild type BW25113 and its derivatives lacking HslUV protease subunits were spot tested on LA
agar with and without supplementation of CHIR090 at a concentration that is not deleterious to
the wild-type strain. These experiments revealed that the deletion derivative of the isIV gene or a
strain lacking both subunits exhibit a 100-fold reduction in the viability, when challenged with the
sub-lethal concentration of CHIR090, and also a reduction in the colony size (Figure 4). Under the same
conditions, AhsIU mutants, although more sensitive than the parental strain, exhibit only a moderate
sensitivity to CHIR090 (Figure 4). It should be however noted that the lack of HsIUV does not confer
the extreme sensitivity as observed with a lapC mutant expressing only its IM anchor (Figure 4 and
see further below). Thus, we can conclude that consistent with a role for HslUV in the turnover of
LpxC, removal of either both subunits of this protease complex or HslV catalytic subunit enhances the
sensitivity to CHIR090, which is a specific inhibitor of LpxC.
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Figure 4. The absence of hsIV and hsIVU genes confers the sensitivity to the LpxC inhibitor CHIR090.
Exponentially grown cultures of the wild type and its isogenic derivatives lacking genes encoding
HslVU protease subunits were adjusted to an ODsg5 of 0.1 and serially spot diluted at 30 °C on LA
agar supplemented with or without varying concentrations of CHIR090 as indicated. As a control,
the isogenic CHIR090-sensitive strain with the lapC190 mutation was included. Data presented are
from one of the representative experiments.

2.5. An Extragenic Suppressor Mutation in the lapC Gene Restores the Normal LPS Synthesis and Prevents the
Lethality in the Absence of LapB

In our earlier work, we reported that a lapB deletion could not be tolerated in E. coli W3110
strain unless a suppressor mutation was present [17]. To gain further understanding of LapB function,
additional extragenic suppressors were sought by transducing AlapB in W3110 that allowed a deletion
of the lapB gene. A novel mutation that allowed deletion of either the lapB gene or lapA/B genes was
identified resulting into construction of SR8348 (Table S1). Marking of suppressor mutation and further
transduction of this suppressor mutation was found to allow growth of AlapA/B strain also in BW25113
on LA medium at 30 °C and thus was not the strain-specific suppressor mutation. Complementation
and DNA sequence analysis revealed that this suppressor mutation is due to a frame-shift mutation
in the yejM essential gene [31,46] and based on further genetic interactions designated the lapC gene.
This mutation causes an insertion of C residue at nt position 1133 resulting into frame-shift after
377 amino acid (lapC377fs), with the addition of 13 aa residues after Thr377, leading into the truncation
of C-terminal periplasmic domain. LapC (YejM) structures have been described recently revealing five
IM-spanning helices in the N-terminus and a large C-terminal globular domain connected by a linker
domain [32,34,47 48].

To address the molecular basis of suppression by the lapC377fs mutation, LPS of the wild type,
its AlapB, lapC377fs and (AlapB lapC377fs) derivatives was extracted from whole cell lysates treated with
Proteinase K. Equivalent amount of extracts were resolved on a SDS-Tricine gel and LPS was revealed
after silver staining. Comparison of LPS profile revealed an excess of LPS in AlapB and a reduced LPS
content in lapC377fs, which is restored to wild-type levels in (AlapB lapC377fs) (Figure 5). Next, we used
purified LPS and analyzed them by mass spectrometry. Consistent with previous results [17], spectra of
AlapB derivative reveal that LPS is composed of mixture of complete and its precursor derivatives. This is
evident from the presence of several prominent mass peaks (with mass ranging from 2428.9 to 3770.7 Da)
that correspond to early intermediates of LPS as compared to their absence in the spectra of wild type
strain (Figure 6). Some of these mass peaks representing early intermediates include the mass peak at
2815.4 Da in the LPS of AlapB with the predicted composition of LApenta + Kdo, + Hep, + Hex, + P.
Of significance is the absence of early intermediates of LPS and the restoration of accumulation of LPS
with the complete core with hexaacylated lipid A in (AlapB lapC377fs) derivative (Figure 6C). Mass peaks
of LPS of wild type and (AlapB lapC377fs) derivative, representing glycoforms with either 2 Kdo or
3 Kdo residues, are present in both spectra with P-EtN and L-Ara4N non-stochiometric modifications.
The predicted composition of main mass peaks is marked (Figure 6). Thus, mass peaks at 3936.8 and
its derivatives with mass peaks at 4139.9 and 4489.9 Da, corresponding to the glycoform with 2 Kdo
residues with different additional non-stoichiometric substitutions, are present in spectra of the wild
type and (AlapB lapC377fs). Furthermore, mass peaks corresponding to glycoforms IV and V derivatives
with a third Kdo + Rhamnose (mass peaks such as 3948.8, 4071.7, 4202.8 and 4298.9 Da) are prominent
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in the spectra of wild type and (AlapB lapC377fs), but absent in AlapB spectra, reflecting the suppression
of AlapB LPS defect in the presence of lapC377fs suppressor mutation. Restoration of normal LPS
composition in the AlapB lapC377fs derivative suggests that the truncation within the C-terminal domain
of LapC could prevent the excessive synthesis of LPS in a AlapB background, which is consistent with
the reduced LPS synthesis in lapC mutants (see below).

A
Y

& e
W @&? W

—se~h

1 2 3 4

Figure 5. The lapC377fs mutation restores the wild-type LPS content in AlapB. Equivalent amounts of
whole cell lysate treated with Proteinase K were resolved on a 14% SDS-Tricine gel and LPS revealed by
silver staining. The arrow indicates the position of LPS and the relevant genotype of strains is depicted.

relative
2 5

Lhratticay tHop,
+Hex, + P+ P-EIN

R

ke s s
@azD e

m
-
o

-
&

aloonaloaaplons Downslonnuloaunlouialangi

LA, +Kdo,+Hep, A 1.4 +Kdo,+Rha+Hep,
LA+ K0, #HEP axp HABRHEID +P-EN SORUAP i A +PEN  +PEN
= +P-EIN
0.6 5 SPEN »> @
% ‘m} A-ABANC14 0 wpen @7‘_: ‘:é““’
' l o | T I l.im" |
v i | il llll.Llhll . L.
123
E Hd i AlapB 1apC377fs
I.IIE +Hex,+Py mn:mu: RS
. U B b, .n—m
ME uhn"““:""’:m"‘l i
% E Y oy Ui KcksHopy
043 '“ﬂ’” 42028 (34899 +-araen
nzé ; l UA
n:...........................‘.......-'. MR T VAT UNENENS S———
2250 2500 2750 3000 3250 3500 3750 4000 4250 4500 Da

Figure 6. The lapC377fs mutation suppresses the accumulation of LPS precursors and restores the
normal LPS synthesis in AlapB. Charge-deconvoluted mass spectra in the negative ion mode of LPS
from the wild type (A), its AlapB (B) and AlapB lapC377fs (C) derivatives. Cultures were grown in
phosphate-limiting medium at 30 °C. Mass numbers refer to monoisotopic peaks. Mass peaks with
rectangular boxes correspond to the glycoform containing the third Kdo. Ovals—derivatives with two
Kdo residues with either complete or incomplete core.
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2.6. The C-Terminal Truncation of the Periplasmic Globular Domain in the Essential LapC Protein Results in
the Induction of RpoE-Dependent Envelope Stress Response, a Temperature-Sensitive Phenotype and the
Sensitivity to the LpxC Inhibitor CHIR090

In complementary studies, we sought to identify additional partners that could sense either the
accumulation of LPS in the IM or defects in LPS biosynthesis and regulate LpxC amounts. As the
major players identified thus far are essential for bacterial growth such as either the lapB gene or the
ftsH gene, we reasoned that any previously unidentified partner protein could also be essential for the
bacterial viability. To achieve this goal, temperature-sensitive (Ts) Tn10-linked point mutations that
conferred the increased activity of single-copy rpoEP3-lacZ promoter were isolated. This promoter
was chosen as its activity is specifically induced, when LPS biosynthesis or assembly is severely
compromised [18]. Among such mutants, only those isolates that were sensitive to the CHIR090
inhibitor of LpxC and unable to propagate on MacConkey agar were retained (Figures 2 and 7).
Mapping and complementation analysis of Tn10-linked mutations identified four independent Ts
mutants with permeability defects defined by SR19041, SR19750, SR22861 and SR22862 with a mutation
linked > than 95% to the bcr gene located at 49 min. Subcloning and further complementation approach
led to the cloning of the lapC gene, which reversed the Ts phenotype, restored growth on MacConkey
agar plates as well as restored the nearly wild-type activity of the rpoEP3-lacZ fusion. Next, we PCR
amplified the lapC gene from the chromosomal DNA of four strains and their DNA sequence analysis
revealed: SR19041 (lapC190) has a stop codon TGA replacing TGG (Trp190), SR19750 and SR22861
have a frame-shift lapC377fs mutation and SR22862 (lapC F349S) contains a single amino acid change
resulting into 349F to 349S change (TTT to TCT). Itis of interest, as described above (Section 2.5), that the
lapC377fs mutation was independently identified as a suppressor mutation of the AlapB derivative.

0 ug/mL 0.004 ug/mL  0.008 ug/mL

CHIR090
Figure 7. Truncation of the C-terminal periplasmic domain of LapC confers the sensitivity to the LpxC
inhibitor CHIR090. Exponentially grown cultures of the wild type and its isogenic derivatives with
point mutations in the lapC gene were adjusted to an ODsgs5 of 0.1 and serially spot diluted at 30 °C on
LA agar supplemented with or without varying concentrations of CHIR090 as indicated.

Among three Ts mutations, lapC190 expresses only the IM anchor of LapC, comprising of five
predicted TM helices but lacks the entire periplasmic domain. This mutation is identical to a mutation
described in the strain LH530 exhibiting membrane permeability defects [31,46]. However, the most
frequent mutation identified is lapC377fs. The F349 amino acid residue is highly conserved and located
in the Mg** ion-binding pocket in the pseudo-hydrolase domain and in the putative phosphatase active
site [32,34]. Comparison of sensitivity of three isogenic lapC mutant derivatives to CHIR090 revealed
that lapC190 is extremely sensitive to this LpxC inhibitor, followed by the lapC377fs derivatives at the
concentration, when growth of the parental strain is not affected (Figure 7, lanes 1, 3&4). However,
the lapC F349S derivative showed only a small decrease in the colony size upon the exposure to CHIR090
and is consistent with a weaker induction of the rpoEP3-lacZ promoter fusion (Figure 8). Taken together,
these results establish that LapC is required for the regulation of LpxC, since lapC190 and lapC377fs
mutations confer the hypersensitivity to the CHIR090 inhibitor and were further followed. To prevent
read through of stop codon in the original lapC190 derivative, for further comparative analysis and
verification of results, we used a AlapC190 derivative (GK6075) constructed by recombineering that
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expresses only the N-terminal 190 amino acids defining the IM anchor and the periplasmic domain is
replaced by an excisable antibiotic cassette.
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Figure 8. Mutations that cause truncation of periplasmic domain of LapC induce transcription
from the rpoEP3 promoter, which specifically responds to severe defects in LPS. Exponentially
grown isogenic strains of the wild type and its derivatives with various lapC mutations as indicated,
carrying the single-copy chromosomal rpoEP3-lacZ fusion, were analyzed for the -galactosidase activity.
Cultures were adjusted to an ODsg5 of 0.05 and allowed to grow in LB medium at 30 °C. Aliquots of
samples were drawn after different time intervals and used to measure the -galactosidase activity.
Error bars represent a S.E. of three independent measurements.

Measurement of -galactosidase activity of lapC mutant bacteria revealed a 2 to 8-fold increase
in the rpoEP3-lacZ activity as compared to the wild type depending upon the growth phase and the
mutation in the lapC gene (Figure 8). As SR19041 (lapC190) and GK6075 (with the antibiotic cassette
inserted in the coding region after the 190th amino acid) expresses only the intact IM N-terminal
anchor region devoid of the C-terminal domain, both of these derivatives were used in this assay for
comparison (Figure 8). Most striking results reveal a 6 to 8-fold induction of the rpoEP3-lacZ fusion in
either lapC190 or AlapC190 and lapC377fs derivatives, when grown in the stationary phase (Figure 8).
All of these derivatives are unable to propagate on MacConkey agar with a Ts phenotype. These results
correlate very well with the sensitivity to the CHIR090 LpxC inhibitor of strains carrying either
lapC190 or lapC377fs mutations with a lower impact of the lapC F349S mutation. Thus, the induction
of transcription from the rpoEP3 promoter that responds to LPS defects accompanied by the Ts
phenotype, the sensitivity to the CHIR090 inhibitor and membrane permeability defects allows us to
conclude that LapC is required for the cell envelope integrity and the regulation of LPS biosynthesis as
illustrated by the suppression of lethality and the restoration of wild-type LPS content in AlapB by lapC
loss-of-function mutations.

2.7. The lapC190 Mutation Resulting in the C-Terminal Truncation Causes the Reduction in Amounts of LpxC
Leading to the Reduced Accumulation of LPS

As lapC mutant bacteria exhibit the extreme sensitivity to the sub-lethal concentration of the LpxC
inhibitor CHIR090, have the elevated induction of rpoEP3 promoter that is activated in the response to
severe defects in LPS and restore the LPS composition of a AlapB derivative, suggest that LapC has a
specific role in the LPS assembly/biosynthesis. To further gain information about the function of LapC,
firstly growth on LA and MacConkey agar was measured. Quantification of bacterial growth revealed
that mutations in the C-terminal part of the lapC gene confer the temperature-sensitive phenotype
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(Figure 9A). However, this Ts phenotype and the membrane permeability defect reflected by the
sensitivity to MacConkey agar can be reversed by various suppressor mutations (see below).
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Figure 9. lapC190 mutant bacteria exhibit a reduction in LPS amounts and the temperature-sensitivity
(Ts) phenotype. (A) Exponentially grown cultures with indicated genotypes were adjusted to an ODsg5
of 0.1 and spot diluted on LA and MacConkey agar at different temperatures. (B) Exponentially grown
cultures of the wild type, its lapC190 derivative and strains with various suppressor mutations mapping
to the IpxC gene were grown under permissive growth conditions. Equivalent amounts of total cellular
proteins were resolved by SDS-PAGE and proteins transferred by Western blotting and subjected to
immunoblotting, using LpxC-specific antibodies. (C) The position of amino acids residues in the
structure of LpxC (PDB 4MQY, [49]), whose specific alterations suppress the Ts phenotype of a lapC190
mutation and cause elevation of LpxC levels.

Next, we analyzed if LpxC amounts are affected and what is the status of LPS amounts. Since among
three lapC mutations identified in this work a lapC190 mutation confers a more stringent phenotype as
reflected by the sensitivity to CHIR090, we measured levels of LpxC from cellular extracts obtained


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

Int. J. Mol. Sci. 2020, 21, 9088 13 of 32

from exponentially grown cultures of the isogenic wild type, its lapC190 derivative and as controls
AlapA/B and a strain carrying a suppressor mutation of lapA/B deletion mapping to the [pxC gene
(AlapA/B lpxC186). Cultures for such experiments were grown under permissive growth conditions
of M9 minimal medium at 30 °C and cell extracts analyzed by immunoblotting. Results from such a
representative experiment reveal barely detectable levels of LpxC as compared to the isogenic parental
strain in lapC190 bacteria (Figure 9B, lanes 1&4, respectively). These results of highly diminished
amounts of LpxC in the lapC190 mutant are in sharp contrast to elevated LpxC levels in a AlapA/B
derivative and its partial reduction in the IpxC186 derivative of lapAB mutation (Figure 9B, lanes 2&3).

To correlate the reduction in LpxC amounts in lapC190 mutants with the LPS accumulation,
we directly measured LPS amounts using Proteinase K-treated whole cell lysates as described
previously [11]. Samples were resolved on a SDS-Tricine gel and LPS was transferred by Western
blotting. Amounts of LPS were revealed using a LPS-specific WN1 222-5 monoclonal antibody [50].
Results from immunoblots clearly show that the amount of LPS that cross reacted with WN1 222-5
monoclonal antibody in the lapC190 mutant was significantly reduced as compared to that observed
with the wild type (Figure 10, lanes 1&3), establishing a role for LapC in regulating LpxC amount and
determining amount of LPS accumulation in line with results of restoration of LPS composition in a
(AlapB lapC377fs) derivative (Figure 6).
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Figure 10. LPS levels are highly reduced in lapC mutants lacking the C-terminal periplasmic domain,
which are restored by various suppressor mutations mapping to either IpxC, lapA or lapB genes. Isogenic
bacterial cultures of the wild type and its derivatives with the indicated genotype were grown up to an
ODsg5 of 0.5 at 30 °C. An equivalent portion of whole cell lysates were applied to a 14% SDS-Tricine gel
and transferred by Western blotting. Relative amounts of LPS were revealed by immunoblotting with
the LPS-specific monoclonal antibody WN1 222-5 using chemiluminescence detection kit.

2.8. Extragenic Suppressors That Restore LPS Levels in lapC190 Mutants Map to lpxC, lapA, lapB and ftsH

To further gain insights into the function of LapC, we took the advantage of Ts phenotype and
the inability to grow on MacConkey agar of the lapC190 and lapC377fs derivatives. Thus, we sought
extragenic suppressors that either restored growth on LA agar at 42 °C or allowed growth on MacConkey
agar by plating cultures under non-permissive growth conditions. Several spontaneous suppressors
were isolated and 29 of them were marked with transposon Tn10 as described earlier [17]. To map
the suppressor mutation, linked Tn10 insertion positions were obtained from recombinant cosmid
clones by directly sequencing the Tn10 insertion position. Out of 29 suppressors, 26 suppressor
mutations could be grouped into three complementation groups (Table 2). Ten suppressors were found
to be linked to zab::Tn10, 15 were linked to pyrF::Tn10 and one was found to be linked to greA::Tn10.
These map positions suggest that suppressor mutations linked to zab::Tn10 could have a mutation in
the IpxC gene, those linked to pyrF:: Tn10 mapping to the lapA/B locus and the last one linked to the
greA gene could be having a mutation in the ftsH gene. Thus, we isolated chromosomal DNA from all
26 suppressor-containing mutants and directly sequenced the chromosomal DNA region spanning the
coding and their flanking regions of IpxC, lapA, lapB and ftsH genes.
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Table 2. Suppressors of lapC190 and lapC377fs mutations map to IpxC, lapA/B and ftsH genes.

Gene Mutation Position Amounts of Isolates
V37G (GTC — GGC) 4
V37L (GTC — CTC) 1
IpxC R230C (CGT — TGT) 3
K270T (AAA — ACA) 1

a frame-shift by the deletion of 2 nt TA from the stop codon resulting
into the addition of 20 aa at the C-terminus

A88V (GCT — GTT) TPR2
R115H (CGT — CAT) TPR3
D124Y (GAC — TAC) TPR3
lapB R125L (CGC — CTC) TPR3
HI181R (CAT — CGT) TPR5
H325L (CAC — CTC) TPR9
H325P (CAC — CCC) TPR9

IS element after 34 nt

—_

IS element after 103 nt

—RlRr|IN R, R, R, R,]~,|N

IS element after -107 nt - 2 nt after P2hs promoter of the lapA gene

lapA a4 frame-shift by the insertion of G after 69 nt (23 aa from LapA wt and
7 aa new followed by the stop codon)

—_

a frame-shift by the deletion of 137 nt C (45 aa from LapA wt and 12 aa
new followed by the stop codon)

LapA L8 (TTA — TGA) stop codon 1
ftsH A296V (GCG — GTG) in the SRH domain 1

The results obtained from this DNA sequence analysis are presented in Table 2. Four independently
isolated suppressor strains that restored growth at 42 °C on LA medium and also allowed growth
to some extent on MacConkey agar contained a single amino acid exchange of V37G in the coding
region of the IpxC gene (Figure 9A, Table 2). However, the strain with LpxC V37G suppressor grows
poorly on MacConkey agar as compared to the LpxC V37L suppressor-containing strain in the lapC190
background (Figure 9A). Similarly, three suppressor mutations that restored growth of either lapC190
or lpxC377fs mutant strains had an exchange of R230 to C residue in the coding region of the IpxC
gene (Figure 9A, Table 2). Sequence analysis of another suppressor-containing strain GK6094 revealed
a frame-shift mutation due to the deletion of 2 nt in the stop codon that results in the extension of
LpxC wild-type sequence by 20 amino acids. The C-terminal domain of LpxC is known to comprise
the recognition domain for its proteolysis by FtsH protease [51]. Thus, this extension of LpxC by the
unusual addition of 20 unrelated amino acids might prevent FtsH-mediated proteolysis, resulting into
its stabilization and was verified by the examination of LpxC levels (see below).

Two other strains SR22738 and GK6078 with the suppressor mutation in the IpxC gene have
single amino acid alterations resulting into V37L and K270T changes, respectively (Table 2, Figure 9C).
The isolation of five independent isolates that lead to the substitution of Val37 residue is consistent with
recent identification of LpxC V37G as a stable variant in Klebsiella pneumoniae [52]. Thus, we speculate
that suppressor mutations that we identified in the I[pxC gene render the encoding protein resistant to
proteolysis and was investigated further.
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2.9. Suppressors of lapC190 Mutation Mapping to the lpxC Gene Prevent Its Degradation and Lead to the
Restoration of LPS Amounts

As LpxC and LPS amounts are limiting in strains carrying lapC mutations, we reasoned that
suppressors mapping to the IpxC gene could act by stabilizing LpxC and restore LPS amounts to the
wild-type levels. Thus, LpxC amounts were analyzed by Western blotting of cell extracts obtained
from such suppressor-containing strains. As controls, the equivalent amount of total proteins from
the parental wild type and its isogenic derivatives carrying either a AlapA/B mutation, the strain with
the IpxC186 suppressor mutation of lapB deletion and the derivative with the lapC190 mutation were
analyzed (Figure 9B). The most striking observation from the immunoblot analysis is the stabilization
of LpxC in strains that carry the suppressor mutation in the lpxC gene. These results can explain the
molecular basis of suppression and establish that LpxC is destabilized in lapC mutant derivatives with
truncation of the periplasmic domain. All strains with /pxC suppressors accumulate more LpxC than
even the wild type and the original lapC190 mutant. The most prominent among them are strains with
LpxC V37G, LpxC R230C and with a frame shift resulting into extension of LpxC by 20 amino acids,
with a pronounced increase in the amounts of LpxC (Figure 9B). The AlapA/B strain, that served as a
control, indeed accumulates lot more LpxC (Figure 9B, lane 2). Taken together, these results allow us to
conclude that truncation of the C-terminal periplasmic domain destabilizes LpxC and suppressors
mapping to the IpxC gene that restore growth at high temperature render LpxC more stable to balance
the LPS synthesis.

To validate above results in the context of LPS synthesis and establish a role of LpxC degradation
in the lapC mutant derivative and its stabilization in strains with the suppressor mutation, LPS amounts
were analyzed by immunoblotting using the LPS-specific antibody. Whole cell lysates from two most
prominent suppressor-containing strains with LpxC V37G and LpxC R230C mutations were analyzed
in such comparative experiments. Results from such a representative experiment reveal the restoration
of LPS synthesis as compared to the highly reduced LPS content in the lapC190 derivative (Figure 10,
lanes 4&5 vs. lane 3). These results provide a rationale explanation of decreased LPS synthesis due to
destabilization of LpxC, when LapC function is impaired, and the restoration of LPS synthesis in the
presence of suppressors mapping to the [pxC gene, which render LpxC more stable.

2.10. A Range of Suppressors of lapC190 Map to the lapA/lapB Operon That Could Either Disturb LapB Protein
Structure or Dampen Its Abundance by Preventing Its Synthesis

The LapB protein is essential for bacterial growth due to its role in mediating LpxC degradation
by either activating FtsH to recognize LpxC or its presentation to degradation pathway by acting as
a scaffold for proteins involved in the LPS assembly/biosynthesis [17]. Consistent with this notion,
we earlier demonstrated that LpxC is stabilized in the absence of LapB that leads to excess of build up
LPS and causes the bacterial lethality [17]. Suppressors mapping to the IpxC gene, which reduce the
LpxC synthesis or its accumulation, can allow a deletion of the lapB gene [17]. However, phenotypes of
lapC mutants suggest an antagonistic action of LapC with LapB, as loss-of-function mutations have
the opposite phenotype (less LPS and reduced LpxC stability) and (AlapB lapC377fs) combination
restores the normal LPS synthesis. Thus, the isolation of suppressors of the lapC190 and lapC377fs
mutations mapping to the lapA/B operon should shed further light on how LapB and LapC operate.
DNA sequence analysis revealed that 15 out of 26 suppressors had a mutation either in the coding
region of the lapB structural gene or insertion sequence element (IS) in the lapA gene or in the promoter
region of lapA/B operon, or a stop codon within the lapA gene (Table 2, Figure 11). Two additional
mutations caused frame shifts in the lapA gene, disrupting the co-translation of downstream essential
lapB gene (Figure 11C). It should be noted that lapA and lapB genes are transcribed as an operon and
their translation is coupled [17]. The isolation of a number of IS elements in the lapA gene suggests that
due to polarity such insertions could abrogate transcription of the lapB gene, thus prevent proteolysis
of LpxC in the absence of LapB (Figure 11).
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Figure 11. Suppressors of lapC190 that restore growth at high temperature mapping either to the
promoter region of the lapA/B operon or in the lapA gene reduce the LapB abundance. (A) Isogenic
cultures of wild type, its lapC190 derivative and lapC190 with a specific suppressor mutation in the lapA

gene or its promoter region were adjusted to an ODsg5 of 0.1, serially diluted, 5 uL aliquots spotted on
either LA agar or MacConkey agar at various indicated temperatures and plates incubated for 24 h.
(B) Immunoblots of whole cell lysates obtained from isogenic strains with indicated genotypes using
LapB-specific antibodies. An equivalent amount of total proteins was loaded. As controls, extracts from
AlapA/B and purified LapB (lanes 1&10) were applied. (C) The position of various suppressor mutations
in the lapA gene is indicated. The presence of IS element in either the coding region or the promoter
region is indicated by a triangle at the specific nt position. Other mutations causing frame shifts or
introducing stop codons, resulting into either truncation of LapA or alterations in the amino acid
sequence, are indicated and underlined with the indicated stop codon as * symbol.
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To validate the isolation of suppressor mutations in the lapA/B operon that restore bacterial
growth at high temperature of lapC190 and lapC377fs mutant derivatives, we quantified the degree of
suppression at various levels. Examination of growth of lapC190 derivatives with suppressor mutations
in either the lapA gene or in the promoter region of the lapA/B operon by spot dilution of isogenic
cultures at different temperatures revealed restoration of growth of lapC190 derivatives on LA medium
at 37 and 42 °C (Figure 11A). Such suppressor-carrying strains also exhibited restoration of growth on
MacConkey agar, which is very restrictive for a strain with a lapC190 mutation (Figure 11A).

To address the molecular basis of suppression either due to the frame-shift mutation(s) or the
presence of IS element in the lapA gene, we directly examined the comparative abundance of LapB in
cell extracts of such suppressor-containing strains. To measure levels of LapB, the equivalent amount
of total proteins from whole cell lysates of strains with various class of mutations in the lapA structural
gene or its promoter region were examined by immunoblotting with anti-LapB antibodies (Figure 11B).
As a control, we used the equivalent amount of total proteins from the isogenic AlapA/B, the wild
type and lapC190 derivatives. Purified LapB was used as a control to validate the cross-reactivity
of anti-LapB antibodies. Examination of such an immunoblot showed that the presence of either IS
element, or a frame-shift mutation in the lapA gene or the IS element after one of the major promoters
of lapA/B operon either abolished the LapB synthesis or severely reduced its synthesis as compared to
either the wild type or the lapC190 derivative (Figure 11B,C). These results support the conclusions
that transcription and translation of lapA and lapB mRNAs are coupled and suppressor mutations that
restore growth of lapC mutant strains mapping to the lapA gene act by blocking the LapB synthesis.
Thus, the IS element and frame-shift mutations in the lapA gene and promoter would as well result in
reduced transcription of the lapB gene, which can cause an increased accumulation of LpxC and hence
suppress lapC mutants, which have less LPS and less LpxC.

2.11. Suppressor Mutations in the Coding Region of the lapB Gene Map to Conserved Amino Acids in TPR
Motifs that Result in the Reduced Abundance of LapB and Restoration of the LPS Synthesis

DNA sequence analysis revealed that eight suppressor-containing strains have single amino
acid substitutions resulting into A88V, R115H, D124Y, R125L, H181R, H325L and H325P exchanges.
All these amino acids in the lapB-coding sequence are highly conserved residues in tetratricopeptide
repeats (ITPR) elements (Table 2, Figure 12). Thus, the mutation of these residues could prevent
interaction with proteins such as FtsH or interaction with the rubredoxin domain [17,25]. For example,
the side-chain mutation H181R might result in the weaker rubredoxin-TPR binding (Figure 12).

Next, we systematically quantified the degree of suppression of lapC190 mutation by above
mentioned substitutions in the lapB gene by the spot dilution assay of strains with the suppressor
mutation as compared to its parental strain. Consistent with their selection at 42 °C, all lapB substitutions
restored growth of the parental lapC190 strain on LA medium at 37 and 42 °C (Figure 12A). However,
growth on MacConkey agar, reflecting the suppression of permeability defects, was restored only with
suppressor D124Y, H181R and H325P mutations.

To further investigate how various substitutions impact the accumulation of LapB was addressed
by Western blotting of total cellular proteins with anti-LapB antibodies. Examination of immunoblots
revealed that most of mutations mapping to the lapB gene cause a severe reduction in the amounts of
LapB as compared to its levels in the wild-type strain, with the exception of LapB D124Y substitution
(Figure 12B). It is likely that D124Y substitution could cause the conformational change being located
in the conserved TPR3 motif (Figure 12C). Consistent with this argument are the results of growth
restoration of the lapC190 mutation on LA as well as on MacConkey agar in the presence of D124Y
substitution. Thus, we can conclude that amino acid substitutions in the lapB gene result in the loss of
function or perturb folding of LapB protein, which could render it proteolytically sensitive and prevent
its accumulation (Figure 12B).
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Figure 12. Suppressors mapping to the lapB gene that restore growth of lapC mutant bacteria reduce
the LapB abundance. (A) Growth of isogenic cultures of strains with lapC190 and with suppressor
mutations in the lapB gene was quantified by spot dilution on LA and MacConkey agar at various
temperatures. The genotype and incubation temperature are indicated. (B) Immunoblot of total
cellular proteins from various strains, used in growth measurement, with LapB-specific antibodies.
Purified LapB (lane 10) serves as a control to validate the cross-reactivity of LapB and its position on
immunoblot. Equivalent amount of proteins were resolved by SDS-PAGE prior to immunoblotting.
(C) The position of various mutations in LapB with the indicated relevant TPR motif are shown in the
structure of LapB (PDB 4ZLH, [25]).

As LapB amounts determine amounts of the LPS synthesis and loss of LapB is lethal due
to the increased synthesis of LPS causing depletion of pools of the R-3-hydroxymyristoyl-ACP
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precursor for both phospholipid and LPS biosynthesis, we measured the accumulation of LPS in
strains with suppressor mutations in either lapA or lapB genes as compared to the lapC190 derivative.
Measurement of LPS by immunoblots using the WN1 222-5 monoclonal antibody in parallel with
strains with suppressor mutations in the [pxC gene clearly show that the synthesis of LPS is restored
in all investigated variants of either LapA or LapB (Figure 10, lanes 6 to 10). These results provide
the molecular basis of suppression of lapC derivative lacking the C-terminal periplasmic domain,
as suppressor mutations exhibit the increased accumulation of LPS as compared to the highly reduced
LPS content in lapC mutants. These results again support the isolation of another lapC377fs suppressor
mutation that bypasses the lethality of AlapB derivatives (Figure 6). Thus, these results allow us to
conclude that LapC and LapB jointly regulate the LPS synthesis by acting in an antagonistic manner.

2.12. Suppressor Mutation in the FtsH Gene Maps to the Conserved Region Required for Its ATPase Activity

Lastly, one of remaining suppressor mutation was found to map to the ftsH gene, which encodes
the protease responsible for the LpxC degradation. This suppressor mutation causes exchange of
conserved Ala296 by Val in the Second Region of Homology (SRH) domain (Figure 13). Mutations in
the SRH domain are often associated with the loss of ATPase activity, which is critical for its proteolytic
activity [53]. Consistent with its location in the SRH domain, lapC190 ftsH A296V derivative was found
to accumulate more LpxC (Figure 9).

(B)

Figure 13. FtsH A296V suppressor mutation causes the reduction in FtsH levels. (A) Immunoblot

analysis of total cellular extracts obtained from the wild type, its derivatives with lapC190, lapC190 ftsH
A296V and as the negative control isogenic strain with AftsH sfhC21 mutation. An equivalent amount
of proteins was resolved by SDS-PAGE and immunoblots were treated with a FtsH-specific antibody.
Arrow indicates the position of FtsH. (B) The position of FtsH amino acid residue 296 on its crystal
structure (PDB 1LV7 [54]) is shown.

As LapB and FtsH jointly regulate the LPS synthesis by regulating LpxC turnover, we examined
levels of FtsH in the strain with lapC190 ftsH A296V using total cellular extracts. Western blot analysis
revealed that FtsH levels are significantly reduced in the lapC190 ftsH A296V derivative as compared
to the isogenic parental strain carrying the lapC190 mutation (Figure 13A,B). As a negative control,
total cell extracts from the AftsH strain that is viable due to the sfiC21 mutation, which encodes a
hyperactive FabZ variant and lacks any cross-reacting FtsH were applied (Figure 13A). Thus, we can
conclude that FtsH A296V in lapC190 has the reduced amount of FtsH and due to its location in the
ATPase-regulating domain could act by preventing LpxC degradation and restore the LPS synthesis.
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2.13. The lapB Gene Is Dispenable in lapC Loss-of-Function Mutations and Overexpression of lpxC Can Bypass
the Essentiality of the lapC Gene

Results presented in above sections revealed a reduced content of LPS in strains with either the
lapC190 or lapC377fs mutation and restoration of the LPS synthesis with either suppressor mutations
mapping to the lapA/B operon or viability of AlapB lapC377fs derivatives prompted us to address in
more detail if indeed the essential lapB gene is dispensable when LapC is dysfunctional. In line with
such arguments, the suppressor mutation mapping to the [pxC gene render LpxC variants resistant
to proteolysis and hence exhibit the increased accumulation of LpxC. Thus, we undertook genetic
experiments using bacteriophage P1-mediated transductions to introduce either a AlapA/B or AlapB
variants in either the lapC190 or the lapC377fs backgrounds.

Results from transductions (Table 3) revealed that AlapB or AlapA/B can be readily introduced in
strains carrying loss-of-function mutation in the lapC gene namely lapC190 and lapC377fs as compared
to the extremely low frequency of transduction with the parental BW25113 strain as a recipient.
Furthermore, transductants in the wild-type strain form very small colonies and are obtained after
the prolonged incubation. It should be noted that the lapB gene is essential in most of wild-type
strains, however its deletion is tolerated poorly on M9 minimal medium at 30 °C and such strains grow
very poorly [17] unless extragenic suppressor mutation(s) is present. These results are also consistent
with the isolation of lapC377fs as an extragenic suppressor of AlapB (Figure 6) with the restoration
of normal LPS synthesis. These results allow us to conclude that LapB is non-essential, when LapC
is dysfunctional.

Table 3. The essential lapB gene is dispensable in either lapC190 or lapC377fs backgrounds and the lapC
gene becomes non-essential if LpxC is overproduced. ND denotes not done.

Number of Transductants with Selection for Kanamycin Resistance on Minimal Medium at 30 °C

Donor Recipient
BW25113 + plpxC*
BW25113 BW25113 lapC190 IB W25;;3 L
apC377fs PTG 50 uM IPTG
AlapA/BKan 33 KanR small colonies 2930 KanR normal size 3470 KanR normal size ND ND
AlapBKan 36 KanR small colonies 3154 KanR normal size 3696 Kan® normal size ND ND
AlapCKan None ND ND None 754

As LpxC amounts are limiting in lapC mutants, with the same rationale as presented above,
we performed transductions to introduce the AlapC mutation in the wild-type background transformed
with a plasmid expressing the IpxC gene under the inducible Prs-lac promoter. Firstly, the AlapC
derivative, which served as a donor in P1 transductions, was constructed in a background where the
AlapC derivative is maintained viable due to the expression of the lapC gene in a low-copy cosmid clone.
Using controlled experiments, a AlapC mutation could be introduced when the IpxC gene is mildly
induced by the addition of 50 uM IPTG (Table 3) but not in the absence of IPTG with supplementation
of glucose (0.2%) when the IpxC expression is repressed. These results are consistent with the isolation
of suppressor mutations of lapC mutants that accumulate more LpxC. Thus, we can conclude that
LapC and LapB act antagonistically to maintain the balanced synthesis of LpxC and prevent its
uncontrolled degradation and deletion of the lapC gene can be tolerated when either the IpxC gene is
mildly overexpressed or in the absence of LapB.

2.14. Co-Purification of LapB and LapC

Given the genetic data presented in this work, all data point to the evidence of genetic interaction
between the lapB and lapC genes. Thus, we performed pull-down experiments using the N-terminally
Hisjp-tagged LapA. For this overexpression, different inducer concentrations of either 100 uM or
500 uM IPTG were used. Here, the plasmid used carries both lapA and lapB genes and hence are
co-expressed. Purified IM fractions were subjected to Ni-NTA chromatography and eluted proteins
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were identified by MALDI-TOF. Consistent with LapA and LapB co-purification, we also identified
LapC as one of the proteins that could be part of this complex (Figure 14, lanes 1 and 3). In parallel,
we could also pull-down LapB protein, when IM fractions from LapC induction were used for affinity
purification (Figure 14, lane 2). Thus, co-purification of LapB and LapC provide the additional evidence
of interaction of these proteins, supporting data of genetic interaction.

LapB LapC LapB MWS pa

—~170
—~130

—~100
—~70

—~55
]
—~35

—~25
—~15

—~10

1 2 3 4

Figure 14. LapC and LapB show physical interaction. Purification profile of proteins from IM fractions
after 100 uM and 500 uM IPTG addition to induce lapA and lapB transcription. Lanes 1 and 3 indicate
co-purification of His-tagged LapA with LapB and LapC from IM fractions of total proteins. Lane 2
depicts elution profile of Hisg-LapC and its co-elution with LapB. Proteins were resolved on a 12%
SDS-PAGE. The identity of LapC, LapB, LapA and FtsH are shown by arrows.

2.15. The Expression of the lapC Gene Is Induced at High Temperatures

Although LapC is essential under all growth conditions, the synthesis of several genes is known
to vary under stress conditions. For example, transcription of the lapA/B operon is heat shock inducible.
As LapB and LapC interact, we further addressed if transcription of lapC is altered by a shift to high
temperature. The relative abundance of lapC transcripts was measured by qRT-PCR using total RNA
extracted from wild-type bacteria grown either at 30 °C or after a transient 15-min shift to 42 °C.
Quantification of gene expression pattern revealed a significant 3.5-fold increase in the abundance of
lapC transcripts after 15-min exposure to heat shock conditions (Figure 15).

Thus, lapC transcription is not only sustained at high temperature but is rather induced, consistent
with its essentiality under all growth conditions. However, how the lapC transcription is induced at
high temperature remains unknown (see Discussion).
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Figure 15. Transcription of the lapC gene is induced upon a shift to high temperature. gRT-PCR analysis
of mRNA isolated from wild-type bacteria grown up to an ODsg5 of 0.2 in M9 minimal medium either
at 30 °C or after a 15-min shift to 42 °C. Data presented are from RNA isolated from three biological
replicates and error bars are indicated.

3. Discussion

It is well established that amounts of LpxC, which catalyzes the first rate-limiting step
in LPS biosynthesis, are critical for determining a balanced biosynthesis of LPS and that of
phospholipids [9,17,20,38]. LpxC is intrinsically unstable protein and its levels are tightly controlled by
its turnover by two essential proteins: FtsH and LapB [17,20,23]. However, it is not known how LapB
coordinates with FtsH in this process and if any additional protease is also involved in proteolytic
control of LpxC. LapB and FtsH essentiality have been attributed to their role in regulating LpxC
turnover. Consistent with such a notion, a deletion of either of these genes can be tolerated in
the presence of hyperactive allele of the fabZ gene (sfhC21) that compensates by diverting common
R-3-hydroxymyristoyl-ACP to phospholipid biosynthesis [7,17,20]. Alternatively, genetic backgrounds
such as IpxA101 or a Ts mutation in the IpxD gene or in genes whose products are required in the early
steps of LPS core biosynthesis that reduce LPS biosynthesis or prevent the accumulation of LPS in
the IM can rescue the deletion of lapB or ftsH genes [17,20]. A deletion of the lapB gene is lethal in
most of the cases, however in certain backgrounds, like BW25113, the AlapB mutation can be poorly
tolerated only on minimal medium at 30 °C but not on rich medium at any temperature. To gain
further knowledge about the regulation of LpxC proteolysis and how LapB participates in this process,
we employed multi-pronged approaches to address these issues. Firstly, multicopy suppressors were
isolated that allow deletion of either lapB or lapA/B genes and restore growth at elevated temperatures
of lapB mutant bacteria. These experiments, besides identifying previous multicopy suppressors, led to
the cloning of the hslV gene. The hslV gene encodes the catalytic subunit of prokaryotic counterpart of
proteosome and together with HslU has been shown to be involved in turnover of several unstable
proteins such as RpoH, RcsA, SulA, dampen the elevated heat shock response and enhance the removal
of puromycyl peptides [27,29,30]. Our data show that overexpression of the hisIV gene alone can reduce
elevated levels of LpxC and hence allow growth of either AlapB or AlapA/B derivatives. As HslU
enhances the proteolytic activity of HslV, we also demonstrated in pulse chase experiments that they
together synergistically enhance LpxC proteolysis at elevated temperatures. Thus, by 20 min LpxC
amounts are barely detectable, under conditions when the synthesis of all host proteins, including FtsH,
is blocked by the addition of rifampicin, with the exception of HslUV. Thus, our results for the first time
demonstrate in vivo FtsH-independent degradation of LpxC by HslUV. Our conclusions draw support
from computational and system biology-based approach that the predicted LpxC degradation could
be regulated by an unidentified protease, whose activity is independent of the lipid A disaccharide
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concentration [55]. Thus, our experiments establish that this speculated proteolytic activity is due to
HslUYV, also called ClpQY. Consistent with a role of HslUV protease complex in the regulation of LpxC
levels, hslV mutants were found to be sensitive to CHIR090 antibiotic that inhibits the activity of LpxC.

The identification of HslUV-dependent proteolysis of LpxC is of relevance, particularly at
high temperatures, since transcription of cognate genes is highly induced by the heat shock [27,42].
Interestingly, genome wide interaction studies have shown the interaction of LapA with HslV (UniProt).
The HslUV-dependent proteolysis may also become more relevant at high temperature, since the LpxC
degradation is inversely correlated with the doubling time [56]. It is likely that the HslUV-dependent
degradation comes into play mostly at high temperature and that also draws a parallel between
degradation of RpoH at high temperature by HslUV, although FtsH is the primary protease under
normal growth conditions. These could also be reasons why HslUV are not essential for bacterial
growth like FtsH. The HslUV-dependent proteolysis could also constitute a back-up mechanism to fine
tune levels of LpxC under stress conditions. In support of synergistic roles of HslUV and FtsH proteases
(AftsH AhslVU) exhibit 10-fold more defect in survival as compared to AftsH alone in Pseudomonas
aeruginosa under carbon starvation conditions [57].

In the second approach, suppressor mutation(s) that allow introduction of AlapB in W3110
strain identified a novel frame-shift mutation in an essential gene yejM designated lapC upon further
characterization of its genetic interactions. Quite interestingly, the lapC gene in certain bacteria is
transcribed as a part of operon including the waaC gene [58]. We had previously shown that unlike
BW25113, a AlapB mutation is not viable in W3110 a strain that has been widely used in elucidating LPS
biogenesis and structural analysis in Raetz laboratory and in many other studies of relevance [4,5,13,14,17].
The frame-shift suppressor mutation in the lapC gene lapC377fs causes truncation within the periplasmic
domain of IM-anchored LapC, highlighting a role for its periplasmic domain. Further characterization of
LPS of (AlapB lapC377fs) derivative provided a significant explanation for LapC function in the regulation
of LPS amounts. As previously shown, AlapB derivatives synthesize more LPS (hence toxicity) and
accumulate precursor species of LPS that may not be targeted to the OM correctly [17]. Most importantly,
mass spectrometry analysis of LPS of (AlapB lapC377fs) derivative revealed the restoration of normal
LPS composition and suppression of accumulation of early intermediates as is observed in the spectra
of LPS of strains lacking LapB. These results suggest that LapB and LapC could together regulate LpxC
proteolysis to control the LPS accumulation and act in an antagonistic manner.

In another complementary approach, we set up genetic screens to identify mutations that cause
LPS defects, induce the RpoE-dependent envelope stress response and render bacteria sensitive to
the LpxC inhibitor CHIR090. RpoE is known to specifically respond to the cell envelope stress
including defects in LPS, causing activation of promoters recognized by Ec® [18,59]. Rationale for the
additional screen including the sensitivity to CHIR090 was based on its known inhibition of LpxC
and mapping of CHIR090 resistant mutations in the [pxC gene [38,39]. Combination of these screens
identified three mutations in the lapC (yejM) gene. The yejM gene is known to be essential for growth
in E. coli and loss-of-function mutations in this gene exhibit an imbalance in phospholipid and LPS
amounts, although the reasons are not fully understood [31,46]. Among three mutants, lapC190 and
lapC377fs conferred a tight Ts phenotype, the hypersensitivity to CHIR090 and the inability to grow on
MacConkey agar. Of interest is that we had in an independent genetic approach already identified
lapC377fs as a suppressor of AlapB lethality. We further characterized lapC190 and lapC377fs mutations
as they conferred a tighter phenotype. Examination of LPS of lapC190 revealed a drastic reduction in
LpxC and LPS amounts. To gain further insights in the function of LapC and its interacting partners,
Ts* suppressors that could also restore growth on MacConkey agar albeit to different extents were
analyzed further. Suppressors of lapC190 or lapC377fs mutants mapped to the promoter region of the
lapA/B operon and within the structural genes of lapA, lapB, IpxC and ftsH all resulting into the increased
synthesis of LPS as well as the restoration of LpxC amounts. Based on the severe reduction in the
amounts of LpxC in lapC mutant bacteria, it is suggested that LapC regulates proteolysis of LpxC. All of
suppressor mutations that restored growth at high temperatures and on MacConkey agar mapping to
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the IpxC gene were found to produce more LpxC, indicating these variants are resistant to degradation
by FtsH. FtsH has been shown to recognize C-terminal residues in LpxC to initiate degradation [51].
Consistent with this pathway, one of the suppressor mutations exhibiting the increased accumulation
of LpxC was found to have a frame-shift mutation at the stop codon resulting into the addition of
20 amino acids. Such a LpxC variant would obviously be not recognized by FtsH. Consistent with
suppressors mapping to the [pxC gene leading to the stabilization of LpxC, the identification of five
independent suppressors causing change of Val37 to Gly (4 out of 5 times) support such conclusions.
Structural analysis predicts that this V37G substitution is a change from buried to exposed state and
can cause structural damage. Not surprisingly, Val37 alteration in Klebsiella pneumoniae has been found
to render LpxC more stable and resistant to the LpxC inhibitor [52]. Another variant of LpxC R230C
as the suppressor of lapC mutants was also isolated three times that also resulted in elevated levels
of LpxC. During the completion of this work, two independent studies also reported the isolation of
suppressors of lapC that caused alterations of either V37 or R230 amino acids, respectively [35,36]. It is
of interest that we isolated additional variants of LpxC that suppress lapC190 and lapC377fs mutations,
which were not reported in other complementary studies mentioned above, providing a broader model
of LpxC regulation and help in understanding the function of LapC.

Consistent with our model that LapC, LapB and FtsH work together to regulate LpxC amounts by
the controlled proteolysis and ensuring the balanced LPS synthesis as per demand, the vast majority of
suppressors of lapC mutant bacteria belong to the category that reduce the LapB abundance or activity
by either blocking its transcription or preventing its translation as is evident from the identification of
IS elements in the lapA-coding region or its translational stop codon. It is worth remembering that
lapA and lapB genes are co-transcribed and translation of LapB is coupled to the LapA synthesis as
they have overlapping translational initiation and stop codons [17]. Examination of the LapB amount
in all such mutants revealed a drastic reduction in the accumulation of LapB in strains with the IS
element in the lapA gene or that prevent LapB translation. Regarding suppressor mutations within
the coding region of the lapB gene, all of them are highly conserved residues in various TPR domains.
TPR domains are known to mediate protein-protein interactions [60-62] and hence LapB derivatives
isolated as suppressors of lapC mutants could either prevent the interaction with LapC and FtsH or
could be improperly folded rendering LapB nonfunctional. Our modeling analysis suggests that A88V
substitution in LapB disrupts all side-chain H-bonds. Another residue H181 in TPR5, whose exchange
H181R suppresses the lapC190 mutation and restores LPS levels, is of significance as H181 mutation
was shown to be a loss-of-function mutation in earlier studies [25]. Thus, all such lapB variants result
into its loss of function, since they mimic the phenotype of AlapB mutants with the synthesis of more
LPS and the reduced accumulation of LapB. This supports our model, in which LapC and LapB act
antagonistically and LapC could prevent either the interaction of LapB with FtsH or prevent LapB to act
as an IM scaffold directing the LpxC degradation by FtsH. A direct proof for the LapB interaction with
LapC was provided in this work based on their co-purification in reciprocal experiments supporting the
data from genetic interactions described above. Thus, LapB interacts with FtsH, as demonstrated earlier,
and with LapC. Consistent with our data of physical interaction of LapB with LapC, a recent finding
published during the preparation of this manuscript have shown that LapC tagged with the FLAG
epitope can pull-down LapB [32], consistent with our demonstration of LapB and LapC co-purification.

Since most of the suppressors mapping to the lapA/B operon synthesize very little LapB,
we reasoned that LapB could be dispensable in the lapC mutant background. This was indeed established
by the ability to transduce the lapA/B deletion into lapC190 and lapC377fs mutant backgrounds.
The absence of LapB would increase the LPS synthesis by stabilizing LpxC and compensate for the
reduction in LPS levels in lapC mutants. Indeed, this could be shown by measuring the LPS content in
various suppressor backgrounds revealing the elevation in the LPS accumulation despite the presence
of lapC190 mutation. Based on the same reasoning, we could show that the ectopic expression of LpxC
can render LapC non-essential. Taken together, our findings support a model wherein LapC inhibits
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the LapB/FtsH-mediated proteolysis allowing the accumulation of LpxC and this inhibition could be
relieved, when higher levels of the LPS synthesis are not physiologically required.

However, under what circumstances the LapB interaction with LapC is promoted to direct LpxC
to degradation or disrupted to enhance the LpxC synthesis remains to be fully understood. It is
conceivable that under stress conditions, for example the exposure to high temperature when the lapC
mRNA is made more, the LapB/FtsH activity is repressed when LapC is more. Supporting our results of
increased accumulation of LapC at high temperature are independent proteomic analysis data of total
E. coli proteome from high temperature or other stress conditions [63,64]. In line with such arguments
are findings that LpxC is more rapidly degraded at lower temperatures than at higher temperatures
correlating it with doubling time of E. coli [56]. This would allow the synthesis of more LPS under
stress conditions. However, if at high temperature the FtsH-dependent proteolysis of LpxC is limiting,
then HslVU protease, whose expression is highly induced at the elevated temperature, could rapidly
shift this equilibrium back by the rapid removal of excess of LpxC to maintain the balanced synthesis
of LPS.

Thus, in summary based on several lines of evidence we show that LapC is involved in regulating
the LPS synthesis and together with FtsH and LapB it balances and regulates the LpxC degradation.
As a safety mechanism, HslUV proteases prevent unwanted build-up of LpxC and LPS by promoting
proteolysis of LpxC, which could be recruited at high temperatures. Furthermore, the unwarranted
accumulation of LPS biosynthetic intermediates in the IM or prior to the LPS delivery to the OM via
the Lpt system, when the LapB function is limiting, might relieve the inhibitory effect of LapC and
restore the LpxC degradation allowing a balance between phospholipid and LPS biosynthesis.

4. Materials and Methods

4.1. Bacterial Strains, Plasmids and Media

The bacterial strains and plasmids used in this study are described in Table S1. Luria-Bertani (LB)
broth, M9 (Difco, Franklin Lakes, NJ, USA) and M9 minimal media were prepared as described [5].
Whenever required, media were supplemented with ampicillin (100 pg/mL), kanamycin (50 pug/mL),
tetracycline (10 pg/mL), chloramphenicol (20 pg/mL) and CHIR090 (0.004 or 0.008 ng/mL). The indicator
dye 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-Gal) was used at a final concentration of
40 or 60 pg/mL in the agar medium. Lactose-containing MacConkey agar (Difco) was supplemented
with appropriate antibiotics when required. Deletion derivatives used in this study of hsIV, hsiIl,
A(hslVU), AlapB and A(lapA/B) have been previously described [17,27]. AlapC190 strain was constructed
using A-Red mediated recombineering [65].

4.2. The Identification of Multicopy Suppressors Whose Overexpression Prevents Lethality of AlapA/B Bacteria

The genomic library of all predicted ORFs of E. coli cloned in pCA24N vector was used to transform
A(lapA lapB) strain SR17187 [17]. Transformants were plated under non-permissive growth conditions
of LA medium at 37 and 42 °C in the presence of 75 uM IPTG. Bacterial cultures were grown from
such suppressing clones and used to retransform SR17187 to verify the suppression. DNA insert of all
relevant plasmids that yielded reproducible results was sequenced. To further validate the suppression
by overexpression of either the hslV gene alone or co-expression of hsIVU, previously described
plasmids were used [27]. For the induction of HsIVU proteins, the minimal coding region of the operon
was amplified by PCR using the chromosomal DNA from the wild-type BW25113 strain as a template
and cloned in expression vectors such as pTTQ18 or pET24b (Table S1).

4.3. Identification of the lapC Gene Based on the Isolation of Mutations That Either Induce Transcription from
the LPS-Responsive rpoEP3-lacZ Fusion or Suppressor a lapB Deletion

Saturated pools of mini-Tn10 Kan transposon mutants were generated on LA medium at 30 °C
as described previously [66]. A bacteriophage P1 was grown on such pools and transduced into
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strains SR18868 and SR18987 [18] carrying derivatives of the chromosomal single-copy rpoEP3-lacZ
promoter fusion and subjected to chemical mutagenesis. This promoter was chosen as it specifically
responds to severe defects in LPS biosynthesis and is also activated by the Rcs two-component
system [18]. Colonies that exhibited a Lac up phenotype (deep blue colonies) on X-Gal-supplemented
plates were patched at 30 °C. Approximately more than 80,000 colonies were replica plated at 42 °C.
Tn10-linked point mutations that conferred a concomitant temperature-sensitive phenotype (Ts) unable
to grow at 42 °C and were simultaneously up-regulated for the activity of the rpoEP3-lacZ promoter
fusion were retained. To make selection more stringent, Lac up and Ts isolates were streaked on
MacConkey agar at 37 °C and on LA agar supplemented with 0.008 ug/mL of the LpxC inhibitor
CHIRO090 at 30 °C. Only those candidates that exhibited simultaneous Ts phenotype, unable or poor
growth on MacConkey agar, sensitive to growth inhibition by the sub-lethal concentration of the
CHIRO090 inhibitor and increased the activity of rpoEP3-lacZ promoter fusion were further verified
by bacteriophage P1-mediated transductions and measurement of p-galactosidase activity of the
rpoEP3-lacZ fusion. To identify the mutated gene, the position of linked Tn10 insertion was obtained by
sequencing of chromosomal DNA using either inverse PCR as described earlier [17] or sub-cloning of
Tn10 from recombinant cosmid clones that complement the mutation causing LPS defects (see below).
Tn10 insertion or linked Tn10 point mutations mapping to the main biosynthetic waa locus [67] or to
other known LPS biosynthetic genes were not followed.

In parallel, we sought extragenic suppressors of a AlapB or AlapA/B derivative in W3110 strain.
We have earlier reported that a AlapB derivative is not tolerated in W3110 unless an extragenic
suppressor mutation is present. Most of those suppressors were found to synthesize deep-rough LPS
(WaaC chemotype). Here we repeated several transductions and screened for AlapB derivatives in
W3110 that synthesize normal amounts of LPS based on reactivity with WN1-225-5 antibody. One such
suppressor mutation defined a strain SR8348 and was found by sequence analysis to have AlapB
lapC377fs genotype and was further characterized.

4.4. Mapping and Complementation of MacConkey-Sensitive, rpoEP3 Hyperactive and
Temperature-Sensitive Mutations

To perform complementation and identify mutated gene, a previously described cosmid library
in the single-copy vector was used to transform Ts mutants. Complementing cosmids were obtained
by the restoration of growth at 42 °C on MacConkey agar. Plasmids that could recombine mini-Tn10
and restore growth of Ts mutants on MacConkey agar were used for subcloning and DNA sequencing
of cloned inserts. Five Tn10-linked Ts mutants mapping at 49 min on the genetic map of E. coli
with the rpoEP3-lacZ up phenotype and unable to grow on MacConkey agar that identified the lapC
gene were further followed. To identify the mutation, the chromosomal DNA of the lapC gene and
its adjoining regions was PCR amplified with appropriate oligonucleotides (Table S2) and its DNA
sequence analyzed.

4.5. The Isolation of Extragenic Suppressors of lapC Mutants and Their Mapping

As lapC F349S, lapC377fs and lapC190 bacteria exhibit the Ts phenotype (inability to grow above
42 °C), several independent cultures of each strain were grown in LB at 30 °C and portions of each plated
at 43 °C to seek for temperature-resistant colonies. In parallel in a similar manner, suppressors that
restore growth on MacConkey agar were selected by directly plating cultures of lapC mutant bacteria
on such a selective medium. After verification for their growth at non-permissive growth conditions,
mutations were marked with mini-Tn10 Kan and verified that the Tn10-linked suppressor mutation
breeds true. The abovementioned cosmid library was used to identify cosmid clones that can recombine
linked Tn10 Kan, which were used to group 26 out of 29 suppressors in three complementation groups.
This was further substantiated by additional transductions with defined mutations in linked genes.
To further validate this approach, chromosomal DNA of all 29 suppressor strains was isolated and used
to PCR amplify candidate genes. In the first series of experiments, chromosomal DNA of 29 suppressors
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served as a template to amplify the coding and adjoining regions covering the IpxC gene. Chromosomal
DNA isolated from suppressors belonging to other two complementation groups were next used to
PCR amplify the lapA/lapB operon, including the promoter region, and the ftsH gene. PCR products
were sequenced using appropriate oligonucleotides listed in the Table S2.

4.6. Bacterial Growth Analysis and Measurement of B-Galactosidase Activity

For the quantification of bacterial growth, exponentially grown cultures were adjusted to an optical
density ODsg5 of 0.1 and ten-fold dilutions were spot tested on agar plates at different temperatures.
Five pL of each dilution was spotted and bacterial growth analyzed after incubation for 24 h at
indicated temperatures. To measure the p-galactosidase activity, isogenic cultures of the wild type
and its derivatives with a specific lapC mutation carrying rpoE-lacZ promoter fusions were grown
overnight under permissive growth conditions. Cultures were adjusted to an optical density ODsg5
of 0.05, allowed to grow at 30 °C for another 45 min. Aliquots of cultures were taken after different
intervals as indicated and analyzed for $-galactosidase activity as described previously [11]. For each
assay, three independent cultures were used and average of each were plotted.

4.7. LPS Extraction, Mass Spectrometry and Measurement of LPS Levels

An equivalent amount of bacterial cultures grown up to an ODsg5 of 0.5 were harvested by
centrifugation. Pellets were resuspended in 1X sample buffer, boiled for 10 min, followed by digestion
with Proteinase K to obtain whole cell lysates. Equivalent portions of such whole cell lysates were
applied to a 14% SDS-Tricine gel. After the electrophoresis LPS was transferred by Western blotting.
Immunoblots were probed for LPS amounts using the WN1-222-5 monoclonal antibody [50] and
revealed by chemiluminescence kit from Thermo Scientific (Warsaw, Poland).

Bacterial cultures (400 mL to 1 L) were grown in phosphate-limiting medium, harvested by
centrifugation and pellets were lyophilized. For the LPS analysis, lyophilized material was dispersed
in water by sonication and resuspended at a concentration of 2 mg/mL and LPS was extracted by the
phenol/chloroform/petroleum ether procedure [68]. Electrospray ionization-Fourier transform ion
cyclotron (ESI-FT-ICR)-mass spectrometry was performed on intact LPS in the negative ion mode using
an APEX QE (Bruker Daltonics, Breman, Germany) equipped with a 7-tesla actively shielded magnet
and dual ESI-MALDI. LPS samples were dissolved at a concentration of ~10 ng/uL and analyzed as
described previously [11,69]. Mass spectra were charge deconvoluted, and mass numbers given refer
to the monoisotopic peaks.

4.8. Immunoblotting to Measure Amounts of LpxC, LapB and FtsH

The isogenic bacterial culture of wild type and its derivatives carrying various extragenic
suppressor mutations and as controls AlapA/B, AftsH sfhC21 were grown in either LB or M9 minimal
medium at 30 °C to an ODsg5 of 0.5. Equivalent amounts of proteins were applied to a 12% SDS-PAGE
and proteins transferred by Western blotting. Blots were probed with polyclonal antibodies against
LpxC, FtsH and LapB as described previously. Custom made LapB-specific antibodies were made by
Cusabio (Wuhan, China) and used at a dilution of 1:5000. The WN1-225 monoclonal antibody [50] was
used at a dilution of 1:10,000. Blots were revealed by chemiluminescence kit from Thermo Scientific as
per manufacturer’s instructions.

4.9. Purification of LapC and LapB

To co-purify LapA and LapB proteins, the minimal coding region of lapA/B operon was cloned
into the low-copy T7 promoter-based pDUET expression vector (Novagen, Warsaw, Poland) with
in-frame deca-His tag at the N-terminus of LapA. The expression of lapA/lapB genes was induced in
BL21 (DE3) derivative by the addition of either 100 or 500 uM IPTG at an ODgqg 0.2 in 1-L culture
medium. For the induction of LapC, the cloned gene in the T7 promoter-based pET28b vector was
used and the expression induced with the addition of 200 uM IPTG. Cultures were harvested by
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centrifugation at 12,000 rpm for 30 min. Pellets were resuspended in B-PER reagent (Pierce) containing
50 mM NaH;POy, 300 mM NaCl, 10 mM imidazole. This mixture was supplemented with lysozyme to
a final concentration of 200 pug/mL, a cocktail of protease inhibitors (Sigma) and 30 units of benzonase
(Merck, Poznan, Poland). The mixture was incubated on ice for 45 min with gentle mixing. The lysate
was centrifuged at 45,000% g for 30 min at 4 °C and pellets containing IM and OM proteins retained.
LapA/B and LapC proteins were extracted using 2% octyl-f-D-glucoside for solubilization for IM
proteins in the presence of PMSF and a cocktail of protease inhibitors. Solubilized IM proteins were
applied over nickel-nitrilotriacetic acid beads (Qiagen, Geneva, Switzerland) and Lap proteins eluted
essentially as described earlier [17].

4.10. RNA Purification and gqRT-PCR Analysis

To measure the mRNA abundance at different temperatures, the bacterial culture of wild-type
strain BW25113 were grown at 30 °C in LB rich medium to an ODg of 0.1. For the heat shock, aliquots
were immediately shifted to prewarmed medium held at 42 °C and incubated for another 15 min.
Equivalent amounts of culture samples were collected from cultures grown at 30 °C and after the heat
shock of 42 °C, and harvested by centrifugation. Total RNA was extracted by hot phenol extraction as
described previously [70]. Purified total RNA was treated RQ1 DNase (Promega, Madison, WI, USA) to
remove any genomic DNA and ethanol precipitated. Pellets were resuspended in DEPC-treated water.
RNA amounts were quantified and RNA integrity verified by agarose gel electrophoresis. gRT-PCR was
used to quantify changes in the lapC gene expression before and after the heat shock treatment. Routinely,
2 ug of purified mRNA was converted to cDNA using iScript Reverse Transcription Supermix from
Bio-Rad (Warsaw, Poland). qRT-PCR was performed using CFX Connect Real-Time PCR Detection
System (Bio-Rad) as described previously [71]. Data were analyzed by Bio-Rad CFX Maestro software.

Supplementary Materials: The following are available online at can be found at http://www.mdpi.com/1422-
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Abbreviations

L-Ara4dN  4-Amino-4-deoxy-L-arabinose
CHIR090  N-Aroyl-L-threonine hydroxamic acid

ESI Electrospray ionization

FabZ R-3-Hydroxymyristoyl acyl carrier protein dehydratase

FT-ICR Fourier transform-ion cyclotron

Kdo 3-Deoxy-a-p-manno-oct-2-ulosonic acid

LPS Lipopolysaccharide

LpxC UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine deacetylase
P-EtN Phosphoethanolamine

TPR Tetratricopeptide repeat
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Abstract: Consistent with a role in catalyzing rate-limiting step of protein folding, removal of genes
encoding cytoplasmic protein folding catalysts belonging to the family of peptidyl-prolyl cis/trans
isomerases (PPIs) in Escherichia coli confers conditional lethality. To address the molecular basis of
the essentiality of PPIs, a multicopy suppressor approach revealed that overexpression of genes
encoding chaperones (DnaK/] and GroL/S), transcriptional factors (DksA and SrrA), replication
proteins Hda/DiaA, asparatokinase MetL, Cmk and acid resistance regulator (AriR) overcome some
defects of A6ppi strains. Interestingly, viability of A6ppi bacteria requires the presence of transcriptional
factors DksA, SrrA, Cmk or Hda. DksA, MetL and Cmk are for the first time shown to exhibit
PPlase activity in chymotrypsin-coupled and RNase T1 refolding assays and their overexpression
also restores growth of a A(dnaK/J/tig) strain, revealing their mechanism of suppression. Mutagenesis
of DksA identified that D74, F82 and L84 amino acid residues are critical for its PPlase activity
and their replacement abrogated multicopy suppression ability. Mutational studies revealed that
DksA-mediated suppression of either A6ppi or AdnaK/] is abolished if GroL/S and RpoE are limiting,
or in the absence of either major porin regulatory sensory kinase EnvZ or RNase H, transporter TatC
or LepA GTPase or P;-signaling regulator PhoU.

Keywords: prolyl isomerase; protein folding; RNA polymerase; DksA; heat shock proteins; DnaK/J;
GroL/S; RpoE sigma factor; RNase H; LepA

1. Introduction

To be functionally active, all newly synthesized polypeptides must rapidly fold into their native
three-dimensional structure. It is now established that, right from the synthesis of a polypeptide from
its nascent chain stage until it achieves its native structure, its maturation is to a large extent dependent
on several factors. In bacteria, e.g., Escherichia coli, as well as in other organisms, these factors are
molecular chaperones and folding catalysts, whose requirements vary, depending on the individual
functional or folding requirement of client protein(s). In the cytosol, despite the molecular crowding,
productive folding in the cell is achieved via some common strategies. Partially folded protein
segments are bound by molecular chaperones to prevent their aggregation/misfolding and critical slow
folding steps are accelerated by folding catalysts such as peptidyl-prolyl cis/trans isomerases (PPls) and
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thiol-disulfide oxidoreductases, belonging to the protein disulfide isomerase (PDI) family, to reduce
the accumulation of aggregation-prone folding intermediates [1,2].

Most of the peptide bonds in proteins are present in the trans configuration, since trans isomers are
energetically more favorable than cis ones. However, proline is one exception, since it is an N-alkylated
amino acid that creates an imidic peptide bond [3]. For the peptide bonds preceding proline,
steric hindrance is comparable between two isomers. They are nearly isoenergetic (about 0.5 kcal/mol
of free energy difference) and hence both conformations are thermodynamically possible [4,5]. Globally,
around 7% proline residues are present in the cis conformation in different proteins in all three domains
of life [6]. However, nonnative form of prolyl bond in a polypeptide chain can retard the completion of
folding 103-10°-fold [7]. PPIs are the only enzymes known thus far that can stabilize the transition
state (high-energy state with w around 90°) separated from the ground state by a difference in a
torsional angle [3-7]. Thus, there is a requirement for PPIs to accelerate reactions that are rate-limited
by the prolyl bond isomerization. PPIs are ubiquitous enzymes present in all organisms, virtually in
all cell compartments and three families are known: the cyclophilins [8], the FK506-binding proteins
(FKBPs) [9] and the parvulins [10]. The E. coli cytoplasm contains six PPIs, which cover all three
families. However, their in vivo physiological requirement and specific substrates that require the
PPlase activity have not been fully addressed.

We recently described the construction of strains devoid of all PPIs and showed that strains
lacking all six cytoplasmic PPIs exhibit the synthetic lethality at high and low temperatures in rich
medium [1]. Such A6ppi bacteria elicit a high propensity to accumulate proteins in the aggregation
state and their identity revealed defects in folding of proteins involved in several essential processes.
These include transcriptional-related proteins such as RNA polymerase subunits, the termination factor
Rho, enzymes involved in metabolic processes and protein synthesis and those related to oxidative
stress and DNA repair system. Several proteins that were identified to aggregate in A6ppi bacteria were
found to be common to known aggregation-prone proteins in strains lacking the DnaK/J chaperone
system [1]. Interestingly, measurement of the PPlase activity of a strain lacking all ten PPIs revealed a
residual PPlase activity, suggesting the presence of some previously unknown PPI(s) [1].

In this work, we used stringent high temperature and cold sensitive phenotypes of A6ppi bacteria
to isolate multicopy suppressors that rescue some of their phenotypic defects (Figure 1). The results
of such experiments reveal that overexpression of major chaperone systems (GroL/S and DnaK/]),
transcriptional factors (DksA and SrrA), the cytidylate kinase Cmk and the aspartokinase MetL
restored the growth of A6ppi strains under non-permissive growth conditions (Figure 1). Interestingly,
DksA, Cmk and MetL were shown to exhibit the PPlase activity as well as suppress growth defects
of a A(dnaKJ/J tig) strain. This PPlase activity was inhibited by the FK506 macrolide and mutations
abrogating DksA’s PPlase activity were identified and shown to be defective in suppressing growth
defects of Aéppi and A(dnaK/] tig) derivatives under non-permissive growth conditions. We further
performed saturated mutagenesis in a dksA-overexpressing strain to isolate trans-acting mutations that
block the multicopy suppression by DksA of A6ppi and A(dnaK dnaj) strains, revealing a requirement
for the intact GroL/S chaperone system, the RpoE sigma factor, the RNase H involved in genome
integrity, the translation GTPase LepA and the TatC protein involved in protein translocation (Figure 1).
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Figure 1. Schematic presentation of approach employed to identify factors that are limiting in A6ppi
and A(dnaK|/] tig) bacteria using multicopy suppressor approach. This identified several factors,
whose overexpression can rescue their lethal phenotype. This identified transcription factor DksA,
aspartokinase MetL and cytidylate kinase Cmk as common factors whose overproduction can restore
growth and these factors also exhibit peptidyl cis/trans prolyl isomerase activity. Further, DksA-mediated
suppression requires wild-type levels of GroL/S and RpoE, and it is abolished when either genome
integrity is compromised in the absence of RNase H or in the absence of translational GTPase LepA or
when cell envelope homeostasis is dysfunctional.

2. Results

2.1. A6ppi Mutant Bacteria Exhibit the Sensitivity towards Antibiotics, Membrane-Destabilizing Factors and
the DNA-Damaging Agent Nalidixic Acid

It has been demonstrated that collectively the cytoplasmic PPlase activity is essential for the
bacterial viability under optimal growth conditions [1]. To further understand the molecular basis
of essentiality of cytoplasmic PPIs in E. coli, we examined growth properties and various defects
exhibited by strains lacking six cytoplasmic PPIs. Besides cold- and temperature-sensitive phenotypes,
Ab6ppi bacteria also reveal the sensitivity to mild challenge with ethanol (4%), membrane-destabilizing
factors such as SDS (1%), deoxycholate (0.75%), vancomycin (60 pg/mL), erythromycin (12 pg/mL) and
tetracycline (1.5 pg/mL) and aminoglycosides such as kanamycin (2 ug/mL) (Table 1). Quite strikingly,
Ab6ppi bacteria exhibit hypersensitivity to the DNA-damaging agent nalidixic acid (Nal) (inability to
grow above 2 pg/mL) on either M9 minimal medium or Luria Agar (LA) medium at 37 °C as compared
to a ASppi A(ppiB fkIB tig slyD ppiC) strain (Figure 2). Nal is known to introduce both DNA-protein
adducts and double-strand breaks by targeting the DNA gyrase and stabilizes gyrase-DNA cleavage
complexes [11]. Such adducts can cause a barrier to DNA replication, transcription and chromosomal
fragmentation [12]. The sensitivity of A6ppi bacteria to Nal suggests that PPIs might be required for
folding of some components of the DNA replication/repair system and transcriptional apparatus.
Overall, these results lead us to conclude that the PPlase activity is essential for the optimal growth
and maintenance of the genome integrity.
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Table 1. The sensitivity of a A6ppi derivative on M9 medium supplemented with different agents at
37 °C. Exponentially grown cultures were adjusted to an optical density ODggg of 0.2 and spot diluted.
Numbers indicate the colony forming units of a A6ppi derivative as compared to the wild type.

Ethanol SDS Deoxycholate =~ Vancomycin  Erythromycin  Tetracycline Kanamycin
4% 1% 0.75% 60 ug/mL 12 ug/mL 1.5 ug/mL 2 ug/mL

wildtype  8x108  3x10% 6 x 108 2% 108 6x 108 3% 108 7 x 108
A6ppi 2 x 102 3 x 102 - - - 3 x 102 1 x 10?

Strain

10!
102
102
104

105

M9 37°C M9 +Nal 2 ug/mL 37°C LA 37°C LA+Nal 2 pg/mL 37°C

Figure 2. A6ppi bacteria exhibit the sensitivity to nalidixic acid (Nal) on either M9 minimal medium or
Luria Agar (LA) medium. Exponentially grown cultures of the wild type and its isogenic A5ppi and
A6ppi derivatives were adjusted to an optical density ODggg of 0.1 and serially spot diluted on M9
minimal medium and LA medium with or without supplementation with 2 ug/mL Nal. Plates were
incubated at 37 °C for 24 h. Data presented are from one of the representative experiments.

2.2. Factors Limiting for the Viability of A6ppi Mutant Bacteria

We recently reported the construction of suppressor-free strains lacking all six cytoplasmic PPIs
and showed that such bacteria are viable on M9 minimal medium at 37 °C, but unable to grow on
rich medium at either low temperature (23 °C) or at temperatures above 37 °C [1]. To understand
the molecular basis of growth defects of A6ppi mutant bacteria, a multicopy suppressor approach
was undertaken in the A6ppi strain, using phenotypic defects such as the temperature-sensitive (Ts)
phenotype and those with sensitivity towards detergents, ethanol, vancomycin and erythromycin.
Two different multicopy libraries were employed. In one approach, plasmid DNA pools from the
ASKA collection of single ORFs expressed from the tightly regulated IPTG-inducible Prs-lac promoter
in the vector pCA24N [13] were introduced into the A6ppi strain SR18292. Transformants were
selected for the restoration of growth on LA medium supplemented by 75 uM IPTG at different
non-permissive growth conditions. The concentration of IPTG used for the controlled induction
of expression of different genes was optimized as reported earlier [14,15]. In the second approach,
a plasmid library in a p15A-based vector was constructed and upon transformation used to select for
multicopy suppressors [16]. This library was constructed from the genomic DNA of Aéppi bacteria and
introduced into the strain SR18292, selecting for the restoration of growth under non-permissive growth
conditions. The construction of this library was necessitated to enrich the selection and allow cloning
of those genes, which are organized as operons and whose products work together. The plasmid DNA
was isolated from obtained suppressing clones and used to retransform the parental A6ppi strain to
confirm the restoration of growth under non-permissive growth conditions. DNA sequence analysis
identified several genes, whose overexpression allowed the growth on rich medium (at either high or
low temperature) and suppressed the sensitivity towards different agents albeit to a different extent
(Table 2). The extent of suppression was quantified by spot-dilution assays under different growth
conditions in the presence of 75 uM IPTG as an inducer of gene expression, when plasmids from
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the ASKA collection were used (Figure 3). Some of the prominent genes encode well-characterized
members of protein folding machinery (DnaK/J, GroL/S) (Table 2).

Table 2. Multicopy suppressors that restore the growth of A6ppi strains under different conditions.

Growth conditions

Gene  plc wc  aec  amc wscc VB pec Function

metL +2 + + + + + V/Er +sc aspartokinase
dksA - - +b + + -¢ + transcription
srrA - +sc + + + + Et + transcription
yifN - +sc + + + + Er + proteolytic

cmk + + + + + + Et/Er/V + DNA synthesis

hda + + +sc - - + Et/Er + replication

diaA + + + - - + Et/Er + replication
dnaKJ/] + + + + + NT - chaperone
grol/S - + sc + + + NT + chaperonin
mgsA - + + + + + Er + antitoxin

yceD - + + - - +V + stress response
ariR + + + + + Er +sc stress response
pepA + + + +sc - + proteolytic

ber + + + - - + Et/Er - peptide transport
cspC - + + +sc +sc - + stress response

hha - - - - - + Er + transcription with mgs
mppA + + +sc - - + V/Er - murein binding
yecaD + + +sc - - + V/Er - transport

murl +sc + + - - + Et/Ex/V - peptidoglycan
nudE - + + - - + Et/Er - nudix

nud] + + - - - - nudix

yigB + - - - - - riboflavin

yejWw - - + - - + Er - transcription
gadW +sc + +sc - - +Er - acid resistance
ydgC + + + + - + Er - GlpM family
yhaM - - + - - - - cysteine detoxification
preT - - + - - - - pyrimidine metabolism

Additional suppressors, which restored the growth by 10-fold on LA at 37 °C (+), include hchA, hslO, ilvB, rluB, cspH,
argA, msyB, ddpF and intQ. However, the msyB gene was also isolated as a multicopy suppressor for the growth on
M9 minimal medium with glycerol as the sole carbon source. +? indicates the wild type-like growth efficiency of
plating close to 1. + indicates up to 50% growth as compared to the wild type. -© indicates the inability to support
the colony forming capacity. Note overexpression of dnaK/] and groS/L genes restores the growth at 42 °C, but not
above 43 °C. sc, small colonies; NT, not tested; V, vancomycin (75 pg/mL); Et, ethanol (4.5%); Er, erythromycin

(15 pg/mL).
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Figure 3. Identification of genes whose overexpression can restore the growth of A6ppi bacteria at
different temperatures. Exponentially grown cultures of the wild type and its isogenic A6ppi derivatives
transformed with either the vector pCA24N or the same vector expressing a specific gene under the
control of IPTG-inducible promoter were grown at 37 °C in M9 minimal medium. Cultures were washed
and adjusted to an optical density ODgg of 0.1 and serially spot diluted on M9 minimal medium and
LA medium in the presence of 75 uM IPTG. (A,B) The growth of different strains expressing a specific
gene with the indicated genotype, whose overexpression confers a varying degree of suppression
depending upon temperature of incubation and growth medium.

Other multicopy suppressor-encoding genes include predicted or known transcription regulators
[dksA, strA (yheO), ariR, ycjW], an antitoxin mgsA and its potential interacting partner hha, while others
are involved in DNA replication (diaA, hda), DNA/RNA synthesis (cmk), stress response and acid
resistance (ariR, gadW, yceD, cspC), amino acid biosynthesis (mmetL), proteolytic turnover (yjfN, pepA),
peptide transport (ber, mppA, ddpF), peptidoglycan biosynthesis (murl) and nudix protein-encoding
genes nudE and nudG (Table 2, Figure 3 and Supplementary Figure S1). At high temperature (42 °C),
dnaK/] and groS/L operons, dksA, srrA, yjfN, mqsA, ariR, pepA and cspC were found to be major
suppressors, whose overexpression restored the growth on rich medium with the efficiency of plating
nearly to the wild-type level as determined by spot-dilution assays (Table 2, Figures 3 and 4A).
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LA 37°C LA+Nal 1.5 ng/mL 37°C LA 42°C

(A)

1 0.1
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0%

M8 37°C Mg +Nal 2.5 ng/mL 37°C Mg 42°C M9 +Nal 2.5 ng/mL 42°C
(B)

Figure 4. Overexpression of either the dksA gene or the srrA gene or the dnaKj/J operon can rescue the
sensitivity of A6ppi bacteria to nalidixic acid (Nal) to varying levels depending upon growth conditions.
Exponentially grown cultures of the wild type and its isogenic A6ppi derivatives transformed with
the vector pCA24N alone, the plasmid expressing either the dksA gene or the srrA gene or the dnaK/J
operon were grown as described in the legend to Figure 3 and the bacterial growth measured on either
LA medium (A) or on M9 medium (B) at indicated temperature. The concentration of Nal, when added
to growth medium, is depicted. For the induction of gene expression, 75 uM IPTG was added.

Among these, overexpression of dksA, srrA, metL, cspC and yjfN restored the wild type-like growth
even up to 43.5 °C, conditions at which overexpression of either the dnaK/] or the groS/L genes confer
only a partial suppression (Figure 3, Table 2 and Supplementary Table S1). Among various multicopy
suppressors, overexpression of the metL gene encoding the aspartokinase II uniquely restored the wild
type-like growth at low and high temperatures on LA medium (Figure 3). However, on M9 minimal
medium at 43.5 °C, the metL overexpression does not provide the same relief as was observed on LA
medium, although at 42 °C the restoration of growth of A6ppi bacteria was nearly to the wild-type level
in either LA or M9 medium. The srrA gene is annotated as the yheO ORF with the unknown function.
However, sequence examination of its coding sequence predicts it to be a DNA-binding transcriptional
regulator and was designated SrrA (Stress Response Regulator A) based upon further characterization.
It is worth noting that in multicopy the dksA gene does not exert any noTable Suppression at 37 °C or
below, although it restores the growth at 43.5 °C with the efficiency of plating close to the wild type
(Table 2 and Figures 3 and 4). At low temperatures such as 23 or 30 °C, overexpression of diaA, hda,
ariR, pepA and ydgC genes restored the wild type-like growth (Figure 3 and Supplementary Figure S1).
Other multicopy suppressors that partially overcome the conditional lethality of A6ppi bacteria include
products of heat shock genes such as Hsp33 and HchA, the cysteine detoxification protein YhaM and
the RluB pseudouridine synthase (Table 2).

Regarding the suppression of sensitivity to erythromycin (15 pug/mL), ethanol (4.5%) and
vancomycin (75 pg/mL), a multicopy plasmid library was used as described above, selecting for
the restoration of growth of A6ppi bacteria on M9 minimal medium at 37 °C in the presence of either
of these agents. DNA sequence analysis of suppressing clones after retransformation revealed that
overexpression of cmk, srrA, hda, diaA, ber, murl and ddpF nearly restored the wild type-like growth of
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A6ppi bacteria on M9 minimal medium at 37 °C in the presence of supplemented ethanol (4.5%) in the
growth medium (Table 2). Interestingly, metL, hda, srrA, cmk, yjfN and bcr genes were again identified
in the independent selection of multicopy suppressors for the restoration of growth in the presence of
erythromycin antibiotic, in addition to ariR, gadW, ycjW, mppA and murl genes (Table 2). Concerning the
selection of multicopy suppressors for the vancomycin sensitivity, diaA, srrA, cmk, metL, yceD, mppA and
murl were cloned in this selection (Table 2). Interestingly, we also cloned the eptB gene, whose product
is required for the modification of inner core of lipopolysaccharide by phosphoethanolamine [17], as a
multicopy suppressor for the suppression of vancomycin sensitivity. Thus, several genes such as srrA,
hda, diaA, metL and cmk were cloned in multiple approaches that overcome several defects of A6ppi
bacteria and hence identify factors that are limiting in such PPIs-lacking bacteria.

2.3. Owverexpression of Either the srrA Gene or the dksA Gene Suppresses the Sensitivity of Abppi Bacteria
to Nal

As A6ppi bacteria exhibit hypersensitivity to Nal, we tested if any of the major multicopy
suppressors can also restore the growth on medium supplemented with Nal. Towards this goal,
we mainly tested the effect of overexpression of dksA, srrA and dnaKJ/J, since they are among the most
prominent multicopy suppressors of growth defects of A6ppi bacteria (Figures 3 and 4A and Table 2).
At 37 °C, overexpression of either dnaK/J or srrA genes restored the growth of A6ppi bacteria on M9
medium supplemented with 2.5 pg/mL of Nal nearly to the wild-type level, thereby suppressing the
Nal-sensitivity phenotype (Figure 4B). In LA medium, when supplemented with 1.5 pg/mL of Nal,
only overexpression of dnaK/[ was able to suppress the Nal sensitivity at 37 °C (Figure 4A). However,
at 42 °C, overexpression of either the dksA or the srrA gene could rescue the growth on M9 medium
supplemented with Nal (Figure 4B). These results thus allow us to conclude that the Nal sensitivity
can be overcome by overexpression of either dksA or srrA genes and only partly by overexpressing
dnaK/J genes up to a temperature of 37 °C.

2.4. The Essentiality of DksA, SrrA, MetL and Hda for the Viability of A6ppi Bacteria and Synthetic Growth
Defects with Acmk and AhchA

If indeed any of the products of genes encoding different multicopy suppressors identified in
above studies are limiting for the growth of A6ppi bacteria was investigated by introducing deletion
mutations of their cognate genes in the A6ppi strain. The results of such experiments reveal that
dksA, srrA, metL and hda genes are indispensable for the growth of A6ppi bacteria such as SR18292
as their deletion combinations were lethal (Table 3). The deletion of either the dksA gene or the srrA
gene or the hda gene or the metL gene could be introduced in A6ppi bacteria on LA medium at 37 °C
only if the wild-type copy of the corresponding gene was present on the plasmid. However, it is
worth noting that a deletion of the metL gene can be tolerated on M9 minimal medium (supplemented
by 0.2% casamino acids), but not of either the srrA gene or the dksA gene in the A6ppi background.
Supplementation of casamino acids was necessary, since AdksA bacteria being auxotrophic do not grow
on minimal medium without amino acids. A AhchA mutation could be introduced into SR18292 on
M9 minimal medium. Even on M9 minimal medium A(6ppi hchA) bacteria form small colonies and
further exhibit synthetic growth defects (attenuated growth on LA medium with small colonies after
the prolonged incubation of more than 24 h at 37 °C) (Table 3). Among other deletion derivatives of
multicopy-suppressing genes, A(6ppi cmk) transductants were obtained only after the incubation of
more than 48 h (Table 3) and hence Cmk is also a limiting factor. The lack of either Hda or Cmk in
Ab6ppi bacteria could exacerbate DNA replication/synthesis defects and can account for the lethality
and synthetic growth defects.
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Table 3. The essentiality of dksA, srrA, hda, cmk, metL genes and a partial requirement for HchA in
Ab6ppi strains.

Number of Transductants in A6ppi Strains Obtained Either in the Presence or Absence of Covering
Wild-Type Plasmid-Born Gene

Gene BW25113 LA/M9 + CAA 37 °C MC4100 LA/M9 + CAA 37 °C
Ahda 9 6
Ahda +phda+ 1234 1146
AdksA 8% small non-viable colonies
AdksA+pdksA* 1436 1598
srA 7 455 small colonies after 48 h, cold
sensitive at 23 °C and 30 °C
srrA+psrrA* 1255 1376
metL 11* 23
metL+pmetL* 1830 1941
cmk 136 small colonies after 48 h 254 small colonies after 48 h
cmk+pcmk* 1575 945
hchA 312 small colony size 380 after 48 h (however, viable on M9)
hchA+phchAJr 1174 1470

* Additional non-viable transductants obtained when either AdksA or AmetL were introduced, which do not
grow upon streaking. Note viable very small colony-sized transductants were obtained at the normal frequency,
when AariR, AcspC, ApepA or AycjW were introduced in the A6ppi background after 24 h incubation. The comparable
transductional frequency with or without covering the plasmid obtained when either AdiaA or AyjfN were introduced.
CAA indicates supplementation of minimal medium by 0.2% casamino acids.

To reinforce the results of the essentiality of the dksA gene in A6ppi bacteria, a strain SR20355
(dksA::cm htrE::tet) was constructed. This strain served as a donor in bacteriophage P1-mediated
transductions to score for co-transduction of dksA and htrE null alleles in the wild type and its A6ppi
derivative SR18292. The htrE gene is >90% linked to the dksA gene [18]. The deletion of the htrE gene
does not confer any growth phenotype at 37 °C in either the wild type or its A6ppi derivative and
could be transduced at the same frequency in both strains (Table 4). However, none of the htrE:tetR
transductants were found to carry dksA::cm in A6ppi, while >90% of tet® transductants in the wild type
were of the (htrE:tet® dksA::cm) genotype (Table 4). These genetic experiments unambiguously prove
that the dksA gene is indispensable for the viability of A6ppi bacteria.

Table 4. The essentiality of the dksA gene in Abppi as determined by the linked htrE mutation.

Number of Transductants with Selection for Tetracycline Resistance

Donor Recipient
BW25113 A6ppi
htrE::tet 873 tetR 912 tetR
htrE::tet dksA::cm 940 tetR 922 tetR
(870 cmR) (0 cm®)

Interestingly, AdiaA and AyjfN could be transduced into A6éppi strains without any
additional deleterious phenotype. Concerning other candidates, the majority of remaining genes,
whose overexpression restores the growth of A6ppi bacteria, were also found to be required for the
optimal growth, since their null combination derivatives conferred a small colony size morphology.
However, in such combinations, the transduction frequency in a A6ppi strain is comparable to that
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when the parental wild-type strain was used as a recipient. Such a synthetic growth defect was
specifically observed, when null alleles of ariR,r pepA, ycjW or cspC were introduced into the A6ppi
strain SR18292. However, it should be noted that in MC4100 A6ppi derivatives (GK4649 or SR18255)
the requirement of some of the genes that act as multicopy suppressors is not very stringent (Table 3).
For example, a deletion of the sr7A gene that was conditional as A(6ppi srrA) confers a cold-sensitive
phenotype at 30 °C or below, but is viable at 37 °C, although the colony size is severely diminished on
minimal medium. Thus, in summary, we can conclude that functions of DksA, SrrA, MetL and Hda
are essential for the survival of A6ppi bacteria, and AhchA and Acmk deletions are very poorly tolerated
in A6ppi derivatives; hence, HchA and Cmk proteins are limiting in A6ppi bacteria.

2.5. Overexpression of Either the dksA Gene or the cmk Gene or the metL Gene Also Restore the Growth of a
A(dnaK dna] tig) Strain

It has been previously reported that strains that simultaneously lack the ribosome-associated
PPI Tig and the chaperones encoded by dnaK and dnaJ genes exhibit the synthetic lethality on rich
medium (LA) at 30 °C and above [19,20]. This phenotype is reminiscent of the synthetic lethality
exhibited by A6ppi bacteria at 30 °C on LA medium [1]. Furthermore, the majority of proteins that
aggregate in A6ppi bacteria are common to strains lacking DnaK/J chaperones [1]. This prompted us to
construct A(dnaK dnaj tig) derivatives under permissive growth conditions of M9 minimal medium
at either 23 °C or 30 °C and seek multicopy suppressors that restore the growth of such a strain on
LA medium at 30, 34 or 37 °C. Using the complete library of plasmids from the ASKA collection
of single ORFs [13], a A(dnaK dnaj tig) strain was transformed and used to identify genes which,
when overexpressed upon the addition of 75 uM IPTG as the inducer, can restore the growth of such
an attenuated strain under non-permissive growth conditions (LA medium 30, 34 or 37 °C). As the
plasmid library contains all the protein-coding genes, this selection for suppressors is saturated. After
the retransformation in a A(dnaK dna] tig) strain, plasmids that bred true were sequenced to identify
the gene whose overexpression can restore the growth of a A(dnaK dnaj tig) strain. This DNA sequence
analysis identified fifteen genes (dksA, cmk, metL, ariR, trmlU, groL, ghoS, rpl], aegA, ytfH, glpB, glyQ,
greB, cohE and murl), whose overexpression restored the growth on LA rich medium albeit to different
extents at 30 °C. Out of these genes, the most promising multicopy suppressors of a A(dnaK dna] tig)
strain on LA medium at 34 °C are: metL, trmlU, cmk, dksA, cohE, groL and ytfH (Figure 5). However,
overexpression of the ariR gene can also effectively restore the growth of a A(dnaK dnaj tig) strain at
30 °C, but not at 34 °C (Figure 5A). At 37 °C, overexpression of metL, cmk, dksA or cohE gene were the
only ones that could restore the colony-forming ability of A(dnaK dnaj tig) derivative (Figure 5). Among
15 multicopy suppressors, overexpression of the greB gene offered only a weaker suppression on LA
medium at 30 °C, but not at higher temperatures. Of interest is the re-cloning of cmk, metL, dksA, groL
and ariR as multicopy suppressors of a A(dnaK dna] tig) strain, which in above studies were isolated
as multicopy suppressors of the growth defect of A6ppi bacteria (Figure 3). These results allow us to
conclude that there exists an overlap in the function of major chaperones and cytoplasmic PPIs in E. coli
and both pathways are dedicated to ensure correct folding of proteins in the cell, consistent with the
accumulation of several common proteins that aggregate in A6ppi and A(dnaK dnaj tig) derivatives [1].
However, not all multicopy suppressors are common to Abppi and A(dnaK dna] tig) bacteria, suggesting
some limiting factors are unique to either of such derivatives.
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Figure 5. Overexpression of either the cmk gene or the dksA gene (A) or the metL gene (B) that act
as multicopy suppressors of A6ppi bacteria can restore the growth of a A(dnaKJ/J tig) strain under
non-permissive growth conditions. Exponentially grown cultures of the wild type and its isogenic
A(dnaK dnaj tig) derivative transformed with either the vector pCA24N alone or the plasmid expressing
the indicated gene were grown in minimal medium at 30 °C. Cultures were washed and adjusted to
an optical density ODggg of 0.1 and serially spot diluted on M9 minimal medium and LA medium at
different temperatures in the presence of 75 uM IPTG.

2.6. DksA, Cmk and MetL Exhibit the PPlase Activity, Explaining Their Mode of Suppression

We previously reported that A10ppi bacteria still retain a weak residual activity, implying that
some unidentified PPI(s) could still exist explaining their viability [1]. We rationalized that multicopy
suppressors that restore the bacterial growth under non-permissive growth conditions of either a A6ppi
strain or A(dnaK/]J tig) bacteria might identify such unknown PPI(s), since the multicopy suppression
mechanism can often act by bypassing a requirement of missing factor, if a similar activity is encoded by
a suppressing factor. Thus, we purified several proteins, which were identified in above experiments,
whose high dosage compensated for the absence of six cytoplasmic PPIs and also restored the growth
of A(dnaK/]J tig) bacteria. Such purified proteins were tested at the biochemical level for the presence of
any PPlase activity in the classical chymotrypsin-coupled assay. All proteins were purified from cell
extracts obtained from a A6ppi strain to prevent contamination from well-characterized highly active six
cytoplasmic PPIs. Measurement of PPlase activity revealed that DksA, Cmk and MetL indeed exhibit
the PPlase activity (Figures 6-8). Among the multicopy suppressors, DksA, Cmk and MetL in high
dosage are common to both sets of strains in the suppression of growth defects. However, the PPlase
activity of DksA, MetL or Cmk is weaker than that of well characterized PPIs such as FkIB with keat/Knm
10 M1 571 (Figures 6-8). Nevertheless, the relative PPlase activity of DksA and kaB are comparable
(Figure 6A). The catalytic efficiency of DksA turns out to be keat/Ky 0.7 X 13 M 1stas compared
to 1.25 x 10> M~! s7! for FkpB, which is comparable to previously reported act1v1ty of FkpB [21].
The relatively weaker PPIase activity of these multicopy suppressing factors can explain why DksA,
MetL and Cmk have not been previously identified as PPl enzymes. However, this activity provides a
rational explanation for their multicopy suppressing ability. Identification of PPlase activity of DksA
can in part explain the previously unknown mechanism of suppression of the growth phenotype of
strains lacking DnaK/J chaperones and, in the present study, the restoration of growth of A(dnaK/]
tig) and A6ppi strains and the synthetic lethality exhibited by A(dksA 6ppi), A(cmk 6ppi) and A(metL
6ppi) combinations.
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Figure 6. The RNA polymerase-binding protein DksA exhibits a PPlase activity that is comparable to
that of FkpB and is inhibited by FK506. The PPlase activity was measured in the chymotrypsin-coupled
assay using N-Suc-Ala-Ala-cis-Pro-Phe-p-nitroanilide as the substrate. (A) The comparative PPlase
activity of FkpB, FkIB and DksA proteins. (B) DksA was incubated with a two-fold molar excess of
FK506 for 5 min at 10 °C prior to the PPlase activity measurement. The PPlase activity of DksA in the
presence or absence of FK506, along with uncatalyzed reaction are plotted. (C) Measurement of PPlase
activity of wild-type DksA and its variants. Proteins were used at a concentration of 5 uM each.
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Figure 7. Multicopy suppressor of A6ppi the cytidylate kinase Cmk exhibits the PPlase activity. (A)

Measurement of PPlase activity of Cmk in the chymotrypsin-coupled assay, using 5 uM of protein in

the assay buffer. (B) Measurement of inhibition of the PPlase activity of Cmk by the two-fold molar
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Figure 8. Multicopy suppressor of A6ppi the asparatokinase kinase II MetL exhibits the PPIase activity.

(A) Measurement of the PPlase activity of MetL in the chymotrypsin-coupled assay, using 5 uM of

protein in the assay buffer. (B) Measurement of inhibition of the PPlase activity of MetL by the two-fold

molar excess of FK506. The PPlase activity in the presence or absence of FK506 and spontaneous

reaction without any enzyme are plotted.
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2.7. The PPlase Activity of DksA, Cmk and MetL Is Inhibited by FK506

Three distinct families of PPIs are classified on the basis of their specific inhibition.
Thus, cyclophilins are inhibited by the cyclosporin A, FKBPs by the FK506 macrolide and parvulins by
juglon [22]. However, the sensitivity to the inhibitor is known to vary depending upon the origin of
PPIs. Since DksA, Cmk and MetL are not known to belong to any of these three families at structural
level, we set out experiments to examine if any of three inhibitors of PPIs can also inhibit our the
newly discovered PPlase activity. Interestingly, sequence alignment predicts some similarity in amino
acid sequences between DksA and FkpB (see below). Thus, we measured the PPlase activity of DksA,
Cmk and MetL proteins in the chymotrypsin-coupled assay in the presence or absence of FK506.
Quantification of these data reveals that FK506 can effectively inhibit the PPlase activity of these
enzymes. In these experiments, a two-fold molar excess of FK506 was used according to the established
protocol [23] in the chymotrypsin-coupled assay with the N-Suc-Ala-Ala-cis-Pro-Phe-p-nitroanilide
tetrapeptide as a test substrate to measure the PPlase activity (Figures 6, 7 and 8B). These results thus
provide a conclusive evidence showing that DksA, Cmk and MetL exhibit the PPlase activity and
hence define a new class of PPIs, whose activity is inhibited by FK506. Thus, the identification of their
PPlase activity establishes the molecular basis of multicopy suppression upon their overexpression in
A6ppi bacteria.

2.8. DksA, Cmk and MetL Can Catalyze the PPlase-Dependent Refolding of RNase T1

Next, we measured the PPlase activity in the RNase T1 refolding assay. The RNase T1 enzyme
is a well-established protein substrate of PPIs, since the folding of RNase T1 is rate-limited by the
cis/trans isomerization of two prolyl bonds (Tyr38-Pro39 and Ser54-Pro55) [24]. The PPlase-dependent
refolding of RNase T1 after denaturation with 8 M urea was monitored after 40-fold dilution of urea in
the presence or absence of DksA, Cmk or PpiB by measuring the increase in tryptophan fluorescence at
320 nm. All of these test proteins contain a single tryptophan residue. The results of such experiments
reveal an enhanced emission of fluorescence as compared to buffer alone when RNase T1 was refolded
in the absence of any added enzyme (Figure 9). However, the kinetics of refolding in the presence of
DksA and Cmk are slower as compared to the PpiB PPI. In these experiments of RNase T1 refolding,
we did not include MetL, since it contains multiple tryptophan residues giving a very high signal.
Overall, these results are consistent with the presence of the PPlase activity associated with DksA
and Cmk in measurements using the chymotrypsin-coupled assay, although to a reduced extent as
compared to the PpiB protein, which is not surprising.
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Figure 9. Catalysis of PPlase-dependent refolding of RNase T1. (A) The increase in fluorescence at
320 nm is depicted as a function of time of refolding of RNase T1 in the presence of DksA and PpiB.
(B) Measurement of refolding of RNase T1 in the presence of wild-type DksA and different DksA
mutants. (C) Refolding of RNase T1 catalyzed by the addition of Cmk as measured by the increase in
fluorescence at 320 nm. Reaction when buffer alone is added is depicted in (A,C).

2.9. Identification of Amino Acid Residues That Are Critical for the PPlase Activity of DksA and Its
Multicopy Suppression

The DksA protein is the very well characterized global transcriptional factor, which binds in the
secondary channel of RNA polymerase (RNAP). DksA alters transcription by binding to RNAP and
allosterically modulates its activity upon amino acid starvation [25]. Strains lacking the dksA gene are
known to exhibit an auxotrophic growth phenotype and hence are unable to form colonies on minimal
medium [26]. AdksA mutants are also characterized by an increased expression of rRNA promoters
such as rrnBP1 [26]. Based on the structural analysis and mutagenesis of various residues in the DksA
protein, it has been proposed that the coiled-coil domain of DksA inserts into the secondary channel of
RNAP and that residues at the tip of the coiled-coil of DksA are important for its activity [27,28]. It has
been shown that RNAP 3 subunit Sequence Insertion 1 (3-SI1) is the binding site for DksA and the
tip of DksA interacts with the highly conserved substrate-binding region of the 3 subunit active site.
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Thus, we mutated conserved residues in the DksA’s tip motif, particularly those that show limited
homology to FkpB of E. coli (Figure 10A). Specific single amino acid mutations introduced in the
coding sequence of the dksA gene are D74N, F82Y, S83A, L84A and E85A (Figure 10B). These variants
were cloned in the same expression vector, which carries the wild-type Hexa-His-tagged dksA gene.
The expression in all cases is regulated by the IPTG-inducible Prs-lac promoter and were examined:
(a) for the complementation of auxotrophic phenotype of a AdksA strain; (b) if they can restore the
growth of either the A6ppi bacteria or a AdnaK/J strain when overexpressed; (c) the suppression of
transcriptional activity of test promoter such as the rrnBP1 promoter, whose activity is known to be
repressed by overexpression of the wild-type DksA; and (d) the relative PPlase activity as compared
to the wild-type DksA protein. The results of these experiments are summarized in Table 5. Briefly,
overexpression of none of the DksA variants complemented the auxotrophic phenotype of a AdksA
strain, with only F82Y conferring a partial growth on minimal medium (Table 5). Notably, when either
the DksA-D74N or the DksA-L84A variant was overexpressed in the AdksA derivative, they conferred
a very tight auxotrophic phenotype on minimal medium. Concerning the ability to repress the rrnBP1
promoter activity, overexpression of DksA-L84A variant in AdksA exhibited the same $-galactosidase
activity from a single-copy chromosomal rrnBP1-lacZ fusion as was observed when the vector alone
was present in the AdksA strain (Figure 10C). Furthermore, overexpression of DksA-D74N, DksA-S83A
or DksA-E85A caused a significantly milder reduction in the rrnBP1-lacZ fusion activity as compared
to that when the expression of the wild-type dksA gene was induced (Figure 10C). Overexpression
of only DksA-F82Y variant was found to reduce the rrnBP1 promoter activity close to that observed
with overexpression of the wild-type dksA gene. The activity of #*nBP1 promoter has been used as the
reporter in several studies and its activity is known to be inhibited by overexpression of the wild-type
DksA [27]. Consistent with previous study [27], DksA-D74N variant in our experiments revealed
that its overexpression does not complement the auxotrophic phenotype of a AdksA strain and the
activity of the rnnBP1 promoter is not repressed to the same extent as when the wild-type DksA is
overexpressed. Next, we measured the PPlase activity of various DksA mutants, using purified proteins
in the chymotrypsin-coupled assay. Most of the DksA mutants exhibited the relatively reduced PPlase
activity as compared to the wild-type DksA (Figure 6C). Interestingly, DksA-F82Y and DksA-L84A
substitutions abrogated the PPlase activity of DksA. However, the PPlase activity of DksA-E85A is
reduced to a lower extent as compared to other DksA mutants. We further investigated the PPlase
activity of DksA-S83A and DksA-L84A variants in the RNase T1 refolding assay. Both mutants
exhibited the reduced PPlase activity in this assay as compared to the wild-type DksA (Figure 9C).
These results are consistent with the results of PPlase activity measurement of DksA mutants in the
chymotrypsin-coupled experiments.

Table 5. Properties of various DksA mutants in terms of suppression of auxotrophic phenotype of a
AdksA strain, the suppression of Ts phenotype and impact on the PPlase activity.

Strain Auxotrophy  rrnBP1 Activity ~ AdnaK/J A(dnaK(/] tig) A6ppi  PPlase Activity
wild type DksA +2 repressed + + + +

DksA D74N b not repressed -€ -¢ - reduced

DksA F82Y +fsc repressed -€ - - highly reduced

DksA S83A < weakly - 8 - reduced
repressed

DksA L84A b not repressed e -e - reduced

DksA ES5A c weakly } & d margir}al
repressed reduction

+? indicates the complementation of auxotrophic growth on minimal medium of AdksA bacteria. - indicates no
growth at all on minimal medium, the tight auxotrophic phenotype. -¢ indicates the background growth, but no
single colonies on minimal medium. -4 indicates a leaky small colony phenotype at 43.5 °C after the prolonged
incubation of transformants of A6ppi. -¢ indicates no suppression of Ts phenotype of AdnaK/] mutant bacteria at
42 °C. -f indicates small colonies after 48 h incubation and sc indicates small colonies. -8 indicates small colonies
after 48 h incubation of A(dnaKj/] tig) bacteria at 30 °C.
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Figure 10. Mutational analysis of amino acid residues critical for the DksA PPlase activity and impact
on the transcriptional activity of the rrnBP1 promoter. (A) Alignment of conserved amino acid residues
of DksA and FkpB. (B) The position of amino acid residues that were mutated mapping to the coiled-coil
tip and adjacent residues in the structure of DksA (PDB 1TJL). (C) Measurement of the f-galactosidase
activity from a single-copy chromosomal rrnBP1-lacZ fusion in AdksA derivatives with either the vector
alone or its isogenic strains transformed with either the plasmid carrying the wild-type dksA gene or
plasmids with dksA variants. Data are presented from a representative experiment with cultures sampled
at ODggg 4.0 in the stationary phase. Error bars represent a S.E. of three independent measurements.

Regarding the suppression of Ts phenotype, none of the variants could restore the growth of
a Abppi derivative, although the plasmid expressing DksA-E85A mutant protein conferred a leaky
phenotype with the appearance of small colonies after a prolonged incubation. Similarly, we also tested
the ability of these mutants to suppress the Ts phenotype of a AdnaK/J strain upon their overexpression.
D74N and F82Y substitutions in the DksA protein also totally abrogated the multicopy suppressing
ability of AdnaK/] strain (Table 5). DksA D74N variant has also been reported to be defective in the
suppression of Ts phenotype of a AdnaK/] strain, which supports our results [29]. However, in the
previous study, the DksA mutants other than D74N that we describe in this work were not available [29].
Overexpression of 583, L84 and E85 DksA variants also abolished the restoration of growth of a AdnaK/J
strain at 42 °C. Thus, we can conclude that, while the F82Y alteration has the wild type-like ability to
repress the rrnBP1 promoter activity, its PPlase activity is highly attenuated and does not suppress the
Ts phenotype of either a A6ppi strain or that of AdnaK/J strain.

Next, the ability of these plasmid-born DksA variants to support the growth of a A(dnaK/J tig)
strain was examined. None of these variants restored the growth of a A(dnaK/J tig) strain on LA medium
at 34 °C upon overexpression, although a leaky growth phenotype at 30 °C was observed for with
E85A derivative (Table 5). Taken together, our data show that the PPlase-dependent activity of DksA is
required for the suppression of growth defects of either A6ppi or A(dnaK/J tig) strains.

2.10. The DksA-Mediated Multicopy Suppression of Either A6ppi or AdnaK/] Mutant Bacteria Requires the
Wild-Type Expression of GroL/S and RpoE Essential Proteins

Our work thus far established that overexpression of the secondary channel RNA polymerase-binding
protein DksA can efficiently suppress a Ts phenotype of A6ppi strains and also restore the growth of a
A(dnaKj] tig) strain on LA medium up to 37 °C. The dksA gene was originally identified as the multicopy
suppressor of a Ts phenotype of the AdnaK|/] strain at 42 °C [30]. In the above experiments, we showed
that DksA has a PPlase activity, which is necessary for DksA’s multicopy suppression. In the next series
of experiments, we identified frans-acting factors that are required for DksA’s multicopy suppression.
This was achieved by the isolation of Tn10 transposon insertion mutants in a Aéppi derivative carrying
the dksA gene on a plasmid that were unable to grow at 43 °C from a saturated screen of mutants.
Those Tn10 mutants that bred true were transduced into the wild type to eliminate mutations that
conferred a Ts phenotype at 43 °C even in the wild-type background. Out of these, 18 Tn10 insertions
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were found to be Ts in the wild type, while the remaining were specific to the A6ppi strain. Among Ts
mutants, nine independently isolated mutants carried the Tn10 insertion in the degP gene (Table 6).
The degP gene is required for the bacterial growth at temperatures above 42 °C and is a member of
the rpoE regulon [31-33]. Interestingly, A(degP dksA) confers a Ts phenotype above 39 °C, unlike a
single AdegP or AdksA, which are viable under such conditions (Table 6). Concerning the remaining
Ts mutants, one of them has the insertion in the cydA gene and other has it in the ftsX gene (Table 6).
The cydA gene encodes the cytochrome bd-1 ubiquinol oxidase subunit I, which is essential for the
bacterial growth at temperatures above 37 °C [34]. Furthermore, a (cydA::Tn10 AdksA) strain exhibits
growth defects even at 30 °C and AdksA ftsX::Tn10 was found to be synthetically lethal (Table 6).

Table 6. Tn10 insertions that block the multicopy suppression by DksA of A6ppi, their suppression
of AdnaKJJ strains as determined by colony forming units, the synthetic phenotype in the AdksA
background and the lack of ppk requirement for the DksA-mediated suppression of A6ppi.

Gene P;l:iltlili i Ad;:uK/ T +pdksjl+ wot A6pp:' AdlzsA Function
40°C 42°C 43°C M9 37 °C 43°C
rpoEp 4 -90 - - +% sc + +sc sigma factor
groSpd 1 -101 - - - +sc - chaperone
groSp 42 -101 - - +sc + + chaperone
degP 12/112* - - - + T > 3:9 oC periplasmic protease
lepA 702 +sc - +P sc +sc <€ translational GTPase
ahpC 94 - - + +sc + oxidative stress
rnhA 59 - - + +sc +sc ribonuclease HI
tatC 23 - - + + -sc transport of folded proteins
tolA 299 +sc - + +sc + vsc cell envelope integrity
mrcB 1186 +sc - + + peptidoglycan synthesis
oxyR 518 +sc - + + + oxidative stress regulator
cpxR 474 + +sc + + +sc envelope stress regulator
cydA 20 - - - + - cytochrome d terminal oxidase
clsA 533 +sc - + + + cardiolipin synthase
ftsX 166 - - +sc +sc - cell division
nudB 369 + + + + +sc folate biosynthesis
envZ 291 +sc - + + + regulation of ompF/C expression
phol 655 - - +sc +sc - vsc P; signalling
Appk deletion + - + + + polyphosphate kinase

+2 indicates the normal growth. + indicates the partial temperature sensitivity. - indicates the inability to support
the colony-forming ability. * indicates the Tn10 insertion position in the degP gene determined for two out of nine
mutants. sc, small colonies; vsc, very small colonies after the prolonged incubation.

The remaining mutants that do not confer a Ts phenotype in the wild-type background identified
15 genes whose products/amounts of encoded proteins are crucial for the DksA-mediated suppression.
Out of these, two insertions mutations identified GK5109 and GK5578 strains have Tn10 inserted at the
identical position in the promoter region of the essential chaperonin-encoding groSL operon. This Tn10
insertion in the groSL operon is located 3 nt downstream of the —35 heat shock promoter element,
which is 101 nt upstream of the translational initiation codon (Figure 11A). Although both insertions
abolish the DksA-mediated suppression of A6ppi, the insertion in GK5109 strain also confers the small
colony morphology at 40 °C and the inability to grow at 43 °C in the wild type as compared to the
nearly normal growth of GK5578 derivatives. To address differences in growth properties exhibited
by two strains with the identical position of Tn10 insertion in the groSL promoter, the amount of
GroL was measured from total cell extracts. Thus, cultures of wild-type bacteria and its derivatives
GK5109 and GK5578 (A6ppi + pdksA) groS101::Tn10 were grown under permissive conditions and
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subjected to a 15-min heat shock treatment at 42 °C. The relative abundance of GroL was analyzed
using Western blot technique. Such experiments revealed that the amount of GroL is significantly
reduced in the strains with the Tn10 insertion in the promoter region of groSL and the induction
of GroL at higher temperature is impaired, which is consistent with the disruption of —35 element
of RpoH-regulated heat shock promoter (Figure 11B). Furthermore, the amount of GroL is higher
in the strain GK5578 as compared to the strain GK5109, explaining the differences in the growth
phenotype of these strains (Figure 11B). Thus, transcription of the groSL operon in these strains is
independent of the RpoH-regulated heat shock promoter and is driven from the promoter generated by
the insertion element. This interesting difference with the similar position of insertion elements in the
promoter region synthesizing different levels of GroL and the degree of suppression can be explained
by the potential creation of promoter of different strength within the insertion element that drive
groSL transcription. Such differences arising due to changes in transcription due to identical insertion
elements in the promoter region is not without precedence and has been reported previously within
the groSL promoter [35]. Significantly, these groSL promoter mutations also abolished the multicopy
suppression of a AdnaK/] mutation (Table 6). The isolation of mutations in the promoter region of
the groSL operon that allow their constitutive expression with the dysfunctional heat shock promoter
suggests that at high temperature DksA overexpression cannot suppress either a A6ppi or a AdnaK/|
mutation, since GroL and GroS proteins are not heat shock induced and hence they become limiting.
Thus, the DksA multicopy suppression requires wild-type levels of GroL/S chaperonins and their heat
shock induction.

Two other Tn10 insertions of significance were located at the position 90 nt upstream of the
translational initiation codon of the essential rpoE gene that totally abolished the multicopy suppression
by the dksA gene (Table 6, Figure 11B). This Tn10 insertion is located 3 nt upstream of the —10 rpoEP6
promoter element. This rpoE promoter is the most proximal promoter, which is transcribed by Ec® [15].
As the rpoE gene is essential for the viability of E. coli, we wondered if its expression is abolished by
this Tn10 insertion. DNA sequencing of the rpoE gene and its adjoining region revealed that an extra
copy of the intact rpoE gene from —90 nt until its end had been duplicated at the Tn10 insertion site
in the same orientation (Figure 11C). Further analysis of the rpoE gene expression by quantitative
reverse transcription PCR (qQRT-PCR) revealed that this Tn10 insertion leads to a 10-fold reduction of its
transcription, which is further reduced when the dksA gene is overexpressed (Figure 11D). As a control,
total MRNA from the ArpoE strain SR8691 was included in this qRT-PCR experiment, which did not
show any rpoE-specific amplification products (Figure 11D). Thus, the DksA-mediated multicopy
suppression requires full RpoE functionality. This allele for brevity is called rpoEp? (down mutation).
Consistent with our previous results, a A6ppi strain exhibits a reduction in the expression of the rpoE
gene under permissive growth conditions [1] (Figure 11D) and could hence become severely limiting
in the presence of rpoEp? mutation. Interestingly, the rpoEp? mutation also abrogated the multicopy
suppression by the dksA gene of the Ts phenotype of a AdnaK/[ strain at either 40 or 42 °C (Table 6 and
Figure 12). Taken together, the DksA-mediated multicopy suppression of either a A6ppi or a AdnaK/|
strain requires the wild-type level expression of the rpoE gene and groS/L genes.
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Figure 11. Wild-type expression of GroL and RpoE are required for the DksA-mediated suppression
of either A6ppi or AdnaKJ/J bacteria. (A) Schematic drawing of the Tn10 insertion position in the
promoter region of the groS/L operon. Boxes indicate the location of —10 and —35 heat shock elements
recognized by RpoH. (B) Western blot analysis of total cell extracts obtained from the wild type (wt)
and its two isogenic derivatives carrying groSpa1 and groSp92 mutation with or without a heat shock
of 15 min at 42 °C. Equivalent amounts of proteins were applied and resolved on 12.5% SDS-PAGE
and transferred by Western Blotting. Blots were probed using GroL-specific antibodies and revealed
by chemiluminescence. (C) The position of the Tn10 insertion at the nt position —90 in the rpoEP6
promoter is indicated. The duplication and the orientation of the intact rpoE gene and the disruption of
the rpoEP6 promoter is shown by an arrow. (D) Quantification of the rpoE mRNA by qRT-PCR using
the total RNA isolated from the isogenic wild type (wt), SR18292 (A6ppi), SR20561 (A6ppi + pdksA*),
GK5165 (A(6ppi rpoEp?) + pdksA™), GK5347 (wt rpoEpd) and SR8691 (ArpoE) strains. For RNA isolation,
cultures were grown under permissive growth conditions of M9 at 37 °C.
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Figure 12. Wild-type levels of RpoE, GroL/S and intact copies of RNase H, TatC and LepA are required
for the DksA-mediated suppression of Ts growth of either A6ppi or AdnaKJ/J strains. (A) Isogenic cultures
of Abppi + pdksA* and its derivatives with either the Tn10 insertion or deletion were grown overnight
in M9 medium at 37 °C. Culture were adjusted to OD6 of 0.05 in 10 mL of prewarmed LB medium at
43.5 °C. Aliquots of samples were drawn at different intervals and the bacterial growth monitored by
measuring ODgo. (B) Isogenic cultures of AdnaK/] + pdksA* and its derivatives with gene disruptions
were grown in M9 medium at 30 °C and analyzed for the bacterial growth in LB medium at 41 °C by
measuring ODggg. Data presented are from a representative experiment.

2.11. The DksA-Mediated Multicopy Suppression Requires Cell Envelope Homeostasis, the Genome Integrity,
the Ribosome Assembly, Translocation of Folded Proteins and Factors Combating Oxidative Stress

Mapping and characterization of remaining Tn10 insertions that prevent the multicopy suppression
by DksA can be grouped in four functional categories: (i) the cell envelope composition and its integrity
(cpxR, envZ, tolA, mrcB and clsA); (ii) the genome integrity and repair (rnhA and nudB); (iii) translation
and transport systems (lepA and tatC); (iv) phosphate uptake and phosphate sensing system (pholl
and pstS); and (v) genes whose products are related to the oxidative stress responsive pathway (ahpC
and oxyR) (Table 6). This mutagenesis is saturated, since Tn10 insertions in some of these genes were
obtained multiple times (three each in envZ and folA and two each in clsA and ahpC). Furthermore,
the introduction of rnhA::Tn10, lepA::Tn10, pholl::Tn10, ahpC::Tn10, oxyR::Tn10, tolA::Tn10, tatC::Tn10
and envZ::Tn10 also abrogated the multicopy suppression of AdnaK/] by DksA at either 40 °C or 42 °C
on LA medium, although to a variable extent (Table 6). Consistent with these results, a synthetic
growth phenotype was observed with A(dksA degP), A(dksA lepA), A(dksA tatC), A(dksA rnhA) and
A(dksA pholl) combinations (Table 6).

To validate the requirement of above-mentioned genes, whose products are required for the
DksA-mediated multicopy suppression of either a A6ppi or a AdnaKJ/] derivative, kinetics of the bacterial
growth was measured in aerobically shaken cultures. Isogenic bacterial cultures of SR20561 (A6ppi
+ pdksA*) alone and its derivatives with the Tn10 insertion in the specific gene were grown under
the permissive growth condition of M9 minimal medium at 37 °C and shifted to LB medium at
43.5 °C. Measurement of optical density ODg at different intervals confirmed that there exists an
acute requirement for the adequate expression of either the groSL operon or the rpoE gene for the
DksA-mediated multicopy suppression of A6ppi bacteria (Figure 12A). A similar dependence for the
presence of intact RpoE and GroL/S was found for the multicopy suppression by DksA of a A(dnaK
dnaf) derivative in the liquid culture (Figure 12B). However, the requirement for the intact rpoE gene is
more stringent as the rpoEp? mutation in the SR20561 (A6ppi + pdksA™) background was much more
severely affected. It should be noted that for the growth analysis with the Tn10 insertion in the groS
promoter we used the groSp?2 derived strain, since this mutation does not confer the Ts phenotype per
se as the groSp?1 mutation (Figures 11B and 12 and Table 6).

Concerning the quantitative growth measurement of other Tn10 insertions in the SR20561 (A6ppi
+ pdksA™) background, the order of severity of the growth inhibition after the rpoEp? mutation
is envZ:Tnl10 > rnhA:=Tn10, groSp®2::Tn10, phol:Tn10, tatC::Tn10 and lepA:Tn10 at 43.5 °C in LB


http://mostwiedzy.pl

A\ MOST

Int. J. Mol. Sci. 2020, 21, 5843 22 of 33

medium (Figure 12A and Supplementary Table S2). Surprisingly, the Tn10 insertion in the cpxR
gene, the ahpC gene or the nudB gene exhibited only a minor detrimental growth effect in the liquid
culture (Figure 12) and hence the multicopy suppression by the dksA gene does not absolutely require
such genes in all growth conditions. Similarly, no significant growth inhibition in the liquid culture
was observed, when cIsA::Tn10 or mrcB::Tn10 were introduced in the strain SR20561 (A6ppi+pdksA™).
As tolA::Tn10 derivatives in (A6ppi + pdksA™) grew quite poorly in liquid culture, such a strain was
not analyzed for growth properties. In summary, we can conclude that, besides a requirement for
RpoE and GroS/L chaperonins, the genome integrity (RnhA), the outer membrane protein homeostasis
(EnvZ), the balanced translational process (LepA), the Tat-dependent translocation of folded proteins
and appropriate regulation of phosphate regulon are required for the DksA-mediated multicopy
suppression of A6ppi bacteria.

For the measurement of growth of AdnaKJ/J + pdksA* derivatives with Tn10 insertions in various
genes that block the DksA-mediated suppression of A6ppi, all such Tn10 insertions were transduced
in a AdnaK/J strain SR20733. Isogenic cultures were grown under permissive growth condition
(M9 minimal medium at 30 °C) and shifted to LB medium at either 40.5 or 41 °C. Data are presented
from a representative set of experiments from growth conditions at 41 °C. Measurement of optical
density ODgq at different growth intervals and determination of growth rate confirmed the inability of
DksA-mediated suppression with the rpoEp? mutation, with the order Ts growth inhibition following
the rpoE mutation as rnhA:=Tn10 > phol::Tn10, groSp*2::Tn10, tolA=Tn10, tatC::Tn10 and lepA:=Tn10
(Supplementary Table S2). In contrast to a requirement for the EnvZ function in A6ppi bacteria, no such
dependence was observed in the AdnaK/] background for the suppression by DksA. Again, no stringent
requirement was observed for the presence of either the cpxR gene or the ahpC gene in the growth
in the liquid culture (Figure 12B). Thus, besides a requirement for RpoE and GroL/S, the genome
integrity maintenance by RnhA, protein synthesis/translocation (LepA and TatC), the outer membrane
integrity (TolA) and phosphate sensing/regulation of phosphate uptake are needed for the multicopy
suppression by DksA of either A6ppi or AdnaK/] derivatives.

2.12. The ppk Gene Encoding Polyphosphate Kinase Is Not Required for the DksA-Mediated Multicopy
Suppression of a Abppi Strain and Only a Marginal Requirement for a A(dnaK/]) Derivative

Next, we addressed, if the ppk gene encoding the polyphosphate kinase is required for the
DksA-mediated multicopy suppression. This experiment was included, since Ppk has a chaperone-like
function and was identified as a substrate of PpiC and FkIB PPIs [1]. Thus, a non-polar deletion of
the ppk gene was constructed and introduced into SR20561 (A6ppi + pdksA™) and SR20733 (AdnaK/J
+ pdksA*) strains under permissive growth conditions on M9 minimal medium and examined for
growth properties. On LA medium, A(6ppi ppk) + pdksA* grew nearly to the same extent as its parental
strain SR20561 (A6ppi + pdksA™) at 43.5 °C (Table 6). Similarly, in the liquid culture, the A(6ppi ppk)
+ pdksA* derivative grew nearly to the same level as its isogenic strain SR20561 (A6ppi + pdksA™) at
43.5 °C, with only a minor growth reduction (Figure 12A). These results thus establish that the ppk gene
is not essential for the DksA-mediated multicopy suppression of a A6ppi derivative. Regarding the
comparative growth of a A(dnaKJ/J ppk) + pdksA* derivative with its isogenic parental strain SR20733
(AdnaK/] + pdksA™) on LA medium, a similar growth was obtained at 40 °C on LA medium (Table 6).
However, on LA medium at elevated temperature of 42 °C, which is the uppermost limit for the
growth of a AdnaKJ/J + pdksA™ strain, no viable single colonies were obtained when a A(dnaK/] ppk) +
pdksA* derivative was tested (Table 6). Furthermore, only a minor growth difference was obtained
between SR20733 (AdnaKJ] + pdksA™) and SR22300 A(dnaK/] ppk) + pdksA* derivative as compared to
the drastic growth inhibition when Tn10 insertions in lepA, rnhA, tatC, envZ genes or rpoEp? mutation
were examined (Figure 12B). Thus, we can conclude that Ppk is not required for the DksA-mediated
multicopy suppression of A6ppi bacteria and only a minor growth reduction is observed when the ppk
gene is absent when the dksA gene is overexpressed in strains lacking dnaK/J at temperatures around
42 °C, but not at either 40 or 40.5 °C on LA medium or up to 41 °C in liquid culture.
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3. Discussion

PPIs are universally conserved enzymes that catalyze the cis/trans isomerization of peptide bonds
that precede the proline amino acid. PPIs accelerate this rate-limiting step in protein folding of the
cis/trans isomerization of the peptide bond by a factor of 10>-10° [36,37]. PPIs have been classified into
three families depending on the sensitivity to specific inhibitors. The cytoplasm of E. coli contains six
such enzymes representing all three families. However, their substrates were only recently described [1].
Although individually all six cytoplasmic PPIs are non-essential for bacterial viability, collectively the
removal of all such enzymes confers synthetic lethality, which is manifested by the inability of such
Ab6ppi bacteria to grow on rich medium and the temperature sensitivity (Ts) on rich as well as minimal
medium [1]. In this work, we further characterized various growth defects of A6ppi bacteria and show
that they exhibit highly pleiotropic phenotypes. These include the inability to grow under fast-growing
conditions of rich medium, and the sensitivity to: (i) DNA-damaging agents such as nalidixic acid
indicating that the genome integrity of A6ppi bacteria is compromised; (ii) cell envelope-destabilizing
agents; and (iii) the exposure to ethanol and the inability to grow on minimal medium, when glycerol
was used as the sole carbon source. Taking advantage of such growth defects, multicopy suppressors
that restore the viability of A6ppi bacteria under non-permissive growth conditions were isolated to
identify factors that are limiting for the viability of such bacteria. We also reasoned that potentially
some multicopy suppressors could compensate growth defects of A6ppi bacteria by possessing a PPlase
activity, explaining the presence of the residual PPlase activity in strains lacking all E. coli’s known PPIs.

Isolation of multicopy suppressors identified cellular factors that are limiting in A6ppi bacteria
and the reasons for the essentiality of PPlase activity. Consistent with the role of PPIs in protein
folding, several prominent suppressors identified are: (i) major cytosolic chaperones; (if) transcriptional
factors such as DksA or SrrA; (iif) antitoxin MgsA and toxin Hha; (iv) the modulator of the proteolytic
activity; (v) those involved in combating oxidative stress/acid resistance or detoxification of cysteine;
(vi) the aspartokinase II MetL involved in the amino acid synthesis; and (vii) factors that modulate the
chromosomal replication initiation via regulating the activity of initiator protein DnaA (DiaA and Hda).
Isolation of DnaK/J] and GroL/S as multicopy suppressors is consistent with our previous identification
of several proteins that are substrates of these chaperones and PPIs [1]. Thus, PPIs and the molecular
chaperone network are together required for folding of cellular proteins. Other multicopy suppressors
such as transcriptional factors could act by the enhancing transcription of genes, whose products are
needed to maintain proteostasis or by the repressing transcription of genes, whose products become
toxic in Abppi bacteria.

Next, we systematically removed individual genes, which in multicopy suppressed growth defects
of A6ppi bacteria, other than dnaK/dnaJ and groL/groS genes. These studies revealed that A6ppi bacteria
require DksA, MetL, SrrA and Hda for their viability as their deletion combinations in the A6ppi
background turns out to be lethal. Since A6ppi bacteria exhibit the sensitivity towards DNA-damaging
agents could be one of the reasons for the synthetic lethality with Ahda. In support of these data, it has
been reported that hda mutations increase the cellular level of ATP-DnaA and cause the over initiation
of replication, which results in the inhibition of cell division and cell growth [38]. This can help to
explain the synthetic lethality of A(6ppi hda) combination. A requirement for survival of A6ppi bacteria
on the presence of Cmk was also observed, since A(6ppi cmk) exhibited exacerbated synthetic growth
defects. The function of SrrA is at present unknown. Homology searches predict it to be a putative
transcriptional factor with the predicated N-terminal PAS domain and the C-terminal helix-turn-helix
motif. As overexpression of the srrA gene not only restores the growth of A6ppi strains on rich medium
at elevated temperatures, but also can suppress the Nal sensitivity, we believe that SrrA plays an
important role in stress response.

Given some of the phenotypes exhibited by A6ppi and A(dnaK/] tig) bacteria such as the inability to
grow on LA medium and the vast number of proteins that aggregate in such mutants show an overlap,
we also undertook the multicopy suppressor approach with a A(dnaK/J tig) strain. Quite significantly,
we identified a set of genes such as dksA, cmk, metL, groL, ariR whose overexpression resulted in the
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restoration of growth of a A(dnaK/J tig) strain, although to different degrees depending on the growth
temperature. As these genes were already identified as multicopy suppressors of Aéppi bacteria
suggested that their mechanism of suppression could operate by providing a function related to the
protein folding process. The MetL aspartokinase II is a bifunctional enzyme known to be required for
the synthesis of amino acids such as a threonine, lysine and methionine [39]. However, overexpression
of the metL gene offers a better suppression on LA medium than on M9 medium for both either A6ppi
or A(dnaK/] tig) bacteria arguing an additional function other than its requirement in the amino acid
biosynthesis pathway. Using a different plasmid DNA library, an independent study also reported
that overexpression of the dksA gene can rescue growth defects of a A(dnaK/J tig) strain [40]. However,
in that study [38], certain other genes whose products are involved in metabolic processes such as
IdhA, lpd, talB, tpx, ackA, nagB, pykF and sseA were identified as multicopy suppressors of a A(dnaK/J tig)
strain that restore the growth on rich medium above 33 °C. Thus, we used a controlled overexpression
of such genes [40], whose products are involved in metabolic functions, using plasmids from the ASKA
library [13]. However, their overexpression did not restore the growth of a A(dnaKJ/J tig) strain and
hence those results could not be validated. This explains why such genes were not identified in our
multicopy selection using the complete genomic library that could identify dksA, metL, groL, cmk, cohE
and ariR as validated multicopy suppressors.

Based on the identification of multicopy suppressors that restore the growth of either A6ppi or
A(dnaK/] tig) bacteria, two most significant findings of this work are: (a) the identification of three
new PPlase activities that can explain in part the pathway of suppression; and (b) the identification of
factors that are required for the DksA-mediated multicopy suppression. We rationalized that products
of multicopy suppressors could identify function(s) missing in strains that are compromised in protein
folding, when PPIs are absent. Thus, we purified products of all major 15 multicopy suppressors other
than GroL/S and DnaK/] protein folding chaperons. Among these DksA, Cmk and MetL proteins
exhibited a PPlase activity in the chymotrypsin-coupled assay and in the protein substrate RNase T1,
whose folding is limited by the cis/trans proline isomerization. Furthermore, this PPlase activity of
DksA, Cmk and MetL could be inhibited by FK506 establishing them as bona fide PPIs. It should
be noted that, although the PPlase activity of DksA is 1000-fold less than classical PPIs such as
FKIB [keat/Kn 0.7 x 103 M1 s7! for DksA vs. keat/Ky 10° M1 s71 for FKIB (Figure 6A)], it is still
comparable to the PPlase activity of FkpB—a well characterized PPI with the low PPI activity with
several substrates [1,21]. However, more experiments will be required to identify the binding affinity
of these proteins with FK506, the contact regions where FK506 can bind and exact residues involved
in catalysis.

Although on the basis of sequence homology none of these proteins exhibit the significant
structural homology to any of three classes of PPIs, a segment in DksA (amino acid residues 75-85)
located near the coiled-coil tip that protrudes in the secondary channel of RNAP aligns with FkpB
amino acid residues 56-66. DksA and other secondary channel binding proteins such as GreA and GreB
have a similar fold in the coiled-coil tip domain, but they are not similar at the amino acid sequence
level [41,42]. Interestingly, GreA and GreB C-terminal domains exhibit the structural similarity with
FKBPs [43]. However, this C-terminal domain is absent in the sequence of DksA. Based on the
amino acid alignment of DksA with FkpB and the importance of coiled-coil tip and nearby residues,
we constructed D74N, F82Y, S83A, L84A and E85A substitutions, purified such proteins and tested
their PPlase activity. All such variants other than E85A exhibited the reduced PPIase activity and did
not complement the auxotrophic phenotype of AdksA and were unable to restore the growth of either a
Ab6ppi or a AdnaKJ/] or a A(dnaK/J tig) derivative. However, D74N and L84A are much tighter as far as
the auxotrophic phenotype is concerned. Quite interestingly, the repression of the rrnBP1 promoter
activity by DksA variants does not match with the multicopy suppression phenotype of A6ppi bacteria.
For example, the F82Y variant represses the rrnBP1 promoter activity quite similar to the wild-type
DksA (Figure 10C), but it has the lowest PPlase activity and also cannot rescue the growth of either
Ab6ppi or AdnaK/] bacteria (Figure 6C and Table 5). Such results suggest that the PPlase activity of DksA
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matches with its ability to perform the rescue of growth defects of A6ppi. It is of interest that D74N
variant of the DksA protein has been very well-characterized [27,28]. DksA D74N mutant protein has
been shown to bind RNA polymerase, but was defective in the transcription initiation [27,28] and
unable to suppress the Ts phenotype of a AdnaK/] mutant [29]. It has been suggested that the D74
amino acid residue in the coiled-coil tip of DksA is important for the substrate binding of the active
site of RNA polymerase and electrostatic charge of carboxyl group is critical for D74 function [27,28].
Amino acid residues R678 and R1106 in the 3 subunit of RNAP are presumed to interact with D74 of
DksA [27,28]. DksA L84 and DksA F82 are also predicted to interact with 3" subunit and L84 could be
cross-linked to R744-M747 amino acid residues [28] and hence can impact DksA function, explaining
the inability of DksA F82Y and L84A to suppress growth defects of a A6ppi bacteria. At present,
however, we do not know if the PPlase activity is directly required for the DksA-RNAP interaction and
future studies are needed to address this vital issue. In the structure of RNA polymerase «, 3 and 3’
subunits, cis proline residues are known to be present [1] and DksA’s PPlase activity may be required
for the isomerization of their prolyl residues. Furthermore, DksA could prevent the aggregation of
RNAP major subunits in A6ppi and AdnaK/] mutants, which are known to aggregate in such strains.
Thus, finding the natural cellular substrates of DksA, Cmk and MetL requires further extensive studies.

DksA has been structurally and functionally well-studied, yet the mechanism of suppression
of the Ts phenotype of AdnaK/] has remained elusive [29]. As DksA turned out to be an effective
suppressor of Ts phenotype of Abppi and A(dnaK/] tig) bacteria, and exhibits a PPlase activity, we also
identified genes whose products are required for its multicopy suppressor phenotype. Thus, we showed
that the DksA-mediated multicopy suppression is abolished when the expression of either RpoE
sigma factor or chaperonins (GroL/S) are reduced. Thus, a unique mutation rpoEp9 that caused a
disruption of the promoter element of the rpoE gene, even though its structural gene was duplicated,
abolished the suppression by DksA not only of A6ppi but also of AdnaK/| bacteria. RpoE responds
to the cell envelope stress and positively regulates the expression of many genes, whose products
are involved in folding and assembly of outer membrane proteins (OMPs) and sRNAs that act in the
feedback mechanism to repress synthesis of major components of the cell envelope such as OMPs
and lipoproteins to maintain the cellular homeostasis [44]. Examination of transcription of the rpoE
gene revealed that its expression is repressed in A6ppi at permissive growth conditions and is further
reduced in a rpoEp background. Thus, when the dksA gene is expressed from a plasmid, it further
decreases the rpoE transcription that could lead to abolishing of the DksA-mediated restoration
of growth. This also explains the isolation of mutations in envZ and tolA genes that abolish the
suppression of Aéppi and AdnaK/] bacteria at high temperature by DksA. Since tolA mutants exhibit
the enhanced RpoE induction and hypervesiculation [45,46] is consistent with the DksA-mediated
suppression being sensitive to hyperinduction of the RpoE regulon. Thus, connection between the
DksA-mediated restoration of growth of either AdnaK/] or Aéppi is highly dependent on maintenance
of homeostasis of extracytoplasmic components and balanced signaling of envelope stress. Supporting
this pathway is also isolation of the cpxR::Tn10 insertion that abolish the multicopy suppression by
DksA. The activation of CpxR/A two-component system induces the expression of several periplasmic
folding factors including degP, ppiD and dsbA [47,48]. The importance of GroL/S abundance for
survival of either A6ppi or A(dnaK/J tig) derivatives is further highlighted in this work, since (2) groS/L
overexpression suppresses growth defects of such strains and (b) the isolation of groSL promoter
mutations reducing transcription of this operon also abolished the multicopy suppression by DksA.
Interestingly, the isolation of Tn10 insertion located 101 nt upstream of the initiation codon is similar to
the previously isolated insertion element as a suppressor mutation of the rpoH deletion that creates a
new promoter, allowing the constitutive expression of the groSL operon [35]. It is well established that
groS/L genes are essential for bacterial growth under all growth conditions [49,50].

The isolation of rnhA::'Tn10 that totally abolished the suppression by DksA of either AdnaK]
or A6ppi is in line with the DksA’s important role in DNA damage repair [11]. The RnhA function
is crucial in the removal of RNA-DNA hybrids and prevention of the lethality due to the R-loop
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formation [51]. Thus, RnhA and DksA are both important in this process of maintaining the genomic
integrity and this appears to be impaired in A6ppi bacteria. In support of these conclusions, we have
shown that A6ppi bacteria exhibit the sensitivity towards DNA-damaging agents such as nalidixic
acid—a phenotype shared with rnhA and dksA mutants. This role of DksA for DNA repair system
draws further support, since overexpression of the dksA gene can suppress the sensitivity of A6ppi
bacteria to Nal. It is likely that the SrrA-mediated suppression of Nal sensitivity operates via the
same pathway as DksA. The suppression by DksA was also found to require the functional Tat system
of protein translocation. The insertion mutation in the tatC gene will abrogate the export of folded
proteins that require the Tat system. TatC is the first protein to interact with the N-region of Tat signal
peptide [52]. Interestingly, SlyD and DnaK have been shown to bind Tat signal sequences [53,54] and
the Tat system could recruit PPIs in assisting translocation. Other prominent insertion defines the LepA
requirement for the DksA suppression. Consistent with our results, a synthetic growth defect of AlepA
and AdksA has also been reported [55]. The lepA gene encodes an elongation factor EF4 GTPase with a
role in the biogenesis of 30S subunit of ribosomes and the translational initiation [56]. These results
explain abrogation of DksA-mediated suppression when either the translational apparatus or the
genome integrity are compromised.

We also addressed whether there is any requirement for the Ppk polynucleotide kinase for the
DksA-mediated multicopy suppression, since it was identified as one of the prominent co-eluting
proteins during the purification of PPIs [1]. However, A(6ppi ppk) + pdksA* and A6ppi + pdksA*
derivatives grew nearly to the same extent at 43.5 °C either on LA or LB medium, ruling out any
requirement for the Ppk function. Even A(dnaKJ/] ppk) + pdksA* and AdnaKj] + pdksA* grew nearly
similarly up to 41.0 °C. However, no viable colonies were observed at 42 °C, which is the temperature
limit at which DksA can exert the suppression of Ts phenotype of a dnaK/] deletion, suggesting only
a minor requirement. During this manuscript preparation, it was reported that Ppk is required for
the DksA-mediated restoration of growth a dnaK Ts mutant strain at 40.5 °C [57]. However, we did
not observe any such requirement at the same growth temperature. We showed that a phol::Tn10
insertion abolishes the DksA-mediated multicopy suppression, which further reinforces the notion
that Ppk may not be needed for the multicopy suppression phenotype, since it has been reported that
pholl mutants have elevated levels of polyphosphates [58].

It is intriguing why overexpression of the dksA gene does not suppress growth defects of A6ppi
bacteria at 37 °C but shows a good suppression at elevated temperatures in contrast to the suppression
of A(dnaK/]J tig) at 30 or 37 °C. This suggests that the transcription induction or repression of specific
gene(s) at elevated temperatures is a requirement for the DksA-mediated suppression for A6ppi bacteria.
At high temperature, mainly RpoH and RpoE regulons are induced. Hence, we propose a model that
the DksA suppression depends on the heat shock induction of GroL/S chaperonins and the RpoE
induction, consistent with the isolation of transposon insertions in their promoter regions that renders
their transcription independent of heat shock promoters and abolish the multicopy suppression by
DksA. As DnaK/] negatively regulate the heat shock response, A(dnaK/J tig) mutants have already
elevated levels of GroL/S chaperonins. Consistent with this idea is the isolation of GroL as a multicopy
suppressor of (A(dnaK/] tig) bacteria. The DksA-mediated suppression could be to maintain proper
folding in the cytoplasm and extracytoplasm via the transcriptional regulation, sensing oxidative
stress and due to its PPlase activity. The regulation of extracytoplasmic stress response could be the
essential pathway, since insertions that could elevate the RpoE activation abolish the DksA suppression
and DksA was also shown to suppress a lethal phenotype of null mutation of the gene encoding the
periplasmic Prc (Tsp) protease [59]. The identification of common insertion mutations that abolish
the suppression by DksA in strains lacking either PPIs or DnaK/] chaperones strongly suggests that
various aspects of cellular defects are presumably common to strains lacking these protein folding
factors and hence a similar requirement for DksA.

In summary, this work shows that cytoplasmic PPIs are crucial for the viability of E. coli under
conditions that impact either protein folding or perturb the outer membrane. The viability of strains
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lacking PPIs requires the presence of DksA and SrrA transcriptional factors, the component of
replication/nucleic acid synthesis system Hda/Cmk and MetL. Overexpression of metL, dksA, srrA, cmk,
hda, diaA, chaperone systems encoded by dnaK/J] and groS/L and yjfN elevates growth defects of A6ppi
bacteria. Importantly, MetL, Cmk and DksA were shown to exhibit the PPlase activity that is inhibited
by FK506 and also suppress the conditional lethal phenotype of A(dnaK/J tig) strains. The identification
of these three new PPIs provides a sound explanation for the molecular basis of suppression of growth
defects of A6ppi and in part for suppression of A(dnaK/] tig) bacteria. The multicopy suppression by
DksA was shown to require adequate levels of GroL/S and RpoE, the intact Tat translocation system
and is abolished if either genome integrity or envelope stress responsive pathways are compromised.
Furthermore, the coiled-coil domain is not only important for the DksA interaction with RNAP, but also
for its PPlase activity as the substitution of conserved residues not only abolished its PPlase activity,
but also the ability to exert the multicopy suppression with an acute requirement for D74, F82 and L84
residues of DksA.

4. Materials and Methods

4.1. Bacterial Strains, Plasmids and Media

The bacterial strains and plasmids used in this study are described in Supplementay Table S3.
Luria—Bertani (LB) broth, M9 (Difco, MD, USA) and M9 minimal media were prepared as previously
described [17]. When required, media were supplemented with ampicillin (100 pg/mL), kanamycin
(50 pg/mL), tetracycline (10 pg/mL), spectinomycin (50 ug/mL) and chloramphenicol (20 ug/mL).
For transductions or evaluating growth properties involving either AdksA derivatives or different
cloned dksA mutants, M9 minimal medium with or without supplementation of casamino acids
was used.

4.2. Generation of Null Mutations in Various Genes, Whose Products in the High Dosage Suppress Growth
Defects of A6ppi Strains and the Construction of A(dnaK/] tig) Deletion Derivatives

Non-polar antibiotic-free deletion mutations of various genes, whose overexpression restored the
growth of Abppi strains, were constructed by using the A Red recombinase/FLP-mediated recombination
system as described previously [14,60]. The antibiotic cassette was amplified using pKD3 and pKD13
as templates [60]. PCR products from such amplification reactions were electroporated into BW25113
containing the A Red recombinase-encoding plasmid pKD46 (GK1942). Each deletion was verified by
PCR amplification and sequencing of PCR products. Such deletions were transduced into parental
wild-type strains and A6éppi strains by bacteriophage P1-mediated transduction. Multiple null
combinations were constructed as described previously, followed by the removal of aph or cat cassettes
using the pCP20 plasmid and confirmed to be non-polar [17,60]. When required, additional deletion
derivatives were constructed using ada cassette for gene replacement using the pCL1920 plasmid
as a template in PCR amplification reactions, followed by gene replacement as described above.
A non-polar deletion derivative of the ppk gene was also constructed in the same manner and verified
by its >95% linkage with the hda gene. To construct strains simultaneously lacking major chaperones
encoded by dnaK/dna] genes and trigger factor PPI encoded by the tig gene, previously constructed the
deletion strain A(dnaK dna]) GK3078 [14] served as a recipient for the introduction of either tig<>cat
or tig<>ada deletions by bacteriophage P1-mediated transduction, resulting into the strains SR21830
and SR21836, respectively. Similarly, SR18157 (dnaK/J)<>ada strain served as a recipient to bring in the
tig<>aph mutation, resulting into the construction of A(dnaK dnaj tig) strain SR21842. Transductions
were performed on M9 minimal medium at 23 and 30 °C to prevent the accumulation of extragenic
suppressors and verified for the inability to plate the bacteriophage A and also the synthetic lethality
on LA medium at 30 °C and above.
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4.3. The Identification of Multicopy Suppressors, Whose Overexpression Restores the Growth of Either A6ppi or
A(dnaKj/] tig) Derivatives under Non-Permissive Growth Conditions

The complete genomic library of all predicted ORFs of E. coli cloned in pCA24N (ASKA collection) [13]
was used to transform the A6ppi derivative SR18292. As this strain exhibits a stringent growth phenotype
on LA medium at all temperatures, LA resistant transformants were selected at 23, 30, 37 and 43 °C
in the presence of IPTG (75 uM). DNA insert of all relevant plasmids that restored the growth upon
retransformation on LA rich medium at one of these temperatures was sequenced. Since the A6ppi
derivative SR18292 also exhibits the temperature-sensitive phenotype on minimal medium at 43 °C,
multicopy suppressors were directly selected for the restoration of growth. In parallel, we used
the same genomic library for the isolation of multicopy suppressors that restore the growth on M9
minimal medium with glycerol as the sole carbon source (non-permissive for A6ppi bacteria) or
when supplemented with either 4.5% ethanol or erythromycin (15 pg/mL) or vancomycin (75 pg/mL).
Since the ASKA library is a collection of cloned single genes, it is likely that some genes, which are
organized as operons and whose products work together, will be missed, the whole genomic plasmid
library was constructed after partial digestion of chromosomal DNA of A6ppi strain by Sau3A I and
cloned in a p15-based medium-copy number plasmid as described previously [14].

To isolate multicopy suppressors of A(dnaK/] tig), deletion derivatives SR21836 and SR21842 were
transformed with the above-mentioned genomic library containing all ORFs and plated at 30 and
34 °C on LA medium in the presence of 75 uM IPTG. The plasmid DNA was isolated from cultures
obtained from such suppressing clones and used to retransform SR21836 and SR21842 strains to verify
the reproducibility of suppression. The identity of gene, which when overexpressed suppresses a
A(dnaK/] tig) derivative, was obtained from DNA sequencing.

4.4. The Isolation of Chromosomal Transposon Insertion Mutations That Prevent the Multicopy Suppression by
the dksA Gene

As overexpression of the dksA gene restores the growth of A6ppi bacteria, chromosomal gene
disruptions were isolated to understand the pathway of DksA-mediated suppression. Thus, the strain
SR20561 A6ppi derivative from SR18292 carrying the dksA gene in pBR322 (pSR9332) was used as a host
to isolate Tn10 insertions. In this plasmid, the expression of the full-length dksA gene is driven from its
own promoters and has an identical insert of the suppressing clone originally isolated as a suppressor
of the dnaK] deletion. More than 50,000 transposon insertion mutants were isolated on M9 medium at
37 °C using ATn10 mutagenesis as described previously [15]. Transductants were screened for a Ts
phenotype on LA medium at 42 and 43 °C (lack of suppression). A bacteriophage P1 was grown on such
mutants individually and such P1 lysates were used to validate a Ts phenotype in the strain SR20561
(Abppi + pdksA) by retransduction. Those mutations that bred true were introduced into the wild-type
strain BW25113 for further characterization and preparation of chromosomal DNA. The position of
Tn10 was determined by the inverse PCR with nested primers and sequenced using the Tn10 primer
as described previously [14]. Alternatively, the Tn10 insertion and the flanking chromosomal regions
were cloned in a medium-copy vector pMBL18/19 using chromosomal DNA fragments generated by
partial digestion by Sau3A I. The position of Tn10 was determined by sequencing DNA insert using
appropriate primers. Temperature sensitive mutations mapping to the degP gene were identified either
by sequencing the junction of Tn10 insertion or by P1 transductions using SR8703 (a well characterized
degP::Tn10 tet®) as a donor. For the analysis of suppression of a AdnaKj/J strain, GK3078 [14] was
transformed with the dksA-expressing plasmid pSR9332 resulting in SR20733. SR20733 served as a
recipient for transductions that were performed on M9 minimal medium at 30 °C. Transductants were
subsequently tested for the Ts phenotype at 40 and 42 °C on LA medium.

4.5. Cloning of Various Genes for Complementation Studies

For routine complementation, the expression of corresponding genes was induced from clones in
the expression vector pCA24N [13]. For the analysis of multicopy suppression by overexpression of
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the dksA gene, the wild type gene was cloned in pBR322 using chromosomal DNA cloned in A phage
from the Kohara library 15A7DNA. Recombinant plasmids carrying the dksA gene were selected on the
basis of restoration of the growth of either the A6ppi derivative SR18292 at 43.5 °C on LA medium or
that of dnaKJ deletion at 42 °C on LA medium. This plasmid pSR9332 is thus identical to the original
dksA derivative that identified the dksA gene [30]. For the complementation of AdnaK/J, the minimal
coding region of the dnak dnaJ operon with its native promoter was PCR amplified and cloned in the
p15A-based vector, resulting into plasmid pSR21593.

4.6. RNA Purification and gRT-PCR Analysis

Exponentially grown cultures of the wild-type strain BW25113, its A6ppi derivative SR18292,
SR20561 (A6ppi + pdksA™), GK5165 [(A6ppi + pdksAt)::rpoE4Tn10], SR8691 ArpoE were grown at 37 °C
in M9 minimal medium and adjusted to an optical density ODgqg of 0.05. Culture were allowed to grow
up to an ODgg of 0.2 and harvested by centrifugation. RNA was purified by the hot phenol extraction
procedure as previously described [61]. RNA was precipitated with ethanol and resuspended in 100 L
of DEPC-treated water. RNA amounts were quantified and RNA integrity verified by agarose gel
electrophoresis. Quantitative Real Time PCR (qRT-PCR) was used to quantify changes in the rpoE
gene expression, using the gene-specific primer (Supplementary Table S4). Purified mRNA (2 ug) was
converted to cDNA and qRT-PCR was performed using CFX Connect Real-Time PCR Detection System
(Bio-Rad, Poland) under conditions described previously [1]. Data were analyzed by software Bio-Rad
CFX Maestro. For each experiment, three biological replicates were used.

4.7. Protein Purification of Wild-Type and dksA Mutants

For the protein induction, the minimal coding sequence of the dksA gene was cloned with an
in-frame cleavable N-terminal Hisg affinity tag in the T7 polymerase-based pET28b expression vector.
Specific mutations were introduced by the gene synthesis and Gibson cloning. For the purification,
hexa-His-tagged wild-type DksA or its variants cloned in the pET28b expression vector, gene expression
was induced in the E. coli T7 express derivative lacking all six PPIs (SR21984) at 33 °C at an optical
density of 0.1 at 600 nm in a 1-1 culture by the addition of 0.3 mM IPTG and grown for 4 h. For the
purification of Cmk and MetL, the plasmid DNA from JW0893 and JW3911 [13] were used to transform
the A6ppi strain SR18292 to induce the expression of proteins by the addition of 0.3 mM IPTG. After the
induction, cells were harvested by centrifugation at 12,000 rpm for 30 min. The pellet was resuspended
in B-PER reagent (Pierce) and adjusted to contain 50 mM NaH;POy, 300 mM NaCl, 10 mM imidazole
(buffer A), supplemented with lysozyme to a final concentration of 200 pg/mL, a cocktail of protease
inhibitors (Sigma, Poznan, Poland) and 30 units of benzonase (Merck, Poznan, Poland). The mixture
was incubated on ice for 45 min with gentle mixing. The lysate was centrifuged at 45,000x g for
30 min at 4 °C. Soluble proteins were applied over nickel-nitrilotriacetic acid beads (Qiagen, Geneva,
Switzerland), washed and eluted with buffer A with a linear gradient (50 mM-500 mM) of imidazole.

4.8. The PPlase Assay and the PPlase-Dependent Refolding of RNase T1

For the measurement of PPlase activity with purified individual wild-type or mutant protein, PPIs
were used at a concentration in the range of 0.1 to 5 uM. All purified proteins were obtained from A6ppi
strains. The PPIase activity was measured in a chymotrypsin-coupled enzymatic assay [23,36] using
8 mM N-Suc-Ala-Ala-cis-Pro-Phe-p-nitroanilide as the substrate. The PPlase activity was determined
in 35 mM HEPES pH 8.0 as assay buffer and the activity was measured at 10 °C. The reaction was
initiated by the addition of chymotrypsin (300 pg/mL) and change in the absorbance at 390 nm was
recorded using Specord 200 Plus spectrophotometer equipped with the Peltier temperature control
system. When required, the FK506 inhibitor (Sigma, Poznan, Poland) was added in a 2-fold molar
excess. FK506 and purified DksA, MetL and Cmk were incubated at 10 °C for 5 min prior to the
addition of chymotrypsin.
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The proline-limited folding of ribonuclease T1 (RNase T1) was analyzed using the procedure [23]
with few modifications. The purified RNase T1 was purchased from Worthington (USA). To unfold
RNase, T1 was incubated at 64 uM concentration in a buffer containing 100 mM Tris-HCI, pH 8.0 and
8 M urea for 2 h at 25 °C. The refolding was initiated by 40-fold dilution of urea in a buffer containing
100 mM Tris-HCI, pH 8.0 with the final concentration of 0.33 mM RNase T1. The folding catalyst was
added to the reaction mixture at a 10 uM concentration prior to the urea dilution. The tryptophan
fluorescence was measured with the emission wavelength of 320 nm (20-nm bandwidth) and the
excitation wavelength of 268 nm (20-nm bandwidth) using a Tecan Spark 10M spectrofluorophotometer.
The measurement was performed for 15 min with interval time of 1 s.

4.9. B-Galactosidase Activity Assay and Measurement of GroL Levels

For the quantification of activity of the rrnBP1 promoter, a single-copy promoter fusion was
constructed. To achieve this, the minimal #rnBP1 promoter region was cloned in the promoter probe
vector pRS415 and transferred to the chromosome using bacteriophage A derivative ARS45 to generate a
single copy rrnBP1-lacZ fusion in BW25113, using previously described procedure [61,62]. This resulted
in the construction of SR22123 strain, which subsequently served as a host to introduce the null allele
of the dksA gene (SR22415) and various plasmids carrying either the wild-type dksA gene or its different
mutant derivatives. For the measurement of $-galactosidase activity, isogenic cultures were grown in
LB medium at 37 °C. Exponentially grown cultures were adjusted to an ODggg of 0.05 and aliquots of
samples were used to measure the $-galactosidase activity as described [15]. For the measurement
of GroL levels, overnight cultures of the wild-type strain and its isogenic derivatives carrying either
groSp?1 or groSpd2 mutation were grown at 30 °C in M9 minimal medium. Cultures were adjusted to
an ODggg of 0.05 in M9 medium and allowed to reach an ODggg of 0.2. One-milliliter aliquots were
shifted to prewarmed tubes held at 42 °C and incubated for 15 min. Proteins were precipitated by TCA
(10%) and analyzed on 12.5% SDS-PAGE, followed by immunoblotting with anti-GroL antibodies.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/16/
5843/s1. Table S1. Overexpression of groS/L genes can rescue growth of A6bppi bacteria up to 42 °C on LA
medium; Table S2. Growth rate per hour () of strains carrying Tn10 insertions in various genes that prevent
the DksA-mediated suppression to different extents in A6ppi and AdnaK/] derivatives carrying the plasmid
expressing the dksA gene; Table S3. Bacterial strains and plasmids used in this study; Table S4. Primers;
Figure S1. Overexpression of the nud] and ydgC genes can restore the wild type-like growth of A6ppi bacteria on
LA medium at either 23 or 30 °C.
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Abstract: Protein folding often requires molecular chaperones and folding catalysts, such as
peptidyl-prolyl cis/trans isomerases (PPIs). The Escherichia coli cytoplasm contains six well-known
PPIs, although a requirement of their PPlase activity, the identity of their substrates and relative
enzymatic contribution is unknown. Thus, strains lacking all periplasmic and one of the cytoplasmic
PPIs were constructed. Measurement of their PPlase activity revealed that PpiB is the major source
of PPlase activity in the cytoplasm. Furthermore, viable A6ppi strains could be constructed only
on minimal medium in the temperature range of 30-37 °C, but not on rich medium. To address
the molecular basis of essentiality of PPIs, proteins that aggregate in their absence were identified.
Next, wild-type and putative active site variants of FkpB, FklB, PpiB and PpiC were purified and in
pull-down experiments substrates specific to each of these PPIs identified, revealing an overlap of
some substrates. Substrates of PpiC were validated by immunoprecipitations using extracts from
wild-type and PpiC-H81A strains carrying a 3xFLAG-tag appended to the C-terminal end of the ppiC
gene on the chromosome. Using isothermal titration calorimetry, RpoE, RseA, 52, and AhpC were
established as FkpB substrates and PpiC’s PPlase activity was shown to be required for interaction
with AhpC.

Keywords: prolyl isomerase; protein folding; heat shock proteins; protein aggregation; RpoE sigma
factor; PpiB; PpiC; FkpB; FkIB; AhpC

1. Introduction

Cellular protein concentration in the cytoplasm is relatively very high, which leads to
macromolecular crowding and exposure of hydrophobic surfaces that can cause protein aggregation [1].
Thus, in vivo, the process of folding can compete with the formation of aberrant aggregates, which can
lead to severe cellular defects. Hence, in order to carry out their biological functions, most polypeptide
chains must fold rapidly into the stable three-dimensional conformation. This is achieved with the
help of conserved group of molecular machines to maintain cellular protein homeostasis. In vivo
partially folded polypeptides are bound by chaperones to prevent their aggregation or misfolding and
critical slow rate-limiting folding steps are accelerated by folding catalysts, such as peptidyl-prolyl
cis/trans isomerases (PPIs) and thiol-disulfide oxidoreductases (PDIs). PPIs are ubiquitous enzymes,
found in all organisms and they catalyze the slow cis/trans isomerization of prolyl peptide Xaa-Pro
bonds. Due to the relatively high energy barrier (14-24 kcal/mol), the uncatalyzed isomerization is
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a slow process with an exchange time constant on the order of several minutes [2]. Hence, PPIs reduce
the energy barrier between cis and trans states and hence accelerate the isomerization [3]. PPIs were
initially identified as targets of two immunosuppressive drugs: cyclosporine A (CsA) or FK506 and
were hence called cyclophilins and FK506-binding proteins (FKBPs), respectively, and are collectively
known as immunophilins [4]. The third family of PPIs is called parvulins, which are distinct from
cyclophilins and FKBPs, since their PPlase activity is neither inhibited by cyclosporine nor FK506 [5].

The model bacterium Escherichia coli contains ten PPIs that cover all three families of PPIs. Out of
these, six PPIs are present in the cytoplasm. These six E. coli cytoplasmic PPIs include the cyclophilin
PpiB, the FKBPs {trigger factor (Tig), SlyD, FkpB, FkIB} and the parvulin PpiC. Although the PPlase
activity for each of six cytoplasmic PPIs have been demonstrated, the relative contribution towards the
cellular pool has not been reported. Similarly, there is a lack of information about the cellular function of
most of PPIs in E. coli other than Tig and to some extent for SlyD. Tig is an abundant ribosome-associated
protein, consisting of an N-terminal ribosome-binding domain, a PPlase domain and a C-terminal
domain [6]. Ribosome profiling studies have revealed that the Tig protein interacts with all nascently
synthesized polypeptides with the highest interaction for $-barrel outer membrane proteins (OMPs) [7].
Another cytoplasmic PPI SlyD has been shown to be a two-domain protein functioning as a molecular
chaperone, a prolyl cis/trans isomerase, and a nickel-binding protein [8,9]. However, its PPlase activity
may not be required for its function for the nickel insertion in [NiFe]-hydrogenase [10]. Regarding other
cytoplasmic PPIs, on the basis of co-purification the alkyl hydroperoxide reductase subunit C (AhpC)
has been suggested as a substrate of PpiC [11]. The FkpB also has a two-domain architecture like
SlyD. Using pull-down experiments some ribosomal proteins were found to co-elute with FkpB [12].
However, a complete spectrum of substrates with mutational comparisons in PPI-encoding genes
remains unknown in most of the cases.

To gain a better understanding of function of cytoplasmic PPIs, suppressor-free A6ppi strains were
constructed and characterized for their defects in protein folding. Several proteins were identified that
aggregate in Abppi strains, some of which are essential for bacterial growth. Further, in vivo substrates
were identified by pull-down and immunoprecipitations experiments using wild-type and putative
active site variants of different PPIs. Among various substrates, an interaction of AhpC with FkpB
and PpiC was shown and the essential sigma factor RpoE and its cognate anti-sigma factor RseA
established as clients of FkpB using isothermal titration calorimetry.

2. Results

2.1. The Peptidyl-Prolyl Cis/Trans Isomerase Activity Is Required for Optimal Growth

E. coli genome contains six genes, whose products represent all three known families of folding
catalysts with the peptidyl-prolyl cisftrans isomerase activity in the cytoplasm. To gain insights about
their function, strains with a single non-polar gene disruption were constructed and transduced into
commonly used E. coli K-12 strain BW25113 and tested for any perceivable defects in the colony
size, motility, cellular morphology and sensitivity towards antibiotics or factors that cause defects in
protein folding and growth properties at different temperatures. Individually all the genes were found
to be dispensable; however, AfkpB derivatives exhibited significant growth defects reminiscent of
phenotypes ascribed to lytB (ispH) mutants [13] such as hypersensitivity to ampicillin (1.5 ug/mL) and
to ethanol (4%). Sequence examination of fkpB and ispH coding regions revealed that their transcription
and translation is coupled. Thus, a new non-polar deletion of the fkpB gene was constructed and such
a (AfkpB ispHC) strain exhibited growth similar to the wild type and was further used to construct strains
lacking all six cytoplasmic PPIs (for simplicity referred as A6ppi) using bacteriophage P1-mediated
transductions. All transductions were carried in parallel on M9 minimal and Luria Agar (LA) rich
medium at 30 and 37 °C. Strains lacking five out of six PPIs exhibited a reduction in the colony
size (Figure 1). Hence, to obtain a six-deletion strain and assess any essentiality, ASppi strains were
transformed with either the vector alone or the plasmid carrying the wild-type copy of gene to be
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deleted. When Abppi derivatives were used as recipients, viable transductants were obtained on
M9 medium at 30 °C as well as 37 °C, but not on LA medium when the vector alone was present
(Table 1). For further studies, we used a A6ppi derivative in BW25113 (SR18292) without the vector after
verification by PCR the absence of all six ppi genes. In the absence of plasmid vector, a A6ppi derivative
forms small colonies on LA at 37 °C with a reduction of colony forming ability by 10% as compared
to the wild type, but is not viable at either 43 or 23 °C (Table 1, Figure 1). Further, such bacteria
were unable to grow even at 30 or 37 °C when glucose was replaced by glycerol as the carbon source.
Overall, these results lead us to conclude that the PPlase activity is essential for optimal growth.

& é’-“%

r £ F. Y

& :?@w?@

M9 37°C M9 43°C LA 37°C LA 43°C

Figure 1. A6ppi bacteria are unable to grow at either 37 or 43 °C on LA medium. Exponentially grown
cultures of the wild type and its isogenic ASppi and A6ppi derivative were adjusted to an optical density
ODgqp 0.1 and serially spot diluted on M9 minimal medium and LA medium. Data presented are from
one of the representative experiments.

Table 1. The essentiality of peptidyl-prolyl cis/trans isomerases (PPIs) in the wild-type strain BW25113
in Luria Agar (LA) medium as revealed by bacteriophage P1-mediated transductional efficiency criteria.
Numbers indicate obtained transductants/mL of recipient. Data are from one of the representative
experiments with several repeats.

23°C 30°C 37°C 43°C

M9 LA M9 LA M9 LA M9 LA
A(fkIB slyD fkpB tig ppiB) + vector x AppiC 434 8 2369 27 2460 47 - -
A(fkIB slyD fkpB tig ppiB) + pppiC* x AppiC 1740 1630 2280 1973 2710 2432 838 1140
A(fkIB slyD tig ppiB ppiC) + vector x AfkpB 342 10 1732 37 1562 35 - -
A(fkIB slyD tig ppiB ppiC) + pfkpB* x AfkpB 2314 2640 1948 2100 1980 2013 954 901
A(fkIB slyD tig ppiC fkpB) + vector x AppiB 425 5 1420 24 1830 48 - -
A(fKIB slyD tig ppiC fkpB) + pppiB* x AppiB 1451 1620 1830 1723 2620 2534 1031 977

2.2. Protein Folding Defects—Accumulation of Various Proteins in Aggregation Fractions in Abppi Bacteria

To investigate the cellular function of cytoplasmic PPIs in protein folding, protein folding defects
were examined in the A6ppi strain SR18292 in comparison to its parental wild-type strain BW25113.
Exponentially grown cultures in M9 minimal medium at 37 °C (permissive growth conditions) were
washed and shifted to Luria-Bertani (LB) medium at 30 °C for 2 h (conditions poorly tolerated by
A6ppi bacteria). Protein aggregates were obtained after careful removal of membrane proteins using
previously established procedure [14]. At 30 °C, as expected, wild-type bacteria did not show any
significant amount of protein aggregates. However, under the same conditions, extracts from the A6ppi
strain showed a significant increase in the accumulation of protein aggregates accounting for more than
10% of total proteins. Proteins that aggregated in the A6ppi strain were resolved by SDS polyacrylamide
gel electrophoresis (SDS-PAGE) and analyzed by 2-dimensional electrophoresis. The identity of major
protein spots, corresponding to aggregation-prone proteins present in the A6ppi strain and absent in
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the parental wild type, was obtained by MALDI-TOF (Table S1). Several proteins that were found to
aggregate include major subunits of RNA polymerase and associated factors (RpoB, RpoC, RpoA, Rho),
several proteins involved in DNA replication and repair (DnaE, RecB, GyrA, RecA, RuvB, SeqA, LexA),
RNA degradation pathway-related proteins (HrpA, CsrD, RhlB, DeaD, Eno), cell division proteins
(FtsZ, ZapD, FtsX), those involved in the protein translation (TufA, TufB, InfB, PrfC), proteins required
in various metabolic pathways and sugar uptake, transcription factors (Crl, Lrp, Crp, NarL, ArcA,
OmpR, ModE), tRNA modifying enzymes, some proteins needed in early steps of lipid A biosynthesis
and fatty acid metabolism (LpxA, LpxC, FabA, FabB, FabZ), protein folding and degradation machinery
components (IbpB, HslU, ClpX, FtsH), proteins related to cellular redox homeostasis such as alkyl
hydroperoxide reductase subunits (AhpC, AhpF), osmotic stress-related proteins (OtsA, BetB, ProP),
many ribosomal proteins, including S2, and proteins such as Der, which are required for the ribosomal
stability/integrity (Table S1). Interestingly, several of proteins that aggregate in A6ppi bacteria are
essential for the bacterial viability and can help to explain the collective essentiality of cytoplasmic PPIs
for the viability under standard laboratory growth conditions. Proteins that were found to aggregate
in A6ppi bacteria were analyzed using the available protein database (PDB server) revealing that some
of them indeed contain either known or predicted cis proline residues, while many are proline rich
suggesting a requirement of PPIs in the catalysis of proline isomerization (Table S1).

2.3. The PpiB Protein Is the Major Contributor of PPlase Activity in the Cytoplasm

Up to now, the relative contribution of each cytoplasmic PPI to the total enzymatic pool has
not been reported. To measure only the PPlase activity of cytoplasmic PPIs, a strain that lacks four
periplasmic PPIs was constructed to introduce different null alleles of genes encoding cytoplasmic
PPIs to quantify their PPlase activity in a single copy. Measurement of the PPlase activity of soluble
cell extracts obtained from such strains revealed that among cytoplasmic PPIs PpiB contributes the
bulk of peptidyl-prolyl cis/trans isomerase activity (Figure 2A). The relative order of PPlase activity is
PpiB > FkIB > SlyD > Tig > PpiC > FkpB. Surprisingly, the strain lacking four periplasmic PPIs and the
tig gene consistently showed the higher PPlase activity than its parental strain. As Tig is an abundant
ribosome-associated protein with a chaperone-like activity, suggested that the expression of one or
more cytoplasmic PPIs might be up-regulated in a tig-deleted strain. Thus, an individual null allele of
rest of five cytoplasmic PPl-encoding genes were introduced into a SR20072 derivative lacking the tig
gene and analyzed for the PPlase activity. Among such strains, the deletion derivative of the fkpB gene
alone showed the significantly reduced PPlase activity that can be attributed to Tig (Figure 2B). Thus,
we can conclude that the observed lack of reduction in the PPlase activity in A(ppiA surA ppiD fkpA tig)
as compared to A(ppiA surA ppiD fkpA) is due to the increased contribution from FkpB, when the Tig
protein is absent, and the major contributor to the cytoplasmic pool of the PPlase activity activity is
from the PpiB protein (Figure 2A).

Further, we sought to identify major contributors to the overall pool of total cellular PPlase
activity. Thus, several double deletion combinations were constructed and used for the PPlase activity
measurement. Among these, the most striking is a drastic reduction in the PPlase activity in A(ppiA
ppiB) (Figure 2B). PpiA located in the periplasm and PpiB in the cytoplasm are highly homologous
proteins and both belong to the cyclophilin family. Furthermore, we also constructed strains devoid of
all ten PPIs, revealing only the presence of a very little residual PPlase activity (Figure 2B). However,
it is pertinent to point out that strains lacking all ten PPIs exhibit severe growth defects with doubling
time of 270 min and are unable to reach an ODggg above 0.3 at 37 °C. Such a phenotype highlights the
importance of this class of folding catalysts for the bacterial viability. Taken together, we can conclude
that PpiA and PpiB are the main contributors to the PPlase activity.
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Figure 2. PpiB is the major contributor of PPlase activity in the cytoplasm. (A) The PPlase
activity in soluble extracts obtained from six sets of strains lacking periplasmic PPIs and one of
the cytoplasmic PPI were used to measure the PPlase activity, revealing that the absence of PpiB
leads to highly reduced PPIase activity. In all cases, total protein concentration was 10 mg/mL and
N-Suc-Ala-Ala-cis-Pro-Phe-p-nitroanilide was used as the substrate. The PPlase activity was measured
in a chymotrypsin-coupled assay. (B) Under similar conditions, extracts from the wild type, A(ppiA
ppiB), A(ppiA fkpA surA ppiD), A1Oppi strain lacking all PPIs were used to measure the PPlase activity.

2.4. Abppi Bacteria Exhibit the Constitutive Induction of RpoH-Regulated Heat Shock Response

It is well established that accumulation of misfolded proteins and overall defects in protein folding
process induces cellular stress responsive pathways that can mitigate such stresses. E. coli uses two
such stress combative pathways that leads to the induction of heat shock response. As A6ppi bacteria
exhibited gross defects in terms of growth, extensive protein aggregation and also many transcription
factors were found enriched during the analysis of proteins that accumulate in aggregation fractions,
we analyzed the fate of major stress responsive pathways, such as the RpoH-regulated heat shock
response and the RpoE-controlled envelope stress response. Thus, quantitative real-time polymerase
chain reaction (QRT-PCR) analysis of well-known RpoH-regulated heat shock genes was performed,
using total cellular mRNA isolated with or without temperature upshift. mRNA was also extracted
from isogenic wild-type and A6ppi bacteria after shift from M9 30 °C or 37 °C to LB 37 °C. Data from
gRT-PCR of highly conserved heat shock genes dnaK and ibpA are presented, revealing increased
abundance of transcripts of these heat shock genes in A6ppi bacteria as compared to the wild type
even under permissive growth conditions of either 30 or 37 °C (Figure 3A,B). Noteworthy is the
hyperinduction of transcription of the ibpA heat shock gene at 37 °C. These data are consistent with
a role of IbpA in binding to protein aggregates. A 15 min transient shift of culture of A6ppi bacteria
from 30 °C to 42 °C in M9 minimal medium also resulted in the increased expression of all major heat
shock genes in the wild type as well as in A6ppi bacteria (Figure 3). Thus, these data show that in the
absence of PPIs heat shock response under the control of the rpoH gene is constitutively induced under
permissive growth conditions in A6ppi strains and they exhibit an elevated induction of transcription
of heat shock genes after temperature shift to 42 °C.

Concerning the RpoE-regulated stress response, the basal level transcriptional activity of the
rpoE gene, which regulates the envelope stress response, is reduced in A6ppi bacteria at 30 °C and
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is unaltered at 37 °C. Regarding the degP gene, whose transcription is subjected to dual control by
RpoE and CpxR/A systems [15], its transcriptional activity is also reduced at 30 °C, although its
transcription at 37 °C remains unaltered (Figure 3C,D), which is in contrast to the constitutively
enhanced activity of RpoH-dependent heat shock regulon. However, a 15 min shift to 42 °C causes the
induction of transcription of the rpoE as well as the degP genes in A6ppi, which is comparable with their
induction in the parental wild-type strain. Thus, we can conclude that while the RpoH-regulated heat
shock response is constitutively induced in A6ppi bacteria even under permissive growth conditions,
the RpoE-regulated transcription under similar growth conditions is rather dampened.
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Figure 3. A6ppi bacteria exhibit constitutive elevated transcription of RpoH-regulated heat shock genes
but reduced level of RpoE-transcribed genes at 30 and 37 °C. qRT-PCR analysis of mRNA isolated from
the wild type (wt) and its A6ppi derivative bacteria grown up to an ODgg of 0.2 in M9 medium at either
30 or after shift to LB at 37 °C. In parallel, total RNA was extracted after heat shock for 15 min at 42 °C.
Quantification of data for the dnaK gene (Panel A), the ibpA gene (Panel B), the rpoE gene (Panel C) and
the degP gene (Panel D).

2.5. Identification of Substrates of the PpiC Protein Reveals a Role in Oxidative Stress, Transcriptional and
Essential Metabolic Processes

Up to now, no systematic study has been carried out to identify substrates of individual
cytoplasmic PPIs. Multipronged strategies were employed to identify in vivo substrates of PpiC. Firstly,
the wild-type ppiC gene and its variants with single amino acid substitutions in residues predicted
to correspond to either the potential active site or the substrate-binding site based on the available
solution structure were cloned in the T7 polymerase-based expression plasmid pET24b. We chose
highly conserved amino acids Met57 and Phe81 and replaced them with Ala, since they are predicted
to form a part of substrate-binding and catalytic domains of PpiC, respectively [11]. In each plasmid
construct, the coding region was appended in-frame with a C-terminal cleavable Hexa-His tag and
used to transform SR21984 lacking all six PPIs to prevent the presence of other PPIs during purification.
After the induction with IPTG (100 uM), proteins were purified using linear gradient of imidazole in
Ni-NTA affinity chromatography and eluting protein fractions resolved by SDS-PAGE. The identity of
co-eluting proteins with His-tagged PPIs in such pull-down experiments was revealed by MALDI-TOFE.
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Comparison of co-elution profiles of the wild-type Hexa-His-tagged PpiC and Hexa-His-tagged
PpiC mutant derivatives revealed that most prominent substrates of PpiC include the BipA GTPase,
the translational factor EttA, YrdA, FabH, RbsB, transcription-related proteins (NusG, SuhB, Rho,
RpoA), the RNA chaperone ProQ, the GImY/GImS sRNA-binding protein RapZ, OxyR, RpsB, RbsC
(52/S3) ribosomal proteins. Other substrates identified include the polyP kinase Ppk, the essential lipid
A transporter LptB and AhpC/AhpF subunits of alkyl hydroperoxide reductase. All these co-eluting
proteins identified with the wild-type PpiC were either absent or with highly reduced amounts in
PpiC F81A and PpiC M57A variants in such pull-down experiments (Figure 4A). Most prominent
differences in the co-elution profile are observed when proteins from pull-down experiments from the
wild-type PpiC vs. PpiC M57A are compared. This comparison reveals the absence of NusG, YrdA
and AhpC proteins in M57A variant (Figure 4A).
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Figure 4. (A) Purification profile of wild-type PpiC, PpiC F81A and PpiC M57A after the induction
in a A6ppi derivative with 100 uM IPTG. Proteins were resolved on a 12.5% SDS-PAGE. Co-eluting
proteins are indicated by arrows with their identity marked. MWS indicates the molecular weight
standard (Thermo Scientific). (B) Proteins identified after immunoprecipitation with an anti-FLAG M2
monoclonal antibody of extracts from the wild-type strain without FLAG tag as a control (lane marked
C) and strains with a chromosomal FLAG-tagged PpiC wt and PpiC F81. Immunoprecipitated proteins
are indicated. (C) Soluble proteins from equivalent amounts of cells from the wild type (wt), its isogenic
strain derivatives lacking four periplasmic PPIs and its derivative strain additionally lacking PpiC,
were resolved on a 12.5% SDS-PAGE. Missing proteins in the absence of AppiC derivative are indicated
by arrow. (D) The PPlase activity in the chymotrypsin-coupled assay with 0.5 uM purified wt PpiC
and its mutants with either M57A or F81A are plotted. Controls without enzyme and buffer are also
plotted. (E) Position of M57, F81 and H84 residues in the structure of PpiC (PDB 1JNT).
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In a complementary and more sensitive second approach, the wild-type chromosomal copy of the
ppiC gene was epitope-tagged with 3xFLAG using recombineering. In parallel, PpiC F81A mutation
was introduced and thus an isogenic strain with an appended in-frame C-terminal 3xFLAG epitope
with a chromosomal mutation in the putative catalytic site was generated. Total cell extracts from
such FLAG-tagged wild-type PpiC and its mutant F81A were immunoprecipitated with an anti-FLAG
M2 monoclonal antibody and bound substrates after elution were revealed by silver-staining after
SDS-PAGE. This analysis revealed common substrates that were identified as co-eluting proteins
in pull-down studies like RpoA, AhpC, YrdA, SeqA, NusG and RpsC, validating them as clients
of PpiC (Figure 4B). Interestingly, many substrates like GrxB, AhpC, YrdA, NusG, and SeqA were
not immunoprecipitated when extracts from the strain carrying PpiC F81A::3xFLAG were used,
consistent with pull-down experiments as compared to their presence in immunoprecipitated extracts
from the wild-type FLAG-tagged PpiC (Figure 4A,B). Some additional substrates, revealed with
immunoprecipitations in the case of wild-type PpiC::3xFLAG, were proteins such as GrxB, Ppa, GpmA,
YgtZ, DeoC, and RbsB, which were missing in pull-down experiments. As immunoprecipitations were
performed with cell extracts from FLAG-tagged strains carrying a single-copy wild-type and its F81A
derivative, without any overexpression, such results are physiologically more relevant than using
overexpressing systems. Due to limitations of current recombineering techniques, a chromosomal M57A
mutation in a FLAG-tag system could not be constructed. Finally, in the third approach, we compared
the profile of total soluble proteins obtained from isogenic strains lacking all periplasmic PPIs A(surA
ppiD ppiA fkpA) (SR20072) and its derivative SR20098 A(surA ppiD ppiA fkpA ppiC) additionally lacking
the ppiC gene (Figure 4C). MALDI-TOF analysis of missing protein(s) in SR20098 identified DeoC
and RbsB to be absent when the AppiC mutation was introduced (Figure 4C). These results further
reinforce their identification in either pull-down or immunoprecipitation studies, validating them as
PpiC substrates.

To correlate the identification of substrates and gain better insight in the function of PpiC in
relationship with its PPlase activity and relevance of substrate-binding site, purified wild-type PpiC,
PpiC M57A and PpiC F81A proteins were obtained after rifampicin treatment and used to measure
their activity in chymotrypsin-coupled assay. Results from these measurements revealed that PpiC
F81A mutant protein has lost its PPlase activity, while PpiC M57A still retains a substantial PPlase
activity (Figure 4D). Based on the structural analysis, Met57 is located in the putative substrate- binding
domain of PpiC [11] (Figure 4E) and thus helps to explain the inability to recognize some of the
substrates as revealed by pull-down studies. Similarly, the absence of several substrates, when PpiC
F81A::3xFLAG was used in immunoprecipitations, implies a dependence of several substrates, such
as GrxB, AhpC, NusG (Figure 4) on the PPlase activity of PpiC. Thus, we can conclude that both
substrate-binding and PPlase active site residues are required for PpiC’s function.

2.6. Substrates of FkpB Include the RpoE Sigma Factor, Proteins Related to Cell Shape/Division and
Lipopolysaccharide (LPS) Transport

The FkpB PPlase of E. coli exhibits structural similarity with the SlyD protein [8,12]. However,
its cellular substrates and physiological function remains to be elucidated. Thus, as with PpiC,
we identified substrates using pull-down experiments with FkpB. To achieve this, the minimal coding
region of the fkpB gene with a C-terminal in-frame Hexa-His tag was cloned in the T7 polymerase-based
expression plasmid pET24b and protein expression induced in the A6ppi derivative as described above.
In the case of FkpB, some of the prominent co-eluting proteins using pull-down experiments are:
RpoE (envelope stress response regulator sigma E), LptB (cytoplasmic ATPase component of LPS
ABC transport complex), the RseA anti-sigma factor specific to RpoE, RpsB and RpsC (52 and S3,
respectively) ribosomal proteins, the RNA chaperone ProQ), Rho transcriptional terminator factor,
the GapA protein which is involved in glycogenesis, putative methyl transferase YfiF related to RNA
processing, the cell shape determining protein MreB, an alkyl hydroperoxide reductase subunit C
AhpC and also some proteins that are involved in the phospholipid/fatty acid synthesis such as
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FabF. To gain insights in the structure-function analysis of FkpB, single amino acid substitutions
include E86A, N126A, P128A, and a H126A N127A double mutant were constructed on plasmids.
Such Hexa-His-tagged FkpB mutant proteins were purified and the profile of co-eluting proteins
were analyzed in comparison with co-eluted proteins obtained from the wild-type His-tagged FkpB
(Figure 5A). All the mutated residues were selected on the basis of their location in the putative active
site of FkpB (Figure 5) [12]. Examination of co-eluting proteins with substitution of ES86A in FkpB
yielded a profile quite similar to that of the wild-type. However, quite importantly the co-elution of
RpoE was diminished in FkpB N127A, P128A variants and abolished in FkpB N126A H127A double
mutant. These results were further validated by analysis of co-eluting proteins upon two-dimensional
(2D) gel electrophoresis. As is evident, the protein spot corresponding to RpoE was visualized and
its identity established by MALDI-TOF analysis using co-eluted proteins from His-tagged wild-type
FkpB (Figure 5B). However, the protein spot corresponding to RpoE is missing in the 2D gel when
the co-eluted proteins from His-tagged FkpB H126A N127A double mutant were applied (Figure 5C).
It is worth noting an overlap of substrates between PpiC and FkpB for ribosomal proteins S2 and S3,
and AhpC, LptB, Rho, and ProQ which are also common substrates. Some of these substrates were
validated by in vitro binding assays (see below).

Next, we measured the PPlase activity of wild-type FkpB and its variants that were tested in
pull-down studies using the standard chymotrypsin-coupled assay. This analysis revealed a significantly
reduced PPlase activity of FkpB H126A N127A double mutant protein as compared to the wild-type
(Figure 5D,E). Furthermore, FkpB P128A mutant protein was also found to be defective in the catalysis
of the prolyl isomerization, while ES86A variant still retains the PPlase activity although reduced as
compared to the wild type (Figure 5D,E). These results are consistent with a predicted role of H126,
N127, and P128 residues in the catalysis of prolyl isomerization.

2.7. The PpiB Protein Has Larger Number of Substrates That Require Its PPlase Activity

The PpiB protein was the first cytoplasmic E. coli PPlase identified and biochemically its activity
elucidated [16,17]. As shown in this work, PpiB is the major source of PPlase activity in the cytoplasm
of E. coli. However, little information is available concerning its cellular substrates. Thus, in this
study we cloned the wild-type and putative active site variant of the ppiB gene with appended His-tag
at the C-terminal end of its coding sequence and expressed from the T7 promoter-based expression
vector pET24b. Pull-down experiments with His-tagged PpiB revealed largest number of co-eluting
polypeptides as compared to similar experiments with other PPIs (Figure 6A). While the identity
of several proteins could be obtained, we focused more on those proteins which do not co-purify
with PpiB R43A variant. PpiB R43A substitution was constructed, since its counterpart R55 residue
in human Cyp18 is known to have a very low PPlase activity [18]. Examination of purification
profile of PpiB R43A variant revealed that the vast majority of co-eluting proteins observed in the
case of wild-type Hisg-tagged PpiB were either absent or their abundance is reduced (Figure 6A).
Some of the co-purifying proteins observed with the wild-type PpiB, but with a reduced abundance
with Hisg-tagged PpiB R43A, are: components of RNA polymerase 3 and 3’ subunits, transcription
factors Rho, CytR and NtrC, tRNA modification enzymes MiaB, MnmG, the RNA helicase DeaD, Eno,
which is a part of RNA degradosome, catalase subunits HPI and HPII (KatE and KatG, respectively),
enzymes related to DNA replication/recombination like GyrB, RecA, several proteins related to energy
metabolism such as AcnB, GlpD, LpdA, and SthA, components of biotin-carboxyl carrier protein
assembly which are also involved in the fatty acid synthesis like AccA and AccC, stress-related proteins
like ClpX, HslU and UspG (Figure 6A). Additionally, in pull-down studies proteins involved in cell
division/cell shape (FtsZ, MreB and MinD) were observed as well as ribosomal proteins like RpsB/C
(52 and S3 proteins) and RplV (Figure 6A). Thus, PpiB substrates are quite broad in function and most
of these proteins were only identified during purification of the wild-type PpiB but not with PpiB R43A.
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FkpB
N126A
WT N126A EBGA P128A 11750 MWS

(B) ©

— FkpB ES6A

— FkpB N126A

— FkpB wt

— FkpB P128A

—— FkpB N126A H127A
0.1 — buffer alone

. (E)

Figure 5. The RpoE sigma factor is one of the substrates of FkpB. (A) Co-purification profile of
the wild-type FkpB protein and its derivatives N126A, P128A, ES86A and with N126A H127 double
mutation after the induction in a A6ppi derivative with 100 uM IPTG. Proteins were resolved on a 12.5%
SDS-PAGE and co-eluting proteins are indicated and their identity shown. (B) Picture of dried 2-D gels
of purified FkpB and co-eluting RpoE. The identity of the spot corresponding to RpoE was obtained
from MALDI-TOF and is indicated. (C) 2-D gel of purified FkpB variant N126A H127. (D) The PPIase
activity in the chymotrypsin-coupled assay with 0.5 uM purified of above mentioned FkpB variants in
comparison to the wild type is plotted. (E) Position of various FkpB residues, which were mutated,
is indicated in the structure of FkpB (PDB 4DT#4).
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Next, we verified if indeed PpiB R43A mutant protein is defective in its PPlase activity. As shown,
this mutation nearly abolished the PPlase activity of PpiB (Figure 6B), consistent with observations
with corresponding Cyp18 R55 variant. Taken together, we can conclude that most of the substrates
identified in these studies require PpiB’s PPlase activity for their interaction.
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Figure 6. Identification of substrates of PpiB and FkIB. (A) Co-purification profile of wild-type PpiB and
PpiB R43A proteins. Co-eluting proteins present in the wild-type that are either absent or with reduced
abundance are indicated. (B) The PPlase activity in the chymotrypsin-coupled assay with purified
wt PpiB and PpiB R43A (0.5 uM each) is indicated. Controls without enzyme and buffer are also
plotted. (C) The PPlase activity in the chymotrypsin-coupled assay with 0.5 uM purified FkIB variants
in comparison to the wild-type FkIB, without enzyme and buffer alone are plotted. (D) Co-purification
profile of wild-type FkIB, and its derivatives Y15A, W158Y and E86A. Proteins were resolved on a 12.5%
SDS-PAGE and co-eluting proteins are indicated and their identity shown.

2.8. Identification of Active Site Residues of the FkIB Protein and Identification of its Substrates Reveal Certain
Unique and Some with an Overlap with Other PPIs

No substrate of FkIB has been reported thus far in E. coli and its biochemical studies are limited,
although it has been shown to be a dimeric protein [19]. To investigate the function of FkIB, experiments
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were undertaken to identify its binding partners and determine the importance of highly conserved
amino acid residues predicted to impact its PPlase and substrate-binding activity. Hence, we generated
single amino acid substitutions based on homology modeling with FKBP22 of Shewanella sp. [20].
Homology data suggest E. coli FkIB to be a V-shaped dimer, with the N-terminal domain required
for dimerization and the C-terminal domain to constitute the catalytic domain. Thus, mutations in
FkIB with Y15A, W158Y and F198A substitutions were generated and cloned in pET28b expression
vector. Such fkIB mutants and the wild type were expressed in the A6ppi derivative SR21984 and
proteins were purified under identical conditions. Substitutions like Y15A in the N-terminal domain
should render FkIB in the monomeric state [20,21], while substitutions in C-terminal residues W158
and F198 can affect the PPlase and the chaperone-like activity. Measurement of the PPlase activity
using N-Suc-Ala-Ala-cis-Pro-Phe-p-nitroanilide peptide as a substrate revealed a severe reduction
of PPIase activity in the case of FkIB W158Y and a loss of PPlase activity with FkIB F198A mutants
(Figure 6C). However, Y15A mutation in the N-domain retained the PPlase activity, although it is
reduced as compared to the wild type. In parallel, pull-down experiments revealed a substantial
reduction in the number of co-eluting proteins, when FkIB Y15A and W158Y variants were subjected to
affinity purification (Figure 6D). However, when FkIB F198A was purified, many proteins that co-elute
with the wild-type Hexa-His-tagged FkIB were also observed, although certain proteins were reduced
in abundance. These results suggest that both the dimeric nature and the PPlase activity are required
for the FkIB function. However, all substrates may not require FklB’s PPlase activity.

Identification of potential substrates of FkIB from co-eluting proteins revealed some unique
interacting partners like the transcriptional regulator Rob, which is involved in regulation of antibiotic
resistance and stress response [22,23], the transcriptional factor Crl regulating RpoS expression/activity,
ompE/C transcriptional regulator OmpR, the plasmid copy number regulator PcnB, proteins related to
translational process like the ribosome assembly-related GTP-binding protein ObgE, ribosomal proteins
and RImG/RIm] involved in methylation of 23S rRNA (Figure 6D). However, many co-purifying
proteins were common with FkpB, PpiC and PpiB. These include proteins like AhpC, OxyR, TreC,
NusG, Rho, RpoA, and RpoE. However, higher overlap is observed with FkpB, suggesting redundancy
in substrate usage by different cytoplasmic PPIs.

2.9. Validation of RpoE, RseA, and S2 Proteins as Client Proteins of FkpB

Based on pull-down experiments, several proteins were identified as potential substrates of
FkpB. These include the S2 ribosomal protein, the RpoE sigma factor and the anti-sigma factor RseA.
The RpoE sigma factor is an alternative sigma factor that in the complex with RNA polymerase initiates
transcription of several genes whose products are involved in either folding and assembly of various
components of the OM including major OMPs and lipopolysaccharide or transcription of sSRNAs
that negatively regulate the synthesis of OMPs and the abundant envelope murein lipoprotein Lpp
(reviewed in [24]). RseA acts as the anti-sigma factor for RpoE and regulates the RpoE availability in
response to envelope stress [25,26].

To further investigate the interaction between RpoE and RseA with FkpB, binding affinity
measurements were performed with isothermal titration calorimetry (ITC) using various peptides
spanning different segments of RpoE and RseA. The best binders were peptides P2 (KVASLVSRYVPSGDV)
and P4 (AAIMDCPVGTVRSRI) that were derived from the most conserved regions 2 and 4 of RpoE.
The titration of FkpB into peptides P4 and P2 was exothermic (Figure 7A,B). The binding curves
were fit to a single binding-site mode (1 = 1), revealing a binding affinity with a Kq of 10.69 uM for
P2 peptide and with a K4 of 10.31 uM for P4 peptide (Figure 7A,B). Another peptide designated P3
(FRAREAIDNKVQPLIRR) again covering the conserved region 4 that includes amino acid like R178
shown previously critical for RpoE and RseA interaction and the RpoE activity [15,27], when titrated
with FkpB also revealed a high binding affinity with a Kq of 18.99 uM (Figure 7C). Similarly, fitting the
data to a single-site binding model (n = 1) with peptide P1 (YLVAQGRRPPSSDVD) corresponding to the
C-terminal end of conserved region 2.4 of RpokE, also yielded thermodynamically favorable interaction,
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although with a relatively modest binding affinity with a K4 of 38.14 uM (Figure 7D). Taken together,
ITC measurements of affinities between RpoE-base peptides with FkpB are driven by a favorable change
in enthalpy.
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Figure 7. Quantification of binding affinity of FkpB with four different peptides derived from
RpoE (Panel A-D). FkpB was titrated into peptides indicated on the top of each panel in ITC cell.
Raw data (top half of each panel) and integrated heat measurements enthalpy (bottom part) are shown.
The calculated stoichiometry (1) and dissociation constant (Kq) are indicated in insets.

Since the anti-sigma factor RseA also co-elutes with FkpB, binding affinities were measured
using ITC with peptides covering the most conserved regions in the N-terminal domain of RseA.
Thermograms of two best binders are presented (Figure 8B,C). Peptide Rsel corresponding to amino
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acid 2-29 of N-RseA binds to FkpB with a K4 of 15.08 uM and with a stoichiometric value (n)
of 1.002 (Figure 8B). Similarly, a high affinity binding with a Kgq of 13.02 uM was observed with
peptide Rse3 (IIEEEPVRQPATL) (Figure 8C). Furthermore, interaction of peptides Rsel and Rse3
with FkpB were exothermic and driven by favorable change in enthalpy with AH being —9.102 and

—6.213 kJ/mol, respectively.
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Figure 8. Quantification of binding affinity of FkpB with peptides from RseA (Panel A,B) and the

peptide from the S2 ribosomal protein (Panel C). Heat rates and fit for ITC experiment, where FkpB is

injected into above-mentioned peptides. The calculated stoichiometry (1) and dissociation constant

(Kq) are indicated in insets.
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As shown in the analysis of accumulation of proteins that tend to aggregate in a A6ppi mutant
strain even under permissive growth conditions, the S2 ribosomal protein (RpsB) was enriched in
aggregation fractions (Table S1). Furthermore, the 52 ribosomal protein is one of the prominent proteins
that co-elutes with FkpB. The S2 ribosomal protein was also in earlier independent studies identified as
a potential substrate of FkpB and a peptide containing a trans Pro residue derived from the 52 ribosomal
protein was used in such studies to show favorable interaction with FkpB [12]. Thus, we validated
binding of the same S2-derived peptide using ITC. Measurement of binding affinity by ITC to this
peptide gave a binding affinity with a K4 of 18.79 uM (Figure 8A), which is similar to that reported
earlier [12], thus reinforcing our results obtained with pull-down experiments. Thus, taken together,
ITC experiments validated the RpoE sigma factor, the anti-sigma factor RseA and the ribosomal protein
S2 as binding partners of FkpB PPlase. These results also draw support from co-purification of these
client proteins with FkpB.

2.10. AhpC as a Client Protein of PpiC and FkpB

As shown above, AhpC protein was identified as one of the aggregation-prone proteins in Aéppi
bacteria and as a potential partner of PPIs, since AhpC was also found to co-purify with PpiC and FkpB.
Such purified proteins were used to study their interaction with a peptide from AhpC (RATFVVDPQGI)
using ITC. This peptide was chosen, since it is present in one of three segments of AhpC as a potential
PpiC binder [11]. Measurement of binding constants revealed that wild-type PpiC and FkpB proteins
bind with stoichiometric value () of 0.99 in each case, indicating that one molecule of these catalysts
binds to the AhpC peptide with high affinity (K4 values of 30 pM and 47 uM, respectively) validating
AhpC as their substrate (Figure 9A,B). Reactions in both cases were again exothermic with wild-type
PpiC and FkpB with favorable changes in enthalpy.

Since our PPlase measurements established PpiC F81A to have lost its PPlase activity and
in immunoprecipitation experiment PpiC F81A::3xFLAG could not show interaction with several
substrates identified in pull-down experiments including AhpC, we tested interaction by ITC with
the AhpC peptide used in above studies. In parallel, the interaction between another mutant
PpiC M57V with the AhpC peptide was analyzed. This analysis revealed that unlike exothermic
reaction upon the interaction of wild-type PpiC with the AhpC peptide, the titration of PpiC mutants
defective in the PPlase activity and substrate binding into the AhpC peptide yielded endothermic
reactions (Figure 9C,D respectively) with unfavorable thermodynamic changes. Thus, comparison of
thermodynamic parameters and nature of only exothermic reaction with the wild-type PpiC but not
with PpiC mutants, leads us to conclude that defects in the PPlase activity (PpiC F81A) and substrate
binding (PpiC M57A) disrupts interaction between AhpC and PpiC. Hence, the PPlase activity of PpiC
is required for interaction with AhpC, which is also supported by immunoprecipitation experiments.
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Figure 9. ITC experiments with the AhpC-derived peptide and FkpB (Panel A) and PpiC wild-type
(Panel B) and PpiC M57A (Panel C) and PpiC F81 (Panel D). Heat rates and fit for ITC experiment,
and the calculated stoichiometry () and dissociation constant (Kq) are indicated in insets.

3. Discussion

It is well established that the kinetics of the Xaa-Pro bond isomerization is intrinsically slow
due to the partial double bond nature of the peptide bond [28] and hence is a rate-limiting step in
protein folding. Peptidyl-prolyl cis/trans isomerases (PPIs) constitute a unique ubiquitous group
of universally conserved protein folding catalysts that accelerate the catalysis of this rate-limiting
step of isomerization around Xaa-Pro bonds. However, in E. coli their physiological requirement,
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the identification of interacting partners and which substrates require their PPlase activity has not been
addressed. This is partly due to: (i) the transient nature of PPI-substrate interactions, (ii) the overlap in
substrates that masks the phenotype of individual ppi deletion, (iii) the absence of systematic studies
that address the individual contribution of any PPI to overall enzymatic activity, since no strains have
been reported that lack all six PPIs, (iv) the polar effect of gene disruptions in some PPIs-encoding genes
on downstream essential gene(s) like the polarity effect of gene disruption of fkpB and ppiB genes on
ispH and IpxH genes, respectively. Thus, in this work, we for the first time report the construction and
characterization of strains that lack all six cytoplasmic PPIs. All deletion derivatives were non-polar
and transduced into the wild-type E. coli strain BW25113. Such A6ppi deletion derivatives were found
to exhibit highly pleiotropic phenotypes. These include the inability to grow under fast growing
conditions of rich medium and severe defects in protein folding as manifested by the accumulation
of protein aggregates. Examination of protein that aggregate in A6ppi bacteria revealed that more
than 10% cytoplasmic proteins accumulated in the aggregation state. Among various proteins that
were identified to aggregate in A6ppi bacteria, some of them are involved in transcription and RNA
processing, translational process, many ribosomal proteins, DNA synthesis/repair/replication enzymes,
oxidative stress-related proteins and enzymes that play a key role in central metabolism like TCA cycle,
glycerol uptake and its catabolic process and ubiquinone biosynthesis. Consistent with these results,
A6ppi strains cannot utilize glycerol as the sole carbon source. Other aggregation-prone proteins are
involved in the assembly and biosynthesis of two essential components of cell envelope: LPS and
phospholipids. Synthesis of these components in the cell is tightly regulated and coupled [14] and
can contribute to the collective essentiality of PPIs. Although a diverse set of proteins were found to
aggregate, yet one can conclude that major defects in A6ppi bacteria can be attributed to aggregation of
proteins related to translation, transcription, maintenance of cell envelope homeostasis and factors
related to combating oxidative stress and DNA repair processes. Indeed, during our ongoing studies,
we have found that A6ppi bacteria are super sensitive to oxidative stress, factors that interfere with
protein translation/synthesis and protein folding process, variety of DNA and cell envelope damaging
agents. Some of these aggregation-prone proteins related to oxidative stress like AhpC and AhpF
or ribosomal proteins were indeed again identified during pull-down studies and ITC experiments
as bona fide substrates of PPIs. A vast number of proteins that were shown to aggregate in A6ppi
bacteria have also been reported to aggregate when DnaK/J chaperones are absent [29,30]. These results
suggest an overlap in substrates between major cytosolic chaperones and PPIs, further reinforcing
the importance of PPIs in protein folding. However, now the major task is to identify which of these
aggregation-prone proteins require a specific PPI for their in vivo folding. Towards this goal several
strategies were undertaken, results of which are further discussed below.

In this work, our major focus has been on the identification of substrate using multiple approaches
besides monitoring aggregation of proteins in the absence of PPIs. To identify physiologically relevant
client proteins of PPIs, single-amino acid substitutions were introduced in predicted active and
substrates-binding domains and used comparative pull-down studies to identify substrates of PpiB,
PpiC, FkIB and FkpB. Major highlights are: (i) A good correlation exists between aggregation-prone
substrates observed in A6ppi bacteria with interacting partners in pull-down studies. This common set
of proteins that aggregate as well as appear as co-purifying proteins with PPIs cover those involved in
transcription (RNA polymerase subunits and transcription factors like Rho), translation-associated
proteins, particularly enrichment of ribosomal proteins in all sets as well as ribosome-associated
GTPases, cell division proteins FtsZ and MinD, the heat shock protein HslU and proteins involved in
oxidative stress like subunits of alkyl hydroperoxide reductase (AhpC and AhpF). (ii) Importantly, based
on co-purification studies, PpiB emerged with largest number of interacting partners. Interestingly,
this interaction was lost with majority of interacting proteins when PpiB PPlase inactive variant
PpiB R43A was used as a bait. Our biochemical data clearly show that PpiB R43A mutant quite
like its human Cyp18 R55 counterpart lacks the PPlase activity. It has been shown that Cyp18 R55A
replacement leads to less than 1% of the PPlase activity [18], which is consistent with our results with
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PpiB R43A. Thus, we can conclude that interaction of PpiB with majority of its binding partners requires
its PPlase activity. (iii) In the case of PpiC, we employed several strategies to identify its substrates
such as immunoprecipitations using the single-copy chromosomal 3xFLAG-tagged wild-type PpiC
and PpiC F81A, comparative pull-down studies using the His-tagged wild type, active site variant
F81A and with a substitution of M57A, and at the proteomic level by comparison between strains
lacking all periplasmic PPIs and with additional deletion of the ppiC gene. We could show that
M57A substitution in the substrate-binding domain [11], while retaining its PPlase activity albeit to
a reduced level, can still interact with some potential client proteins but not all. However, PPlase
defective F81A in immunoprecipitation experiments does not form the complex with majority of
substrates that immunoprecipitated with the wild type. Previously, it had been reported that PpiC
interacts with the AhpC protein [11]. In this work, we showed that the PpiC folding catalyst has several
substrates including AhpC, AhpF, Ppk, NusG, Ppa, SeqA, Rho, the BipA GTPase, GrxB, FabH, and RbsB.
Co-elution of transcription-related proteins (NusG, Rho, SuhB, and RpoA) and those involved in
oxidative stress (AhpC/AhpF and OxyR) suggest enrichment of substrates, which are involved in
regulation of transcription and oxidative stress as primary clients of PpiC. Quite importantly for PpiC,
we could establish a requirement for its interaction with AhpC, but not when the PPlase activity is
abrogated. These conclusions draw further support from the measurement of binding affinity using
ITC. The dissociation constant with the wild-type PpiC is of the magnitude with K4 of 47.4 uM with
a favorable enthalpy. Furthermore, the negative enthalpy of the interaction (exothermic) of wild-type
PpiC with the AhpC peptide, suggests the noncovalent interactions (hydrogen bonds and van der
Waals interactions) for its binding. However, of interest is that this interaction between AhpC and PpiC
variants M57A (in the substrate-binding site) and PPlase deficient F81A is endothermic, suggesting
disruptions of the energetically favorable noncovalent interactions [31]. Thus, PpiC interaction
requires its substrate-binding domain as well as the PPlase catalytic domain for its in vivo and in vitro
interactions. (iv) Finally, FkIB and FkpB show a significant overlap in terms of partner proteins that
include ribosomal proteins and the essential sigma factor RpoE.

Pull-down experiments using FkIB monomeric variant Y15A revealed reduced substrate
interactions as only few proteins were observed to co-elute, although it still retained substantial
PPlase activity. These results imply the importance of dimeric shape for binding to its interacting
partner proteins. PPlase deficient FkIB F198A still showed interacting ability suggesting that the PPlase
activity may not be essential for the substrate recognition as has been observed in related FKBP22 from
Shewanella sp. [20]. However, another FkIB variant with W158Y mutation exhibited a reduced PPlase
activity and was also impaired in its interaction in pull-down studies. It is likely that W158Y alteration
might also cause structural perturbations as has been proposed in the corresponding mutation in
Shewanella sp. [20]. Thus, some client proteins may need both chaperone-like activity provided via its
dimeric structure and while certain other proteins may need both PPlase and chaperone-like activity.

Our work highlights a major role of PPIs in functions related to protein translation process, since
many ribosomal proteins either aggregate in the absence of PPIs or co-purify with PPIs. In support of
these conclusions, we also show that the EttA protein (Energy-dependent Translational Throttle A) is
a substrate of PpiC and FkIB, since it was identified during pull-down studies. EttA is a translational
factor that has been suggested to modulate the movement of ribosome and tRNA that are required
for protein elongation [32]. Similarly, various components of rRNA modification, the RNA helicase
DeaD, ribosome assembly factors like BipA and ObgE GTPases were identified as binding partners
of various PPIs. BipA and ObgE are known to impact the ribosome assembly [33,34]. Concerning
ribosomal proteins such as S2 and S3, they not only aggregate in A6ppi bacteria, but were also identified
as co-eluting partner proteins with PpiB, PpiC, FkIB, and FkpB. It had been earlier suggested that
ribosomal proteins could specifically be substrates of FkpB [12]. However, our study shows that PPIs
exhibit a redundancy so far their interaction with ribosomal proteins is concerned and overall PPIs are
intricately related to various components of the translation process.
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It is of significance that RpoE and RseA that act as sigma and anti-sigma factors, respectively were
identified as specific clients of FkpB and FkIB. RpoE and RseA are present in minor quantities in the
cell [35] and their amounts and activities are tightly regulated at transcriptional and post-transcriptional
level [24,25,36]. RpokE is essential for the cellular viability and regulates transcription of genes whose
products are involved in folding and assembly of main cell envelope components like outer membrane
proteins and lipopolysaccharide [24,37,38]. We chose to measure the binding affinity of specific
peptides derived from RpoE and RseA amino acid sequence with FkpB by ITC, since analysis of peptide
coverage in MALDI-TOF analysis of various substrates was much higher for FkpB than with FkIB.
Additionally, RpoE specifically was observed in the pull-down studies with the wild-type FkpB but not
with the active site variant that has lost its PPlase activity. RpoE and the N-terminal domain of RseA
are known to physically interact, with specific contacts of N-RseA with the region 2 and the region 4 of
RpoE [39]. We had earlier identified essential residues in the conserved region 4 of RpoE and in the
N-terminal domain of RseA that are required for their interaction, which is further supported by the
co-crystal structure of RpoE and N-RseA [25,27,39]. Thus, specific peptides were chosen that cover
such essential domains in RpoE and RseA. Analysis of binding affinities with peptides from the region
2 (=10 binding domain) and the region 4 of RpoE (—35 recognition) and N-RseA domain using ITC
studies revealed tight binding with K4 ranging from 10 uM to 18.9 uM with favorable enthalpy changes
suggesting that all complex formations were driven by the establishment of noncovalent interactions
(van der Waals contacts, hydrogen bonds). For FkpB, the positive TAS showed that the association was
entropically driven, which suggests a burial of solvent-accessible surface area upon binding a scenario
similar to what has been observed with cyclophilin-substrate interactions [40]. Consistent with RpoE
being a client of PPIs like FkpB and FkiIB, qRT-PCR analysis showed a reduction in mRNA levels of
RpoE regulon members and the rpoE gene itself in Abppi bacteria as compared to the wild type. This is
in contrast to the constitutively up-regulated induction of RpoH regulon members (heat shock regulon)
under the same conditions. Since RpoE senses maturation/folding status of OMPs and balance between
phospholipids and LPS in the outer membrane (OM), it will be interesting to address, which specific
factors are impaired in this signal transduction. If LPS translocation is impacted is under current
investigation, since LptB an essential ATPase component of LPS transport system [14] was identified
in pull-down studies with PpiC, FkpB and FkIB. However, dampening of RpoE induction could as
well be due to overall reduction of synthesis/maturation of major abundant OMPs in A6ppi bacteria.

Although the PPlase activity of all E. coli PPIs has been measured, yet the relative contribution
is unknown. In this work, we thus undertook systematic studies to measure relative contribution of
each PPI towards overall cellular enzymatic activity without using recombinant proteins. We could
show that PpiB and PpiA are the major contributors of PPlase activity. PpiA and PpiB are homologous
proteins located in the periplasm and the cytoplasm, respectively. Although PpiB was found to be
the major contributor towards the cytoplasmic PPlase activity, yet a AppiB strain exhibits no growth
phenotype defect under standard laboratory growth conditions, exhibits wild-type like bacterial
motility and cellular morphology and overexpression of the ppiB gene also does not confer any
phenotypic defect. The lack of any major growth defect is best explained by a significant overlap
of substrates with other PPIs as shown in this study with pull-down experiments. Further, we note
that a AppiB strain JW0514 from deletion set of all ORFs exhibits hypermotility and the cell division
phenotype. However, this phenotype was found to be unrelated to PpiB function as transduction of
AppiB mutation from JW0514 into the wild-type E. coli confers a wild-type like phenotype for motility
and cell morphology and plasmids carrying the wild-type copy of ppiB gene do not complement any
phenotype of JW0514 (Table S2 and Materials and Methods). Hence, the conclusions concerning the
negative regulation of bacterial motility and cell division by PpiB/FkIB [41] could not be validated.

In this study, we also constructed a strain lacking all ten PPIs to measure its PPlase activity.
However, such a Al0ppi derivative grows extremely poorly. Most importantly, a small residual PPlase
activity above the background level was observed. Thus, intensive studies are ongoing to identify
potential new PPIs that can explain this residual activity and explain the viability of strains lacking
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currently known PPIs. It is of interest that several stress-related proteins with an adaptive function,
such as polyphosphate kinase (Ppk), the heat shock protein HslU and UspG were identified as putative
clients of PPIs [22,42,43], suggesting a co-operation between PPIs and factors in maintaining cellular
homeostasis. Furthermore, the identification of several proteins that may require PPIs for their folding
or activity has laid a fertile ground for future investigations. Our ongoing studies indeed reveal the
PPlase activity-dependent and independent interactions with substrates like FabH, NusG, OxyR, GrxB,
YgfZ, Ppk, Ppa, RpoA, ProQ, RapZ, and YrdA (manuscript in preparation).

4. Materials and Methods

4.1. Bacterial Strains, Plasmids and Media

The bacterial strains and plasmids used in this study are described in supporting Table S2.
Luria-Bertani (LB) broth, M9 (Difco) and M9 minimal media were prepared as described [44]. When
required, media were supplemented with ampicillin (100 pg/mL), kanamycin (50 ug/mL), tetracycline
(10 pug/mL), spectinomycin (50 pg/mL), chloramphenicol (20 pg/mL).

4.2. Generation of Null Mutations and the Construction of A6ppi Derivatives

Non-polar antibiotic-free deletion mutations of various PPIs-encoding genes or genes whose
overexpression restored growth of various A6ppi strains were constructed by using the A Red
recombinase/FLP-mediated recombination system as described previously [14,45]. The antibiotic
cassette was amplified using pKD3 and pKD13 as templates [45]. PCR products from such amplification
reactions were electroporated into BW25113 containing the A Red recombinase-encoding plasmid pKD46
(GK1942). Each deletion was verified by PCR amplification and sequencing of PCR products. Such
deletions were transduced into BW25113 wild-type strain by bacteriophage P1-mediated transduction.
Multiple null combinations were constructed as described previously, followed by the removal of
aph or cat cassettes using the pCP20 plasmid and confirmed to be non-polar [44,45]. When required,
additional deletion derivatives were constructed using ada cassette for gene replacement using pCL1920
plasmid as a template in PCR amplification reactions, followed by gene replacement as described
above. Transductants were plated in parallel on M9 and LA medium at various temperatures.
To validate obtaining of suppressor-free A6ppi derivatives, deletion derivatives carrying up to five
deletion combinations were transformed with either the vector alone or the plasmid carrying the sixth
PPI-encoding gene under the control of Prs-lac promoter. Such six strains then served as a recipient to
bring in the last deletion by bacteriophage P1-mediated transductions to construct A6ppi derivatives and
verified as described above. Since deletion derivatives of ppiB and fkpB genes from the library of gene
disruptions in the Keio collection exhibit a polar phenotype, new gene disruptions were constructed
using the A Red-mediated recombineering. In these cases, the aph cassettes were introduced using
oligonucleotides that contain a ribosome-binding site to allow a constitutive induction of downstream
essential genes ([pxH in the case of ppiB gene and ispH in the case of fkpB gene, respectively).
Furthermore, since the AppiB derivative in Keio collection JW0154 exhibits a hypermotility phenotype,
this AppiB mutation was transduced into wild-type BW25113 and BW30270 strains resulting into
SR19818 and SR19840, which exhibited wild-type like cell morphology and wild-type like bacterial
motility (Table S2).

4.3. Construction of Chromosomal Wild-Type and Single-Copy Mutants of ppiC FLAG Derivatives

To construct chromosomal C-terminal 3XxFLAG-tagged genes, pSUB11 plasmid [46] was used
as template for PCR amplification as described earlier [14,44]. PCR reactions were carried out
using appropriate oligonucleotides. To introduce single amino acid substitutions in the ppiC on the
chromosome with C-terminal 3xFLAG, mutations were introduced in the forward oligonucleotides.
Verification of the introduced mutations in the concerned gene was done on the basis of DNA sequencing
of PCR amplification products using chromosomal DNAs as templates.
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4.4. The Isolation of Aggregated Proteins

Aggregation of cellular proteins was analyzed using isogenic wild-type BW25113 and its A6ppi
derivative. Fifty ml bacterial cultures were grown in M9 medium at 37 °C up to an ODgq of 0.3,
washed and shifted to LB medium at 30 °C. Cultures were harvested by centrifugation. Pellets were
resuspended in 600 puL of B-PER reagent (Pierce, Warsaw, Poland), supplemented with 1 mg/mL
lysozyme, a cocktail of protease inhibitors (Sigma, Poznan, Poland), PMSF and 30 U of benzonase and
incubated for 90 min on ice with gentle mixing and subjected to fractionation into soluble, membrane
and aggregates as described [14]. This procedure is based on previously described method [47]
to isolate protein aggregates with modifications that allow better removal of membrane proteins.
The pellet fraction containing outer membrane and aggregated proteins were resuspended in 40 uL
of 10 mM Tris buffer. Soluble and aggregates were analyzed by gel electrophoresis. To identify
protein by MALDI-TOF, 2D electrophoresis was undertaken using 300 ug of protein from aggregate
samples. Proteins were incubated in rehydration buffer as per protocol from Bio-Rad (Warsaw, Poland).
The mixture was added to hydration tray chamber and incubated in 7 cm immobilized pH gradient
(IPG) strip gels. Isoelectric focusing was carried out in PROTEAN i12 (Bio-Rad) IEF cell at 20 °C.
For the second dimension, strips were applied to 12.5% SDS-PAGE.

4.5. Co-immunoprecipitation with 3xFLAG-tagged PpiC Protein

Isogenic cultures of 3xFLAG-tagged wild-type ppiC and its PpiC F81A::3xFLAG derivative (5 mL
each) were grown to an ODg of 0.5 and harvested by centrifugation at 12,000 g for 20 min at 4 °C.
Pellet was resuspended in 100 puL of lysis buffer (Sigma FLAGIPT1), supplemented by a cocktail
of protease inhibitors (Sigma), PMSF, benzonase and lysozyme as per manufacturer’s instructions.
Samples were incubated with shaking at 4 °C and incubated with 30 uL of washed ANTI-FLAG gel
suspension. Samples were shaken for 12 h at 4 °C and centrifuged at 7000x g for 30 s and washed.
FLAG-fusion protein was eluted under native conditions with 3xFLAG peptide. Equivalent amounts
of eluted samples were resolved on a 12% SDS-PAGE and proteins visualized by silver staining.

4.6. Protein Purification of Wild-Type and Ppi Mutants

For the protein induction, the minimal coding sequence of ppi genes were cloned with either
a C-terminal or N-terminal Hisg affinity tag in the T7 polymerase-based expression vectors (pET24b
or pET28b). Specific mutations were introduced by gene synthesis and Gibson cloning. For the
purification of hexa-His-tagged PPIs, their cognate genes cloned in pET expression vectors were
induced in the E. coli T7 express derivative lacking all six PPIs (SR21984) at 33 °C at an optical density
of 0.1 at 600 nm in a 1 L culture by the addition of either 0.1 mM or 0.3 mM IPTG. Lower concentration
of IPTG was used to identify co-eluting proteins, whereas higher concentration of IPTG 0.3 mM to
obtain pure proteins. This strain contains a chromosomal copy of the phage T7 RNA polymerase
gene, whose expression is controlled by IPTG inducible lac promoter and also carries lacl9 and lysY
to prevent basal level expression. When only pure protein was needed cultures after 2 h incubation
with IPTG, rifampicin was added to prevent the synthesis of host proteins and shaken for another
2 h, as described previously [14]. After the induction, cells were harvested by centrifugation at
12,000 rpm for 30 min. The pellet was resuspended in B-PER reagent (Pierce) and adjusted to contain
50 mM NaH,PO,, 300 mM NaCl, 10 mM imidazole (buffer A), supplemented with lysozyme to a final
concentration of 200 ug/mL, a cocktail of protease inhibitors (Sigma) and 30 units of benzonase (Merck,
Poznan, Poland). The mixture was incubated on ice for 45 min with gentle mixing. The lysate was
centrifuged at 45,000 g for 30 min at 4 °C. Soluble proteins were applied over nickel-nitrilotriacetic
acid beads (Qiagen, Geneva Switzerland), washed and eluted with buffer A with a linear gradient
(50 mM-500 mM) of imidazole.
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4.7. PPlase Assay

Total cell lysates were obtained from the wild type, its derivative lacking all four periplasmic PPIs
and its isogenic derivatives lacking one of cytoplasmic PPIs or strain lacking all ten PPIs. Cultures
(250 mL) were grown at 37 °C in LB or M9 medium up to an ODgg of 0.4 and harvested by centrifugation.
Pellets were resuspended in B-PER reagent, supplemented with lysozyme to a final concentration of
200 pug/mL, cocktail of protease inhibitors and 30 units of benzonase and incubated on ice for 30 min
with mixing. The lysate was centrifuged at 45,000 g for 90 min at 4 °C to obtain soluble proteins.
For each sample, 10 mg/mL protein was used to measure the PPlase activity in a chymotrypsin-coupled
enzymatic assay [48,49] using 8 mM N-Suc-Ala-Ala-cis-Pro-Phe-p-nitroanilide as the test peptide.
The PPlase activity was determined in 35 mM HEPES pH 8.0 as assay buffer and the activity was
measured at 10 °C. The reaction was initiated by the addition of chymotrypsin (300 pg/mL) and change
in absorbance at 390 nm recorded using Specord 200 Plus spectrophotometer equipped with the Peltier
temperature control system. For measurement of the PPlase activity with purified individual wild-type
or mutant protein, PPIs were used at a concentration of 0.1 uM.

4.8. RNA Purification and gRT-PCR Analysis

Isogenic bacterial cultures were grown at either 30 or 37 °C in either M9 minimal medium or LB
rich medium in the presence of appropriate antibiotics to an ODggg of 0.2. For heat shock, aliquots
were immediately shifted to pre-warmed medium held at 43 °C and incubated either for 15 min or
90 min. Samples were collected at times indicated above, and harvested by centrifugation. Pellets
were flash frozen in liquid nitrogen and stored at —80 °C. RNA was purified using GenElute Total
RNA Purification Kit as per manufacturer instructions for Gram-negative bacteria. RNA was eluted
in 50 to 100 puL of DEPC-treated water. RNA amounts were quantified and RNA integrity verified
by agarose gel electrophoresis. Moreover, qRT-PCR was used to quantify gene expression changes in
A6ppi mutants as compared to the wild type before and after heat shock treatment. For each target
gene, gene-specific primers (Table S3) were used to amplify DNA fragments of ~100 bp. Purified
mRNA (2 ug) was converted to cDNA using iScript Reverse Transcription Supermix from Bio-Rad.
qRT-PCR was performed using CFX Connect Real-Time PCR Detection System (Bio-Rad). Reactions
were carried out for 40 cycles in an optical 96 well plate with 20 uL reaction volumes containing 10 pL
PowerUp SYBR® Green PCR Master Mix (ThermoFisher Scientific, Poznan, Poland), 0.5 uL. cDNA,
0.6 uL each of the 10 uM forward and reverse primers, and 8.3 pL of RNase-free water. In addition,
samples lacking cDNA in above reaction served as a control for any DNA contamination. Data were
analyzed by software Bio-Rad CFX Maestro.

4.9. Isothermal Titration Calorimetry (ITC) Measurements

The experiments were conducted using a Nano ITC instrument (TA instruments, Utah USA).
Purified proteins were dialyzed against ITC buffer (20 mM sodium phosphate pH 7.5 and 100 mM
NaCl). For these experiments, peptides used were used at a concentration of 200 M in the calorimetric
cell and titrated with 2 mM of various protein at 20 °C. Typically for each experiment, 25 injections
(2 uL of protein sample) at 200 s intervals were performed. Binding isotherms were analyzed according
to 1:1 binding model using NanoAnalyze software.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/12/4212/s1,
Table S1. Proteins that specifically accumulate in aggregation fractions in A6ppi strains under permissive growth
conditions, Table S2. Bacterial strains and plasmids used in this study, Table S3. Primers for qRT-PCR.
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The RpoE o factor is essential for the viability of Escherichia
coli. RpoE regulates extracytoplasmic functions including
lipopolysaccharide (LPS) translocation and some of its non-stoi-
chiometric modifications. Transcription of the rpoE gene is pos-
itively autoregulated by Ec* and by unknown mechanisms that
control the expression of its distally located promoter(s). Map-
ping of 5" ends of rpoE mRNA identified five new transcriptional
initiation sites (P1 to P5) located distal to Ea*-regulated pro-
moter. These promoters are activated in response to unique
signals. Of these P2, P3, and P4 defined major promoters, re-
cognized by RpoN, RpoD, and RpoS o factors, respectively. Iso-
lation of tramns-acting factors, in vitro transcriptional and gel
retardation assays revealed that the RpoN-recognized P2 pro-
moter is positively regulated by a QseE/F two-component sys-
tem and NtrC activator, whereas the RpoD-regulated P3 pro-
moter is positively regulated by a Rcs system in response to
defects in LPS core biosynthesis, overproduction of certain lipo-
proteins, and the global regulator CRP. Strains synthesizing
Kdo,-LA LPS caused up to 7-fold increase in the rpoEP3 activity,
which was abrogated in A(waaC rcsB). Overexpression of a
novel 73-nucleotide sRNA rirA (RfaH interacting RNA) gener-
ated by the processing of 5" UTR of the waaQ mRNA induces the
rpoEP3 promoter activity concomitant with a decrease in LPS
content and defects in the O-antigen incorporation. In the pres-
ence of RNA polymerase, RirA binds LPS regulator RfaH known
to prevent premature transcriptional termination of waaQ and
rfb operons. RirA in excess could titrate out RfaH causing LPS
defects and the activation of rpoE transcription.

The cell envelope of Gram-negative bacteria, including Esch-
erichia coli, contains two distinct membranes, an inner (IM)?
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and an outer (OM) membrane separated by the periplasm, a
hydrophilic compartment that includes a layer of peptidogly-
can. The OM is an asymmetric lipid bilayer with phospholipids
forming the inner leaflet and LPS forming the outer leaflet.
LPSs are highly heterogeneous in composition. However, they
share a common architecture composed of a membrane-an-
chored phosphorylated and acylated B(1—6)-linked GlcN
disaccharide, termed lipid A, to which a carbohydrate moiety of
varying size is attached (1, 2).

During the analyses of signals that induce the RpoE-depen-
dent extracytoplasmic stress response, we showed that strains
synthesizing heptoseless LPS due to the absence of either
GmhD (RfaD/HtrM) or WaaC exhibited a constitutive induc-
tion of RpoE (3—6). Such strains also display constitutive syn-
thesis of exopolysaccharide that is regulated by the Rcs two-
component system (5, 7, 8). Subsequently, we showed that
strains synthesizing the minimal LPS structure composed of
either Kdo,-lipid IV, or only free lipid IV, exhibited hyper-
elevated levels of the RpoE activity (6). The activity of RpoE is
highly induced when the LPS assembly is severely compro-
mised or when there is an imbalance between LPS and phos-
pholipids (9). Lack of many LPS core biosynthetic genes also
leads to defects in survival at high temperatures (5, 6, 10).

The RpoE synthesis is positively regulated at the transcrip-
tional level and negatively at the post-transcriptional level by
the IM-anchored anti-o factor RseA and the periplasmic sensor
RseB (Fig. 1) (3, 11-16). There is an intricate link between the
LPS assembly, its non-stoichiometric modifications, and the
RpoE-mediated control exerted via its regulon members (17,
18). Elevated levels of RpoE with intact core biosynthetic
enzymes lead to global alterations in the LPS composition.
Under such conditions, LPS is primarily composed of glyco-
forms with a third Kdo, phosphoethanolamine (P-EtN) on the
second Kdo and rhamnose on the third Kdo (Fig. 2) (19). The
synthesis of such LPS glycoforms is controlled by the RpoE-
regulated RybB and EptB (19). RpoE also positively regulates
transcription of micA and slrA (micL) sRNAs (9, 20, 21). MicA
negatively regulates the PhoP expression by direct translational
inhibition of the phoP mRNA (22), thus further linking the
PhoP/Q two-component system, known to regulate LPS non-
stoichiometric alterations, with the RpoE control. The LPS syn-

otide(s); IPTG, isopropyl 1-thio-B-p-galactopyranoside; CRP, cyclic AMP
receptor protein; sSRNA, small RNA.
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FIGURE 1. Transcriptional regulation of the rpoE gene. Schematic drawing of previously identified transcriptional start sites of the rpoE gene (3, 16) (A) and
those identified in this work (B). Major regulators and factors controlling the rpoE transcription are indicated.
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FIGURE 2. Proposed LPS structure of major glycoforms observed in E. coli K-12. Schematic drawing of LPS glycoforms | (A) and VII (B) with the indicated
genes whose products are involved in the LPS core biosynthesis and non-stoichiometric modifications.

thesis is further regulated by the transcriptional factor RfaH.
RfaH strongly inhibits the Rho-dependent termination of
waaQ and rfb operons, which contain ops (operon polarity sup-
pression) sites in their 5 UTR and also binds to the ribosome to
activate translation (23-25). Thus, the synthesis of LPS, like
many key cellular components, is regulated by various tran-
scriptional factors including two-component systems and o
factors.

Interestingly, some two-component systems that regulate
LPS modifications, like BasS/R and envelope stress responsive
Res phosphorelay systems, are also linked with quorum sensing
Qse systems by phosphorylation of the response regulator by a
non-cognate kinase (26 -28). Similarly, at the transcriptional
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level, the synthesis of different o factors is interlinked due to the
presence of multiple promoters adding additional layers of reg-
ulation. For example, the gene encoding the housekeeping o
factor RpoD is transcribed from two promoters and one of
them is the RpoH-regulated heat shock promoter (29). Simi-
larly, the rpoH gene is transcribed from multiple promoters
whose transcription is regulated by different o factors (3, 30).
The presence of multiple promoters endows them the ability to
respond to different signals. Such a mode of complex transcrip-
tional regulation allows linking of different stress responsive
pathways.

Despite numerous strides in the post-transcriptional regula-
tion of the rpoE gene, its transcriptional regulation has not been
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TABLE 1
Impact of non-polar deletion mutations or overexpression of various regulators that alter the activity of the rpoEP1-P5-lacZ transcriptional
fusion
Values correspond to average of four independent samples from cultures grown in LB or in M9 minimal medium at A4y, 0.2 to 0.4.
Function Effect Specificity
Genotype
Wild-type SR7917 393 + 26
(rpoEP1-P5-lacZ)
AwaaC Heptosyltransferase I 2630 *+ 168 rpoEP3 in Res-dependent manner, also induces the
Eo*-regulated
rpoEP6 promoter that is only
partially dependent on the Rcs system
AwaaF Heptosyltransferase I 1052 = 65 rpoEP3
AwaaG LPS glucosyltransferase I 837 + 46 rpoEP3
AwaaP LPS core Hepl kinase 894 * 51 rpoEP3
ArfaH Transcriptional anti-terminator 1505 = 93 rpoEP3
Acya Adenylate cyclase 230 + 16 rpoEP3
Acrp Transcriptional dual regulator 215+ 18 rpoEP3
A(ecfLM) RpoE regulon member, 870 £ 85 rpoEP3
DedA family member
ArssB Regulator of RpoS 531 =37 rpoEP4
AarcA Transcriptional dual regulator 831 * 65 rpoEP4
AarcB Sensory histidine kinase 1120 = 90 rpoEP4
ArpoS RpoS o factor 193 + 14 rpoEP4
ArpoN RpoN o factor 302 + 25 rpoEP2, lack of RpoN in AwaaC,
reduces rpoEP2 induction that is QseF-dependent
A(rpoN waaC) 1290 + 90
AntrC Transcriptional dual regulator 312 £ 27 rpoEDP2
Multicopy expression that
alters the transcription
qseG Part of gseE/F operon 6920 * 335 rpoEP2
yhdV and six other genes Lipoprotein 1063 = 68 rpoEP3 (Res-dependent)
encoding lipoproteins
rirA sRNA 786 £ 52 rpoEP3
penB Poly(A) polymerase I 540 + 38 rpoEP4
fliz DNA-binding transcriptional regulator 249 * 21 rpoEP4
fully addresses. In E. coli, two promoters were initially identi- TABLE 2

fied, one distally located with unknown regulation and a second
promoter recognized by o itself (Fig. 14) (3, 16). However,
transcription from the upstream promoter(s) is sustained
under several stress and non-stress conditions (3). The RpoE
activity is also induced by stresses like exposure to high osmo-
larity, cold shock conditions, and entry into the stationary
phase (31, 32). Some of these factors, like the absence of RpoS,
do not alter the LPS composition (19) and hence how these
diverse signals are sensed is unknown. Thus, several single-
copy chromosomal rpoEP-lacZ promoter fusions, devoid of
DNA sequence covering the promoter recognized by Ea", were
constructed to identify trans-acting factors that regulate rpoE
transcription, followed by mapping of transcription start sites
and verification by in vitro run-off assays. This analysis revealed
five new transcription start sites that are utilized by different
regulatory factors in response to distinct signals (Fig. 1B).

Results

LPS Defects and Signals Regulating RpoS, RpoN, and CRP Alter
the Transcriptional Activity of the rpoE Gene

As the regulation of the rpoE promoter region distal to its
Eo*-transcribed promoter is unknown, a single-copy lacZ pro-
moter fusion was constructed that contains the 529-bp region
upstream of this autoregulated promoter. For simplicity, such a
fusion derivative is referred to as rpoEP-lacZ. Strains with this
promoter fusion (MC4100 derivative SR4245 and SR7917-
based on BW25113) served as a host for saturated random
transposon mutagenesis to identify mutations that alter the
activity of this transcriptional region. The rationale of using two
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Supplementation of growth medium that alter the activity of the
rpoEP1-P5-lacZ transcriptional fusion using strain SR7917

Cultures were grown in either LB medium adjusted to an A, 0.05, followed by
challenge with specific reagent as indicated, or in nitrogen-limiting minimal
medium containing 3 mM ammonium chloride as the nitrogen source. Values cor-
respond to an average of four independent samples after a 30 — 60-min shift.

Supplementation of growth medium that alter the transcription activity

Sucrose (0.25 M) 1410 + 110 rpoEP4
Glucose (0.5%) 219 £ 15 rpoEP3

25 mM Ammonium metavanadate 1540 = 90 rpoEP2/P3
0.25 pg of Polymyxin B (A, 0.05) 1503 £ 77 rpoEP3

0.25 pg of Polymyxin B (A, 0.4) 410 = 29 No induction
3 mM Ammonium chloride 575 * 37 rpoEP2

strains rules out any strain specificity. It is worth mentioning
that the host strain BW25113 is also the parental strain for the
Keio collection of gene knockouts (33) and hence its usage.
Mapping and sequencing of Tn10 mutations conferring a Lac
up phenotype revealed that the majority of them had insertion
in LPS biosynthetic/LPS regulatory genes and a few in other loci
(supplemental Table S1). A similar spectrum of mutants was
obtained in SR4245 and SR7917. Among these, 12 TnI0 inser-
tions were mapped to the waaC gene, three to the waaF gene,
and one each was located in rfaH and waaQ genes. Further-
more, two TnI0 insertions were mapped to the rssB gene (both
with Tnl0 insertion at nucleotide position 240), one Tni0
insertion in the arcA gene (nucleotide position 72 within the
coding region), and one at nucleotide position —78 upstream of
the initiation codon of the ecfL gene. Mapping of Lac down
mutations identified one mutation each in ginG (ntrC), glnA,
and cya genes, indicating that their products could play positive
regulatory roles. The introduction of defined non-polar dele-
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tion of various genes (33) confirmed the above results. This
analysis identified additional genes that either down-regulate
or induce transcription of rpoEP-lacZ. Thus, a AarcB mutation
led to an increase in transcription, whereas ArpoS and Acrp
caused a decrease in the activity (Tables 1 and 2). All such
deletion derivatives carrying the rpoEP-lacZ fusion in
SR7917 were used for measurement of the B-galactosidase
activity revealing involvement of several regulatory path-
ways (Tables 1 and 2).

In a complementary approach, pools of plasmids with all
OREFs of E. coli genome under control of the tightly regulated
IPTG-inducible promoter (34) were introduced in SR4245 and
SR7917 and screened for a Lac up or down phenotype in growth
medium supplemented with 50 um IPTG. This collection of
cloned genes expresses only individual ORFs. Thus, one might
miss genes whose products require the expression of whole
operons or regulatory sSRNAs. To overcome such limitations, a
previously described complete genomic library in a medium-
copy p15A vector (9, 35) was introduced to identify clones that
exhibit a Lac up or down phenotype. These multicopy
approaches identified gseG and several genes encoding li-
poproteins (csgG, pgaB, spr, yhdV, yceB, yddW, and yghB),
which, when overexpressed, increase the rpoEP-lacZ activity
(Tables 1 and 2). Furthermore, DNA subcloning identified a
novel sRNA located between waaQ and waaA ORFs, whose
overexpression also induces the rpoEP-lacZ activity. Detailed
analysis revealed that this SRNA is generated by the processing
of 5" UTR of the waaQ mRNA (see below). Additionally, over-
expression of the pcnB gene encoding poly(A) polymerase I
(PAPI) (36) also increases the rpoEP-lacZ activity (Tables 1 and
2). Among genes, whose induction repressed the rpoEP-lacZ
activity, the fliZ gene was identified whose product could act as
a negative regulator.

The quantification of the -galactosidase activity of strains
carrying the rpoEP-lacZ fusion under different growth condi-
tions revealed that it is induced in the stationary growth phase,
exposure to high osmolarity, limiting nitrogen conditions,
upon challenge with either cationic antimicrobial peptide poly-
myxin B orammonium metavanadate and repressed in glucose-
supplemented medium (catabolite repression) (Tables 1 and 2).
Ammonium metavanadate is a nonspecific phosphatase inhib-
itor (37) and hence can activate the expression of several two-
component systems. The addition of ammonium metavanadate
induces lipid A modifications (37, 38) and the PhoB/R-depen-
dent incorporation of glucuronic acid (GIcUA) by WaaH in the
inner core of LPS (39). Concerning the effect of polymyxin B,
the rpoE transcriptional induction was observed when chal-
lenged at Ay, of 0.05, but not when bacterial cultures were
treated at or above an A, of 0.4. Overall, these results revealed
that transcription of the rpoE distal promoter region responds
to diverse signals generated by defects in LPS, overproduction
of certain lipoproteins, activators of RpoN and factors that
influence the RpoS stability/activity. Such distinct signals could
be sensed via multiple pathways. This could require recruit-
ment of different o factors, two-component systems, and hence
potentially the presence of multiple promoters. As subsequent
analysis indeed confirmed the presence of multiple promoters,
multicopy libraries were once again introduced to identify
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genes whose overexpression modulates activity of specific rpoE
promoters. Such additional approaches confirmed most of the
above results and identified a specific mechanism of regulation
of individual promoters recruiting different o factors in each
case (Tables 1 and 2).

Identification of 5 Ends of the rpoE mRNA

Previous studies identified two promoters, out of them the
initiation from the second promoter required Ec*, whereas in
vitro neither Eo”° nor Eo™ could initiate transcription of the
upstream promoter (Fig. 1) (3, 16). Thus, the transcriptional
initiation from the upstream promoter region was examined
using 5’ rapid amplification of cDNA ends. In parallel, total
RNA extracted from the strain overexpressing the gseG gene
was also used for mapping of transcription initiation site(s).
This overexpressing strain was chosen, because the gseG was
identified as a multicopy inducer of the rpoE transcription.
These analyses revealed the utilization of five major new tran-
scriptional initiation sites designated P1 (—381), P2 (—327), P3
(—327/—326), P4 (—218), and P5 (—153) (Fig. 3A). The fre-
quency of usage of the P2 promoter (—327) was significantly
pronounced when RNA was extracted from the strain overex-
pressing the gseG gene. However, when RNA from the AwaaC
strain was used, both —327 and —326 initiation sites were iden-
tified in addition to the —218 site corresponding to the P4 pro-
moter. Plasmids bearing the 5" end of the P4 promoter were
enriched when RNA was extracted from bacterial cultures har-
vested in the late stationary growth phase. Additional initiation
sites located at —336, —321, and —319 were also identified (Fig.
3A). Of these, —321 and —319 could be secondary mRNA sites
arising due to processing as the number of plasmid clones bear-
ing these initiation sites was significantly reduced when mRNA
was treated with calf intestinal phosphatase.

Examination of the DNA sequence upstream of the P2 TSS
showed that it contains at —12 (GC) and —24 (GG) motifs char-
acteristic of RpoN recognition sites (Fig. 34) and a very good
match was observed with the promoter region of the RpoN-
regulated genes (Fig. 3B). Transcription initiation sites —327 or
—326 also define the P3 promoter. It is likely that the —326 site
is generated by the processing of mRNA, because the overlap-
ping rpoEP3 initiation site corresponding to the —327-nt posi-
tion contains a high degree of similarity to consensus —10 and
—35 elements of housekeeping promoters and the extended
—10 promoter. Of interest is the presence of conserved —7T
and —11A nucleotide residues that are critical in the —10 pro-
moter element (40). Examination of the DNA sequence
upstream of the —327 site also revealed the presence of consen-
sus regions for binding to CRP and RcsB activators for the P3
promoter (Fig. 3A). The initiation site corresponding to the
rpoEP1 promoter located at nucleotide position —381 overlaps
with the promoter region of the divergently transcribed nadB
gene. The DNA sequence in the —10 and —35 regions upstream
of the initiation site corresponding to the P4 promoter suggests
consensus sequences that could be recognized by either Ec”° or
Eo®. The frequency of plasmids containing the 5’ end of the P5
promoter was the lowest of all. Next, DNA sequences covering
five individual promoters were cloned in promoter probe vec-
tors and transferred in a single-copy on the chromosome for
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rpoEP2 tgCGGATAaacaccTGCTAttttaatatt rpoEP4 cgtTGGgTTACTCTtcaggc
glm¥YPl atTGGCACagttacTGCATaatagtaacc sodC cacTGGLTTACaCTtattcag
rpoHP6 tcTGGCACagttgtTGCTAccactgaag dps cggTGctaTACTtaatcte
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FIGURE 3. Transcriptional regulation of different promoters of the rpoE gene. A, nucleotide sequence of the promoter region of the rpoE gene. Arrows in
red indicate the position of transcription start sites. The shared TSS at —327 is utilized by RpoN and RpoD. The P4 start site represents the initiation site
recognized by RpoS. The —10 and —35 elements of the RpoD (pink) and RpoS recognized promoter (green) and —12 and —24 elements of RpoN (blue) are
indicated. The P6 initiation site corresponds to the Eo"-regulated promoter. Nucleotides marked with boxes correspond to IHF, ResB, NtrC, and CRP recognition
sites. Three palindromic regions marked with inverted arrows correspond to UAS1, UAS2, and UAS3 representing QseF-binding sites required for the P2 promoter.
Nucleotides marked with asterisks (*) correspond to putative processing sites. B, the alignment of —12 and —24 regions of the rpoEP2 promoter with well characterized
RpoN-regulated promoters. C, the alignment of —10 and extended —10 elements of the rpoEP4 promoter with well known RpoS-regulated promoters.

further analyses (supplemental Table S1). Among these five
promoters, rpoEP1 and rpoEP5 were not followed as no specific
growth conditions/regulatory factors could be identified that
alter their activity. Taken together, these data reveal the exist-
ence of multiple functional promoters that regulate transcrip-
tion of the rpoE gene.

In Vitro Transcriptional Run-off Assays

Regulation of the P4 Promoter Is RpoS-dependent—As the 5’
rapid amplification of cDNA ends analysis revealed the exist-
ence of multiple transcriptional initiation sites that could uti-
lize different o factors, in vitro run-off assays were performed to
validate these results/predictions. One template contained 45
bp downstream of the —218 transcription initiation site corre-
sponding to the P4 promoter. Examination of its —10 and —35
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regions suggests the similarity with promoters recognized by
Ec’° and Eo®. Thus, run-off assays were undertaken using the
RNAP core supplemented with either ”° or o° (Fig. 44, lanes 2
and 3). Only Ec® was able to initiate transcription from the P4
promoter and gave the transcript size as expected of 45 nt (Fig.
4A). Supplementation of Eo”° with RcsB did not result in any
transcription initiation from this promoter (Fig. 44, lane 4).
The —10 and extended —10 regions of the P4 promoter indeed
contain a high degree of similarity to the counterpart promoter
regions of well known Ec®-transcribed genes like dps (Fig. 3C).
Consistent with these in vitro experiments with the rpoEP4
promoter revealing Eo®-dependent transcriptional initia-
tion, genetic data also support such results (see below) and
allow us to conclude that this promoter is indeed regulated
by RpoS.
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FIGURE 4. In vitro transcription run-off assays showing selective recruit-
ment of different promoters of the rpoE gene with various forms of RNA
polymerase. A, RpoS (°%) and RpoD complexed with the RNAP core initiate
transcription from —218 TSS and TSS at —327, respectively. Lane 1 corre-
sponds to the size standard. For lanes 2-4, a DNA template of 105 bp was
used. Lane 2 shows the incubation reaction with Eo”°, lane 3 the incubation
with Ec>® resulting in the synthesis of expected 45-nt product marked with
the arrow. Lane 4 was incubated with Ec”° in the presence of phosphorylated
ResB. Lanes 5 and 6 show RNA transcripts synthesized from DNA template of
170 bp. An expected size of 85-nt RNA product was observed when Ec”® was
incubated with the wild-type DNA template (/ane 5), whereas only a weak
signal was visible when Ea’® was used with template with mutation at —7T(C)
and —11A(G) in the —10 element (lane 6). Bands marked with an asterisk (¥)
symbol in lanes 3 and 5 indicate nonspecific end-to-end transcription reaction
products. B, RpoN (0% complexed with the core RNAP in the presence of
either NtrC or QseF can initiate transcription from the rpoEP2 promoter using
the —327TSS. Lane 1 corresponds to size standard, lanes 2 and 4 corresponds
to reactions with the wild-type DNA template in the presence of either NtrC or
QseF. Lanes 3 and 5 correspond to the RNA transcript produced with DNA
template containing mutations at —12 (GC to AT) and —24 (GG to GA).

P2 and P3 Promoters are Regulated by RpoN and RpoD Using
the Same Initiation Start Site—DNA sequence examination of
the promoter region corresponding to the —327 TSS suggested
that transcription initiation could be mediated by RNA poly-
merase containing either RpoN or housekeeping o factor RpoD
or subjected to a dual usage. Ec™ cannot transcribe on its own,
because it requires ATP-dependent activators like NtrC
belonging to the AAA family (41). NtrC is known to act as an
enhancer-like protein for many RpoN-regulated promoters
(41, 42). A consensus matching the RpoN-regulated promoter
is located in the —12 and —24 regions and a recognition site for
NtrC is also present (Fig. 3). Thus, in vitro run-off assays with
reconstituted RNA polymerase, containing RpoN and either
NtrC or QseF (GIrR) as activators, were performed. The ration-
ale for using QseF is based on our results that showed that the
QseE/F two-component system positively regulates the rpoEP2
promoter in response to overexpression of the gseG gene (see
below). QseF, like NtrC, belongs to the family of AAA activators
and contains a response regulator domain (42) with a key con-
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served aspartate residue and an RpoN-interaction domain
including the GAFTGA motif (amino acid residues 211 to 216).

Thus, for in vitro run-off experiments, DNA template cover-
ing the P2 promoter region and 85 bp downstream of the initi-
ation site located at —327 was used. In multiround transcrip-
tion assays, the expected size of the transcript was observed
when RpoN was supplemented with either NtrC or QseF (Fig.
4B, lanes 2 and 4). To validate recognition of the P2 promoter
by RpoN, specific mutations in the —12 (GC to AT) and —24
(GG to GA) RpoN recognition sites were introduced in the
template for in vitro run-off assays. Transcription reaction with
the RNAP core containing RpoN + QseF using such a mutated
DNA template resulted in a significant inhibition in the initia-
tion of transcription, as compared with the same reaction with
the wild-type DNA template (Fig. 4B, lane 5). RpoN + NtrC
also recognized such a mutated template less efficiently as com-
pared with the wild-type, although the reduction is not as
severe as observed with the RpoN + QseF reaction (Fig. 4B,
lane 3). These results thus confirm that RpoN recognizes
the rpoEP2 promoter and QseF acts as the main activator/
enhancer.

The initiation site corresponding to the —327 TSS has also a
good similarity for the —10 and —35 promoter elements recog-
nized by RpoD (07°) (Fig. 34). Accordingly, the wild-type DNA
template used for in vitro run-off assay with RpoN also served as
a template for reaction with Eo”°. This assay showed that Eo”°
without any activator efficiently initiates transcription (Fig. 44,
lane 5). The size of transcript was similar to that obtained with
RpoN. Thus, it is quite likely the —327-nt residue defines the
initiation site for P2 (RpoN-regulated) and P3 (RpoD-regu-
lated) promoters. As the —10 element corresponding to the P3
promoter contains conserved —7T- and —11A-nt residues,
they were mutated to —7C and —11G, respectively. Next, such
a mutated DNA template was used in in vitro run-off assays
with the RNAP core and RpoD. Unlike the wild-type template,
the mutated template could not be recognized efficiently by the
RNARP core and RpoD to initiate transcription (Fig. 44, lane 6).
This mutated P3 promoter was cloned in the promoter probe
vector pRS551 (pGK4838) and transferred in a single-copy to
the chromosome (SR19089). In vivo such a fusion did not
respond to signals that activate the rpoEP3 promoter and
exhibited reduced activity (see below). Thus, we can conclude
that RpoN and RpoD recognize P2 and P3 promoters, respec-
tively, and they share the same initiation start site located at
—327 nt upstream of the rpoE translational start site.

QseF (GIrR) Positively Regulates the RpoN-recognized P2
Promoter

To understand the mechanism of transcriptional regulation
of various rpoE promoters, genes whose overexpression
induces the rpoE transcription were sought using multicopy
libraries. Subsequently, such an overexpression-induced tran-
scription was analyzed for specificity toward individual pro-
moters. One of the genes, whose overexpression specifically
induced the rpoEP2 promoter activity, identified yfhG (gseG),
whose product could mediate signal transduction. The gseG
gene encodes an OM a-helical protein and has been character-
ized in enterohemeorrhagic E. coli (EHEC) and Edwardsiella
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tarda (28, 43). The gseG gene is co-transcribed within the gseE
(glrK) gseF (glrR) operon. The QseEFG system regulates key
virulence factors and cross-talks with other regulatory systems,
such as PhoP/Q and RcsB/C (28). QseG and its other operon
members are involved in the formation of attaching pedestal
and responding to phosphate and sulfate sources (28, 44). In
E. coli K-12, the QseE/F two-component system positively reg-
ulates transcription of the glmY sRNA, located upstream of the
gseE gene, in an RpoN-dependent manner and hence usage of
Glr terminology in that study (42). The quantification of the
B-galactosidase activity revealed approximately a 20-fold
increase in the rpoEP2 promoter activity upon the overexpres-
sion of the gseG gene (Fig. 5A). This induction of the rpoEP2
promoter by QseG overproduction requires the QseF response
regulator. This was shown by near abrogation of rpoEP2-lacZ
induction upon gseG overexpression in a AgseF derivative (Fig.
54).

As the in vitro run-off assay demonstrated that RpoN-depen-
dent transcription from the P2 promoter requires QseF, this
was also examined in vivo. Thus, the plasmid expressing the
qseG gene was introduced in the isogenic strain carrying the
mutated single-copy rpoEP2 -lacZ promoter fusion (—12 and
—24 mutations). This rpoEP2*-lacZ derivative could not be
induced upon gseG overexpression as compared with the wild-
type (Fig. 5A4). Hence, we can conclude that the RpoN-regu-
lated rpoEP2 promoter can recruit QseF as an activator
providing a link between RpoN and RpoE via a Qse two-
component system.

QseF Binds to Upstream Elements of the rpoEP2 Promoter

The results presented in above sections established the pres-
ence of the active RpoN-dependent P2 promoter that recruits
QseF as the activator. To further confirm the role of QseF in
recognition of the rpoEP2 promoter, binding of purified QseF
was analyzed by electrophoretic mobility shift assays (EMSAs).
Two DNA fragments of 529 and 265 bp, containing 329 and 65
bp, respectively, upstream of the transcriptional start site for
the P2 promoter, were used in EMSAs. Up to now, the only
known promoter regulated by RpoN together with QseF is that
of the glmY gene in E. coli K-12 (42). It was proposed, based
on the alignment of the glmY promoter region, that the
QseF-binding site located upstream of about 100 bp (up to
three sites) contains a conserved palindromic sequence of
TGTCN,,GACA. Examination of the DNA sequence revealed
the presence of three such sequence elements upstream of the
P2 TSS with a similar palindromic sequence and similar dis-
tance between two half-sites. These sequence elements are des-
ignated UAS1, UAS2, and UAS3 (upstream activator sequence)
(Fig. 3A). The UASL1 is located —100 nt upstream of the P2 TSS.
A similar palindromic sequence is also present immediately
downstream of the P2 TSS (Fig. 34). A DNA fragment of 529 bp
contains all three UAS elements, whereas the 265-bp fragment
contains only UAS3. These DNA fragments were incubated
with increasing concentrations of QseF and their complexes
analyzed by a native polyacrylamide gel electrophoresis. As
shown in Fig. 5B, the longer DNA fragment containing UAS1 to
UAS3 was shifted much more efficiently as compared with the
shorter fragment containing only UAS3. Thus, we can conclude
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FIGURE 5. The positive regulation of the rpoEP2 promoter by the QseF
activator. A, four independent cultures of wild-type and its AgseF derivative
carrying either the wild-type rpoEP2 promoter fusion or with rpoEP2* pro-
moter fusion with mutations in the —12 and —24 regions expressing the
cloned gseG gene were analyzed for B-galactosidase activity after different
growth intervals in the presence of 50 um IPTG. B, the QseF-DNA interaction at
the P2 promoter. Thirty-five ng of the wild-type DNA fragment covering QseF
binding sites UAST + 2+3 (lanes 2-5) were incubated with increasing con-
centrations of QseF and analyzed by EMSA. A DNA probe containing only
UAS3 was also incubated with QseF as indicated. Lanes 7 and 6 serve as a
control with DNA alone. Samples were analyzed as described under “Experi-
mental Procedures.” C, the RpoN-regulated rpoEP2 promoter also senses LPS
defects. Isogenic cultures of SR19089 and its AwaaC, A(waaC rpoN), and
A(waaC gseF) were analyzed for B-galactosidase activity after different
growth intervals and averages of four independent derivatives are plotted.

that QseF binds DNA located upstream of the rpoEP2 TSS and
based on in vitro assays acts as an activator for RpoN-depen-
dent rpoEP2 transcription.

Modulators of RpoS Regulate the rpoEP4 Promoter

To identify signals and regulators of individual promoters,
various mutations in different genes that caused activation of
the rpoE transcription (Tables 1 and 2) were introduced into
strain SR18874 carrying the rpoEP4-lacZ fusion. Thus, a ArpoS
mutation resulted in ~60% reduction as compared with the
wild-type (Fig. 6). Furthermore, introduction of the ArssB
caused more than 35% increase in the rpoEP4 promoter activity
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FIGURE 6. The rpoEP4 promoter is regulated positively by RpoS and
responds to its modulators. Cultures of SR18874 carrying the rpoEP4 pro-
moter fusion, its ArpoS or ArssB derivatives, and derivative carrying the
cloned pcnB gene were grown in LB medium at 30 °C either in the presence of
50 uM IPTG for strain with plasmid or without IPTG for plasmid-free deriva-
tives. Samples from four independent cultures at different growth intervals in
each case were analyzed for the 3-galactosidase activity.

consistent with the isolation of Tnl0 mutations in the rssB gene
(Fig. 6). RssB acts as an adapter protein in the pathway of the
ClpXP-dependent proteolysis of RpoS and hence rssB mutants
exhibit elevated RpoS levels (45, 46). Thus, the isolation of Tn10
mutations in the rssB gene that increase rpoEP4 promoter
activity and the reduction of P4 activity in ArpoS is overall con-
sistent with results from in vitro run-off assays establishing that
this promoter is uniquely transcribed by Eo®.

Among various growth conditions that were identified to
induce the rpoFE transcription, the exposure to increased osmo-
larity (addition of 0.25 M sucrose or 0.5 M NaCl) also caused a
2-3-fold induction in rpoEP4 promoter activity (Tables 1 and
2). An increase in osmolarity increases RprA-dependent RpoS
translation (47). Thus, in vivo the P4 promoter behaves in a
typical RpoS-dependent manner.

Next, cloned genes, whose overexpression altered the rpoE
transcription, were introduced in SR18874. Among these, over-
expression of the pcnB gene caused an ~40% increase in the
rpoEP4 activity (Fig. 6). However, a mild induction of the fliZ
gene repressed the P4 promoter activity by 40% (Tables 1 and
2). The pcnB gene encodes PAP I and in its absence the RssB-
dependent proteolysis of RpoS is enhanced (36). The negative
effect on the activity of the rpoEP4 promoter upon fliZ overex-
pression can be rationalized, because FliZ behaves as a repres-
sor of RpoS by acting as its antagonist due to overlapping DNA-
binding properties (48). Thus, overall these results support our
conclusions that the rpoEP4 promoter is regulated by RpoS and
conditions that either stabilize RpoS (PAP I) or destabilize it
(RssB) alter the activity of the rpoEP4 promoter in accordance
with its positive regulation by RpoS.

Defects in Early Steps of the LPS Core Biosynthesis Induce the
rpoEP3 Transcription

As the majority of trams-acting TnI0 mutations that
increased the rpoEP-lacZ activity mapped to the waaC gene
and some other genes in the waa locus (supplemental Table S1)
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suggested that defects in LPS activate the rpoE transcription
from distally located promoter(s). The second largest number
of Tnl0 insertion mutations were mapped to the waaF gene.
The waaC gene encodes heptosyltransferase I transferring
L-glycero-a-D-manno-heptopyranose (Hep) to Kdo. The sec-
ond Hep transfer to the Hepl requires heptosyltransferase II
WaaF (1, 2). To avoid any effect of polarity, non-polar deletion
derivatives of various waa genes were constructed and trans-
duced into strains carrying the lacZ fusion to the P2, P3, and P4
promoter to identify which of these promoters is specifically
induced when LPS synthesis is defective. Such isogenic strains
were used to measure the 3-galactosidase activity and also ver-
ified for their LPS composition.

As the P2 and P3 promoter use the same TSS, two different
promoter fusions were constructed in a single-copy to distin-
guish between modes of activation of these promoters. One
such construct SR18987 contains mutations in RpoN recogni-
tion sites for the P2 promoter in —12 and —24 regions, but with
intact —10 and —35 elements for the P3 promoter recognized
by RpoD. Another strain, SR19089, carries the mutation in the
—10 element of the RpoD-regulated P3 promoter with mutated
—7- and —11-nt residues. Thus, SR18987 reflects mainly the
activity of the P3 promoter, whereas the promoter fusion in
SR19089 shows the RpoN-dependent P2 promoter activity.
Into these strains, different null alleles of various waa genes
were introduced and quantified for the promoter-specific tran-
scriptional activity. Such an analysis revealed up to a 7-fold
increase in the rpoEP3-lacZ promoter activity with AwaaC as
compared with its basal activity in the wild-type (Fig. 7A). How-
ever, the AwaaC derivative of rpoEP2-lacZ fusion exhibited
only 70% to a 2-fold increase upon entry into the stationary
phase (Fig. 5C). No induction of the RpoS-regulated P4 pro-
moter was observed when the AwaaC mutation was intro-
duced. Next, impact of the individual non-polar deletion of
other genes within the waa locus on the rpoEP3-lacZ activity
was addressed. A AwaaF derivative exhibited a nearly 2—3-fold
increase in the rpoEP3-lacZ activity (Fig. 7A). Similarly,
AwaaG, AwaaP, and AwaaO mutants exhibited a more than
2-fold increase in the rpoEP3 promoter activity (Fig. 7A). WaaG
glycosyltransferase mediates the incorporation of GlcI, whereas
WaaP is required for the phosphorylation of Hepl (49, 50).
Induction of the P3 promoter in AwaaG and AwaaP reflects the
importance of phosphorylation in OM integrity (50). Deletion
derivatives of waaQ, waaS, waaY, and waaZ did not result in
any major induction of the rpoEP3 promoter or other rpoE pro-
moters (data not shown). The above results allow us to con-
clude that severe LPS defects in the most conserved part of the
inner core and the lack of GlcI induce the activity of the RpoD-
dependent P3 promoter.

waaC and waaF Mutants Incorporate P-EtN on the Second Kdo
Rather Than in the Lipid A

To validate the authenticity of different waa mutants and
impact on LPS modifications, LPS was obtained from isogenic
strains grown under conditions that induce lipid A and inner
core modifications (6, 19, 39). As LPS defects due to mutations
like AwaaC and AwaaF caused a significant induction of the
rpoE transcription, this should be reflected in the modification

SASBMB

VOLUME 291+-NUMBER 44+-OCTOBER 28,2016


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

RpoN-, RpoD-, and RpoS-dependent Control of rpoE Transcription

>
w

1200+ 2000 -
§1mn_ 5 180 - rpoE::-th
3 5 1600 = [poEP3-lacZ
% 800 g 1400 — AwaaC
s = & POEP3-lacZ
% 1200 A(waaC rcsB)
600 £ 1000
! 8
E 400 g Bl
&00 —
g 2004 g wo-
= & 200
o-l
T T T T T T T
0 50 100 150 200 250 300 350

é‘ «»‘" "%" ¢ f

(o
o S O npeb.:» & o ResB(ng
mmplexofdsDNA - u.-.-rh-— o
with RcsB — 3 W‘

w

free dsDNA —th““Uh

2 RcsBboxwt RcsBbox*  ARcsB box
I II I 1
complex of dsDNA U T
With ResB — > =~ kit Wl 1 Eane
— -
free dsDNA —» - e

-

1. 2 3 4 5 6 T 8 9

FIGURE 7. The Eo”°-recognized rpoEP3 promoter is positively regulated by the Rcs two-component system in response to LPS defects in an RcsB-de-
pendent manner. A, cultures of SR18987 carrying the rpoEP3 promoter fusion and its derivatives with non-polar deletion in various waa genes were grown in
LB medium at 30 °C and analyzed for B-galactosidase activity after different intervals. Four independent derivatives in each case were analyzed and averaged
data are presented after a 250-min incubation. B, cultures of SR18987, its AwaaC and A(waaC rcsB) derivatives were grown in LB medium at 30 °C and analyzed
for B-galactosidase activity after different intervals of growth. Averages from four cultures in each case are plotted. C, the RcsB-DNA interaction at the P3
promoter. Thirty-five ng of a 280-bp wild-type DNA fragment that includes a putative RcsB recognition site was incubated with increasing concentrations of
phosphorylated RcsB and analyzed by EMSA on a 4% native gel. D, specificity of RcsB-DNA interaction at the P3 promoter. Three DNA probes included a 81-bp
DNA fragment with the wild-type RcsB sequence (lanes 2 and 3), a second 78-bp DNA fragment lacking conserved CAT trinucleotide residues of RcsB consensus
(lanes 5 and 6), and a third 71-bp probe lacking nucleotides CATGGTTTGG of RcsB consensus (lanes 8 and 9) were incubated with 120 and 180 ng of ResB for each
probe, respectively. Lanes 1,4, and 7 serve as control with DNA alone. After incubation the reaction mixtures were analyzed on a 6% native gel.

of Kdo by the EptB-dependent incorporation of the P-EtN res-
idue. Mass spectrometric analysis of LPS of the AwaaC strain
revealed the mass peak at 2,237.3 Da (Fig. 84). This is in agree-
ment with the predicted composition of the Kdo,-lipid A,
1,4’ -bisphosphate. The spectra of LPS obtained from a AwaaF
derivative contains the mass peak at 2,429.4 Da reflecting the
incorporation of one heptose with a predicted composition of
Kdo,-lipid A,..,, T Hep; (Fig. 8B). Additional mass peaks in the
SASBMB

OCTOBER 28, 2016+ VOLUME 291 +-NUMBER 44

spectra of AwaaC at 2,360.3 and 2,491.4 Da correspond to the
addition of P-EtN and an additional 4-amino-4-deoxy-L-arabi-
nose (L-Ara4N) residue, respectively (Fig. 8). Similarly, mass
peaks at 2,560.5 and 2,683.5 Da present in the spectra of LPS of
AwaaF can be explained to arise due to the incorporation of
L-Ara4N and an additional P-EtN residue, respectively (Fig. 8).
The mass spectrometric analysis of LPS obtained from the
AwaaG strain revealed mass peaks at 2,621.5 and 2,824.4 Da.
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FIGURE 8. The LPS composition of derivatives with specific mutations causing LPS truncation leading to the induction of the rpoEP3 transcription.
Charge deconvoluted ES FT-ICR mass spectra in the negative ion mode of native LPS obtained from isogenic deletion derivatives of the wild-type strain carrying
the AwaaC mutation (A), AwaaF (B), AwaaG (C), and AwaaP (D) grown in phosphate-limiting medium at 30 °C. Mass numbers refer to monoisotopic peaks. The
mass peaks corresponding to additional substitutions with P-EtN and/or L-Ara4N are indicated.

These mass peaks correspond to the predicted structure com-
posed of LA, ... + Kdo, + Hep, and LA, .., + Kdo, + Hep, +
P + P-EtN,, respectively (Fig. 8C), similar to previously
described structural analysis of LPS from the waaG mutant in
the E. coli strain with the R1 core type (49) reflecting partial
phosphorylation of Hepl. Additional mass peaks at 3,078.5 Da
can be attributed to the mass composition of LA, .., + Kdo, +
Hep, + P + P-EtN, + L-Ara4N;. The mass spectrometric anal-
ysis of LPS of a AwaaP derivative revealed the presence of pen-
taacylated (LA, + Kdo, + Hep, + Hex, the mass peak at
2,573.3 Da) and derivatives of hexaacylated species (2,783.5 and
3,037.6 Da). These mass peaks can be explained to be composed
of LA, ... + Kdo, + Hep, + Hex; and LA, ., + Kdo, + Hep, +
Hex; + P-EtN, + L-Ara4N,, respectively. Further mass peaks at
3,199.6 and 3,361.7 Da correspond to the addition of one and
two Hex residues, respectively (Fig. 8D). No mass peaks corre-
sponding to phosphorylated derivatives of Hep residues are
present, consistent with the lack of WaaP kinase due to the
AwaaP mutation. The presence of two P-EtN residues reveals
modification of Kdo as well as lipid A by P-EtN in AwaaP.
The analysis of lipid A revealed the incorporation of L.-Ara4N
represented by the mass peak at 1,928.3 Da in the spectra of all
mutants (Fig. 9). In E. coli K-12, the most preferred position of
L-Ara4N in lipid A is at the 4'-phosphate (51). Interestingly,
AwaaC and AwaaF derivatives did not reveal any P-EtN incor-
poration in the lipid A part. Thus, the mass peak at 2,360.3 Da in
AwaaC and at 2,552.4 Da in AwaaF corresponding to the incor-
poration of P-EtN is predicted to have P-EtN on the Kdo, which
is EptB-dependent (Fig. 8, A and B). These results are consistent
with previous detailed fragmentation analysis of LPS obtained
from various derivatives of waaC mutants (6). The EptB-depen-
dent P-EtN modification of Kdo in AwaaC, AwaaF, and AwaaP
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derivatives is consistent with the activation of the rpoE tran-
scription due to LPS defects and the RpoE-dependent regula-
tion of the eptB gene. These structural alterations of LPS upon
the hyper-induction of the rpoE transcription in AwaaC and
AwaaF derivatives indicate the preferential modification of
Kdo by P-EtN at the expense of its incorporation in the lipid A
part.

The Transcriptional Induction of the rpoE Gene Due to LPS
Defects Requires Qse and Rcs Two-component Systems

Results presented above established that defects in LPS bio-
synthesis induce transcription of rpoEP2/P3 promoters. To
address the molecular mechanism of the activation of the rpoE
transcription when LPS is defective, panels of double deletion
strains lacking various regulators in the AwaaC background
were analyzed. Among these, the A(waaC rpoN) derivative
showed ~40-45% reduction in the rpoEP2-lacZ activity as
compared with the isogenic AwaaC mutant (Fig. 5C). These
results of RpoN dependence could require recruitment of the
QseF activator based on the in vitro run-off assays. Consistent
with these data, activation of the rpoEP2-lacZ fusion in a
A(waaC gseF) derivative was reduced by more than 30% as
compared with the parental AwaaC strain (Fig. 5C).

Severe defects in LPS are known to induce the Rcs two-com-
ponent system leading to overproduction of colanic acid (7).
In the Rcs two-component system, RcsB acts as the major
response regulator (8). Thus, a ArcsB mutation was transduced
into AwaaC derivatives carrying rpoEP3-lacZ fusion. Strik-
ingly, activation of rpoEP3-lacZ fusion in a A(waaC rcsB) deriv-
ative is nearly abrogated as compared with highly elevated lev-
els of the rpoEP3-lacZ activity in AwaaC (Fig. 7B). These data
suggest that Rcs and Qse systems regulate the rpoE transcrip-
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FIGURE 9. Defects in the lipid A biogenesis of Awaa mutants exhibiting increased rpoEP3 transcriptional activity. Charge deconvoluted ESI FT-ICR mass
spectra of isogenic AwaaC (A), AwaaF (B), AwaaG (C), and AwaaP (D) in the negative ion mode depicting the lipid A composition and its modifications from the
LPS obtained from cultures grown in phosphate-limiting medium at 30 °C. Part of the negative ion mass spectra of the native LPS after unspecific fragmenta-
tion, leading to the cleavage of the labile lipid A-Kdo linkage, is presented. The mass peaks corresponding to the hexaacylated lipid A part and substitutions

with P-EtN and/or L-Ara4N are indicated.

tion in response to LPS defects with the Rcs system playing the
major role.

In Vitro RcsB Binds in the P3 Promoter Region

To establish the role of ResB in regulation of the rpoEP3
promoter, the ability of RcsB to bind DNA containing the
region upstream of this promoter was tested by EMSA. A
280-bp DNA fragment was incubated with increasing concen-
trations of ResB. Indeed, such a DNA fragment could efficiently
shift in the presence of RcsB (Fig. 7C). Examination of DNA
sequence upstream of the P3 promoter revealed that it contains
a DNA sequence element with similarity to the RcsB box prox-
imal to the —35 region of the P3 promoter (Fig. 34). The spec-
ificity of RcsB binding to the RecsB box was examined using a
smaller 81-bp DNA fragment with the intact RcsB box, a 78-bp
fragment lacking three conserved nucleotides marked as aster-
isks and a 71-bp fragment lacking RcsB box. The 78-bp frag-
ment with a deletion of 3 bp was shifted much less efficiently
and this mobility shift was further reduced with the 71-bp lack-
ing the conserved RcsB box (Fig. 7D). Thus, these results of
ResB binding upstream of the P3 promoter region support in
vivo results of involvement of the Rcs two-component system in
regulating the rpoE transcription from its P3 promoter.

Defects in the LPS Assembly Also Induce the rpoEP3 Promoter
Previously, we showed that the balanced biosynthesis of LPS
requires the essential LapB protein and in its absence transcrip-
tion of the rpoE gene is significantly induced (9). AlapB mutants
synthesize excess LPS with a significant proportion of LPS com-
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prised of precursor forms and also have a dysfunctional Lpt
translocation system (9). Thus, AlapB derivatives were con-
structed under permissive growth conditions in strains carry-
ing rpoEP1-P5-lacZ and rpoEP3-lacZ (with mutated RpoN rec-
ognition site) fusions in the wild-type background and ArcsB.
The A(lapA lapB) derivative exhibited more than a 5-fold
increase in the rpoEP1-P5-lacZ activity and a 3-fold induction
of the rpoEP3-lacZ activity when the Rcs system is intact (Fig.
10, A and B). However, this activation in the absence of Lap
proteins was significantly diminished in strains lacking RcsB
(Fig. 10A). Thus, these results demonstrate that transcriptional
activation of the rpoE gene caused by severe defects in the LPS
synthesis is driven from the rpoEP3 promoter and this signal
activation requires the RcsB response regulator.

Multicopy Inducers of the rpoEP3 Promoter Identify a Novel
RfaH-interacting sRNA RirA

One of the approaches, using a multicopy plasmid library, led
to the identification of a novel sSRNA, whose overexpression
induced the rpoEP1-P5-lacZ activity. Subcloning identified a
minimal clone carrying DNA overlapping the 5" UTR of the
waaQ mRNA. Further analysis revealed ~2-fold induction of
the rpoEP3 promoter when this SRNA was expressed in a medi-
um-copy plasmid from its own promoter (Fig. 11B). Mapping of
the 5" and 3’ ends revealed that this SRNA shares its 5" end with
the known 5’ end of the waaQ mRNA and is a 73-nt sRNA (Fig.
11, A and C). This sRNA could arise due to processing of the 5’
end of the waaQ mRNA. Examination of its nucleotide
sequence revealed that it contains the conserved JUMPstart
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FIGURE 10. The absence of LapAB proteins or overexpression of lipopro-
tein encoded by the yhdV gene induces the rpoEP3 transcription. A, over-
night cultures of SR7917 (carrying chromosomal rpoEP1-P5-lacZ fusion), its
A(lapA lapB) and A(rcsB lapA lapB) derivatives, and B, SR18987 (rpoEP3-lac2),
its isogenic A(lapA lapB) and A(rcsB lapA lapB) derivatives, were grown in M9
medium at 30 °C and analyzed for B-galactosidase activity after different
intervals. Data averaged from four independent samples are presented for
panels A and B. C, cultures of SR18987 carrying rpoEP3-lacZ fusion with
empty vector, its derivative with the cloned yhdV gene, and its ArcsB deriv-
ative with the yhdV gene on the plasmid were analyzed for B-galactosid-
ase activity after the addition of 50 um IPTG. Data from four replicates are
plotted.

and the ops site (GGCGGTAG) located between nt 40 and 60
recognized by the RfaH transcriptional factor (Fig. 11A). Based
on biochemical evidence and the observed interaction with
RfaH, this sRNA is designated RirA (RfaH interacting RNA).
The —10 promoter region of the rirA gene contains similarity
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to RpoD-recognized promoters (Fig. 114). Italso contains TGA
nucleotides next to the —10 element resembling the extended
—10 promoter.

RfaH is an operon-specific transcription factor belonging to
the NusG family of proteins (25). RfaH is known to regulate the
expression of genes transcribed as long operons encoding the
LPS core, capsule, O-antigen biosynthesis, hemolysin, and con-
jugation system (23-25). RfaH functions by binding to the ops
sitelocated in the 5’ region of non-template DNA of these oper-
ons and prevents premature transcriptional termination by
Rho. This is achieved by RfaH simultaneous contacts with RNA
polymerase and coupling with translating ribosome by interac-
tion with the S10 protein (25). We wondered if the rirA mRNA
would bind RfaH. This was addressed by EMSA wherein RfaH
was incubated with RirA alone and in the presence of the RNAP
core. RfaH could efficiently gel shift RirA in the presence of
RNAP, but not when incubated with RfaH alone (Fig. 124). As
RirA contains the conserved ops site, we tested if the interaction
between RirA and RfaH requires the core ops element. Hence,
gel shift assays were performed using synthetic wild-type RirA
or RirA* with mutated ops site RNAs. EMSA experiments
revealed that RirA with the mutated ops site does not bind RfaH
(Fig. 12B). Thus, we can conclude that RirA indeed interacts
with RfaH in the presence of RNA polymerase. Furthermore,
this interaction is dependent on the presence of the ops site
within RirA.

Because overexpression of the rirA gene induces the rpoEP3
activity, a ArfaH mutant was also tested for influence on the
rpoHP3 activity. A 4-fold induction of rpoEP3 promoter activity
was observed (Fig. 11B). These results are consistent with iso-
lation of a rfaH:'Tnl0 mutation conferring an increase in the
rpoE transcriptional activity (supplemental Table S1). To
address the basis of induction of the rpoEP3 by RirA, the effect
of the rirA overexpression on the LPS content was examined.
Whole cell lysates were prepared from isogenic strains with and
without overexpression of RirA. The overexpression of RirA
caused a reduction in the total amount of LPS (Fig. 12C). As the
conserved ops site is also located in front of the O-antigen gene
cluster, the wild-type E. coli K-12 strain BW25113 was trans-
formed with plasmid pMF19 (expressing the wbbL gene (52)) to
restore O-antigen biosynthesis. Next, this strain was trans-
formed with the compatible vector alone or its derivative car-
rying the rirA gene and examined for the LPS profile. A quite
robust reduction in the O-antigen was observed, when the rirA
gene is present on the plasmid (Fig. 12D). It should be noted
that the cloned rirA gene was expressed from its own promoter.
These results suggest that RirA in excess could cause titration
of RfaH and limit its availability to bind in vivo ops sites. This
could lead to decreased expression of LPS core biosynthetic
genes transcribed from the waaQ operon and other operons
with the ops site in the 5" UTR like O-antigen biosynthetic
genes. Defects in the O-antigen presence upon the rirA overex-
pression can be due to an additive effect of reduction in the rfb
operon expression and reduced number of sites for O-antigen
incorporation.

To further understand the molecular basis of reduction of
LPS upon RirA overexpression, the expression of RfaH-regu-
lated waaQ and rfb operons was monitored. Western blot anal-
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FIGURE 11. A novel sRNA rirA in multicopy induces the rpoE transcriptional activity and controls LPS biosynthesis. A, nucleotide sequence of the gene
encoding the rirA sSRNA and its promoter region. The arrow indicates the TSS of the rirA sSRNA. The —10 and extended — 10 promoter elements, the conserved
JUMPstart, and ops sites are depicted. B, either overexpression of the rirA gene or the absence of RfaH induces the rpoEP3 promoter activity. Cultures of SR18987
with the vector pRS551, its ArfaH derivative, or when the rirA gene is expressed from its own promoter in pRS551 were grown in LB medium at 30 °C and analyzed
for the B-galactosidase activity after different growth intervals. Average of four independent samples are presented. C, model of RirA generated using M-fold.

ysis revealed that the WaaO-FLAG and RfbB-FLAG amounts
are reduced, whereas as a control WaaC-FLAG levels were
unaltered (Fig. 12E). The waaO gene is transcribed as a part of
the waaQ operon and the rfbB gene also contains the ops site in
the 5" UTR. The waaC gene is transcribed as a part of the gmhD
waaF waaC operon lacking the ops site. Taken together, these
results establish that RirA sRNA acts as a novel sSRNA that inter-
acts with RfaH and its excess reduces LPS amounts by the potential
sequestration model that limits the availability of RfaH.

The overexpression of Genes Encoding Lipoproteins Induces
the rpoEP3 Promoter

The most prominent class of multicopy inducers of the
rpoEP1-P5 transcription identified genes encoding lipopro-
teins (Tables 1 and 2). From these, impact of overexpression of
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the yhdV gene was analyzed, because it was repeatedly isolated
as inducer of the rpoEP1-P5-lacZ or specifically the rpoEP3-
lacZ transcriptional activity. Measurement of the rpoEP3-lacZ
activity revealed a nearly 3.4-fold increase (Fig. 10C). Most of
the genes encoding lipoproteins identified in this work encode
proteins of low abundance like YhdV, YddW, and YghB, and
Spr is in the bottom 25% range (based on pax-db.org), making
their isolation physiologically relevant. We reasoned that the
increased synthesis of lipoprotein could cause limitation of the
Lol system required for sorting of lipoproteins. Defective lipo-
protein is known to induce the Rcs pathway (53). Thus, we
tested if the mechanism of activation of the rpoEP3 promoter
was also Rcs-dependent. Accordingly, expression of the yhdV
gene was induced in the wild-type and its ArcsB derivative. This
analysis revealed a reduction in the activation of the rpoEP3
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FIGURE 12. RirA sRNA binds to RfaH and its overexpression causes defects in the LPS synthesis. A, interaction of RirA with RfaH in the presence or absence
of RNAP. Fifty ng of RirA were incubated at 37 °Cwith 150, 300, and 450 ng of RfaH in the presence of 50 ug of RNA polymerase core (lanes 2- 4) orin the absence
of RNAP (lanes 5-7). Lane 1 corresponds to RirA alone. Samples were analyzed on a 6% native polyacrylamide gel. Arrows indicate the position of complex and
free RirA. B, the replacement of the 8-nt ops site by 8 A ntin RirA abolishes interaction with RfaH + RNAP core. Fifty ng of wild-type RirA (lanes 2- 4) and RirA with
mutated ops site (lanes 5-7) were analyzed for the complex formation with RfaH in the presence of RNAP and resolved by native gel electrophoresis. C, a portion
of whole cell lysate obtained from the wild-type E. coli K-12 strain BW25113 with vector pRS551 (lane 1), its derivative expressing the wild-type rirA gene in
pRS551 (lane 2), and rirA with 8-nt ops site replaced by 8 A residues rirA* (lane 3) were applied on a 16.5% SDS-Tricine gel and LPS was revealed after silver
staining. The arrow indicates the position of the LPS core. D, a portion of whole cell lysates after proteinase K treatment obtained from isogenic strains with
pMF19 and vector pRS551 alone (lane 1) and its derivative expressing the rirA gene from its own promoter in pRS551 with pMF19 (lane 2) were resolved on a
14% SDS-Tricine gel and LPS was revealed after silver staining. Arrows indicate the position of the lipid A-core, lipid A-core + 1 O-antigen unit, and lipid A-core +
polymeric O-antigen. E, isogenic cultures carrying vector pRS551 alone (lane 1) or expressing the wild-type rirA gene (lane 2) in the strain with chromosomal
waaO, rfbB, or waaC genes epitoped at the C-terminal end with 3 X FLAG were grown in LB medium at 30 °C up to an A4, of 0.2. An equivalent amount of total
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protein was analyzed on 12% SDS-PAGE, followed by immunoblotting using anti-FLAG monoclonal antibody.

promoter by more than 50% (Fig. 10C). A similar dependence
was observed for the lipoprotein-induced rpoEP3 activity for
the presence of ResF (data not shown). Hence, these results
establish that the Rcs two-component system senses imbal-
ances in the OM due to either LPS defects or overexpression of
lipoproteins causing activation of the rpoEP3 transcription.
However, these results do not show if the overexpression of
every lipoprotein will induce the rpoEP3 transcription.

The rpoEP3 Promoter Is Subjected to Catabolite Repression

During the quantification of transcription, we repeatedly
observed that the activity of the rpoEP1-P5 promoter is higher
when glycerol is used as the sole carbon source as compared
with glucose-supplemented medium (Tables 1 and 2). After the
identification of multiple promoters regulating the rpoE tran-
scription, this effect was observed more specifically for the
rpoEP3 promoter. Its activity is also severely repressed upon the
addition of glucose to LA medium, like well known CRP-
cAMP-regulated genes. It is well established that in the pres-
ence of glucose cCAMP levels are low, resulting in reduced or
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lack of expression of promoters that require CRP binding (54).
These observations are consistent with the identification of a
Tn10 insertion in the cya gene (supplemental Table S1) and an
observed 50% reduction in the activity of the rpoEP3 promoter
in Acrp (Fig. 13A). Thus, direct binding of the CRP protein in
the presence of cAMP was examined by EMSA using 118-bp
DNA fragments that contain nucleotides upstream of the P3
TSS. This DNA template is efficiently shifted in the presence of
activated CRP (Fig. 13B) consistent with the presence of DNA
sequences that match the CRP-binding site (Fig. 34). Overall,
these results establish cAMP-CRP-mediated control of rpoEP3
transcription.

The RpoE-regulated ecfLM Operon Influences the rpoE
Transcription

During the mutagenesis screen for TnI0 insertion(s) that in
trans alter the rpoE transcription, one mutation mapped to the
ecfL gene (supplemental Table S1). ecfL and ecfM genes are
transcribed as an operon with a RpoE-dependent transcription
(31). Non-polar deletion of either the ecfL gene alone or the
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FIGURE 13. The rpoEP3 promoter is positively regulated by the CRP acti-
vator protein. A, cultures of the wild-type strain carrying the rpoEP3 pro-
moter fusion and its four independent Acrp transductants were grown in LB
medium at 30°C and analyzed for B-galactosidase activity after different
intervals. B, interaction of CRP with DNA containing the P3 promoter and
upstream DNA region. A 118-bp DNA fragment covering the P3 promoter
region was incubated with increasing concentrations of CRP activated by
cAMP (lanes 2-5) and complexes were resolved on a 6% native gel. Lane 1
serves as a negative control with DNA alone. Arrows show the position of free
dsDNA and CRP-DNA complex.

ecfM gene alone does not alter the transcriptional activity of any
rpoE promoters. However, a total deletion of the ecfLM operon
does increase the rpoEP3 activity by a 2—3-fold (Fig. 14). EcfL
belongs to the family of conserved DedA IM proteins (31). Con-
sistent with our data, it has been recently reported that multiple
deletion combinations of ecfL orthologs, including ecfL, cause
an increase in the rpoE transcriptional activity (55). EcfM, also
called MzrA (56), could act as a connector protein in cross-talk
among two-component systems and needs more studies.

Discussion

In this work, we addressed the transcriptional regulation of
the rpoE gene, encoding the extracytoplasmic function o factor.
Several members of its regulon have dedicated functions, par-
ticularly whose products are involved in the assembly of OM,
including components of LPS translocation, OM protein mat-
uration, and some sRNAs that maintain homeostasis of OM
components (31). Despite the wealth of knowledge about the
function of RpoE and its negative regulation by the anti-o factor
RseA, transcriptional regulation of the rpoE gene has not been
fully understood. Previously, we and others showed that tran-
scription of the rpoE gene is autoregulated by Ec* from one of
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FIGURE 14. The rpoEP3 promoter activity is induced in the absence of
ecfLM genes. Isogenic cultures of the wild-type and its A(ecfL ecfM) derivative
carrying the rpoEP3 promoter fusion were grown in LB medium at 37 °C and
analyzed for the B-galactosidase activity.

its promoters (3, 16). However, the regulation of transcription
from its distal promoter remained elusive for more than two
decades.

The construction of various transcriptional fusions and the
identification of trans-acting factors that modulate the rpoE
transcription revealed that the distal promoter region responds
to several divergent stimuli. Factors that alter the rpoE tran-
scription from the distal promoter region include activation by
(i) severe defects in LPS, (ii) the addition of ammonium meta-
vanadate, (iii) entry into the stationary phase, (iv) a shift to high
osmolarity, (v) growth phase-dependent challenge with poly-
myxin B, (vi) a shift to nitrogen-limiting growth conditions, and
(vii) overexpression of certain genes encoding lipoproteins.
However, transcription is repressed in glucose-supplemented
medium. Significantly, no single transposon insertion or any
defined deletion could be identified that totally abolished tran-
scription from this promoter region. These results suggested
that either an essential transcriptional factor regulates expres-
sion of the rpoE gene from the upstream region or multiple
transcriptional factors are involved in mediating the transcrip-
tional control.

To address possibilities of the existence of multiple regula-
tory controls, 5" ends of the 7poE mRNA were mapped. This led
to the identification of at least five new transcriptional start
sites located upstream of the Eo*-transcribed promoter. The
presence of multiple authentic promoters was confirmed by in
vitro run-off assays and the construction of the single-copy pro-
moter fusion to individual promoters. Of five promoters, P2
and P3 promoters share the same TSS located at —327. The P2
promoter shares homology to RpoN-regulated promoters with
the presence of conserved —12 and —24 RpoN recognition
sites. Interestingly, the P2 promoter is strongly activated by
QseF, which also contains extensive homology to the NtrC fam-
ily of activators (42). QseF activation of the rpoEP2 promoter
occurs via RpoN and requires RpoN-recognition motifs (—12
and —24) as shown by mutagenesis and in vitro run-off assays.
A role for QseF in regulating the rpoEP2 promoter was first
observed by a nearly 20-fold induction upon overexpression of
the OM protein QseG. The gseG gene is co-transcribed with
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FIGURE 15. Co-integration of multiple signaling pathways and recruitment of different transcriptional factors in the regulation of the transcription of
the rpoE gene in response to specific stimuli. A schematic drawing of the promoter region of the rpoE gene, depicting the organization of six promoters
designated P1 to P6. The transcription from rpoEP6 is initiated by Ec® and responds to OM protein defects via the RseA. P2 and P3 promoters utilize the same
TSS. The rpoEP2 is recognized by ¢°* and can recruit either NtrC or QseF as activators. The QseE/F system can be activated by QseG. QseE/F-regulated
transcription of the rpoEP2 and gimY sRNA can co-integrate signals of cell envelope constituents like LPS and peptidoglycan synthesis to rpoE transcription. The
rpoEP3 is recognized by ¢7° and its transcription is specifically induced when LPS biosynthesis is compromised (lack of assembly protein LapB, titration of RfaH
by RirA sRNA, or when the inner core of LPS is truncated). LPS defects could the transmit signal from the RcsF OM lipoprotein leading to the activation of the
RcsB response regulator. The P2 promoter can also be induced in response to LPS defects albeit to a lower extent than the rpoEP3 promoter. The global
regulator CRP protein in response to cCAMP levels also positively regulates the rpoEP3 promoter. The rpoEP4 promoter is recognized by the stationary phase o
factor RpoS and is activated in response to diverse stresses like challenge with high osmolarity and factors that regulate transcription of the rpoS gene and the

stability of 0.

gseE and gseF genes. QseE and QseF constitute a two-compo-
nent system that positively regulates the expression of the pro-
moter of the glmY sRNA in an RpoN-dependent manner (42).
GImY regulates the synthesis of GImS in response to amounts
of glucosamine 6-phosphate (GIcN6P). GIcN6P is the precursor
for the synthesis of UDP-GIcNAc and hence, it constitutes the
first rate-limiting step in LPS and peptidoglycan synthesis (17,
42). QseG interaction with the QseE kinase could trigger phos-
phorylation of the QseF response regulator. Indeed, activation
of the rpoEP2 promoter by overexpression of gseG is solely
dependent on the presence of QseF. Examination of the DNA
sequence upstream of the rpoEP2 promoter identified three
QseF-binding sites in the upstream region, which were verified
by gel-retardation assays. A fourth QseF binding-like motif is
also present in the downstream region of the rpoEP2 promoter.

The predicted —10 promoter element of rpoEP3 contains a
consensus for RpoD-recognized promoters, with the presence
of conserved —7T and —11A residues and an extended —10
TGC (Fig. 3). Mutation of —7T(C) and —11A(G) severely
repressed the rpoEP3 promoter activity. This allowed us to
establish that the —327 TSS is used by RpoD and RpoN. The
—326 TSS could arise due to in vivo processing of the 5" end or
may be used in vivo under specific conditions. The RpoD-reg-
ulated P3 promoter is further subjected to catabolite repression
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and activated specifically when the LPS has truncation in the
inner core region or the LPS assembly is dysfunctional.

As the rpoE gene is essential in E. coli under all growth con-
ditions, the presence of multiple promoters regulated by RpoN
(P2), RpoD (P3), and RpoS (P4) ensures that the basal level of
transcription is sustained even when the OM integrity is not
compromised (Fig. 15). Furthermore, each of these promoters
fine-tunes transcription under specific conditions. Thus, the
induction of the rpoE transcription upon entry into the station-
ary phase could recruit RpoS via the initiation from the P4 pro-
moter. The P4 promoter utilization could integrate diverse sig-
nals that regulate the activity of RpoS. RpoS is induced not only
in the stationary phase, but also upon challenge with high
osmolarity, carbon starvation, oxidative stress, and in response
to stringent growth conditions. We also observed that rpoEP4 is
induced upon the shift to high osmolarity. In support of the
RpoS-mediated transcription of the P4 promoter, our genetic
analyses also identified factors that control the RpoS transcrip-
tion/stability, like ArcA/B, RssB, and PcnB affecting the rpoEP4
activity.

The Mechanism of Sensing of LPS Alterations and the Over-
expression of Lipoproteins—As the maximal number of muta-
tions that induce transcription from the rpoE proximal pro-
moter caused LPS defects, the mode of signal transduction was
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addressed. LPS defects significantly induce the RpoD-regulated
rpoEP3 promoter that was dependent on the activation of the
Res two-component system. Thus, the induction of this pro-
moter was mitigated in the absence of either the OM protein
ResF or the response regulator RcsB when either were chal-
lenged with polymyxin B or when the LPS synthesis was defec-
tive. This mode of the rpoEP3 promoter activation via the Rcs
system was demonstrated using strains with truncation of the
LPS inner core or strains lacking LPS regulators like RfaH or
LapA/B proteins. However, some signals due to LPS defects are
also transmitted to the P2 promoter in the RpoN-QseF depen-
dent manner. To distinguish between the activation of P2 and
P3 promoters, mutations were introduced in either RpoN rec-
ognition sequences or in the —10 conserved element recog-
nized by RpoD. Usage of such mutated promoter fusions con-
firmed that both P2 and P3 promoters can be activated when
LPS is defective, with the main signal activation mediated by the
Rcs system to the RpoD-regulated P3 promoter. Observed
binding of RcsB and QseF upstream of the P2/P3 TSS further
supports these conclusions.

The molecular basis of RpoE induction due to specific LPS
defects and participation of any specific signal relay system, like
Rcs or other two-component systems, has not been addressed.
Two models have been proposed, suggesting sensing of acyla-
tion defects in lipid A and a trade-off between the lipopolysac-
charide transporter LptA and RpoE negative regulator RseB
(38, 57). However, as shown here, the Rcs system can indepen-
dently sense LPS defects. Our data of signal transduction via
multiple systems are compatible with additional modules like
RseB and sensing involving additional pathways like the
QseGEF system that can signal LPS defects. In support of such
a model, we still observed a nearly 2-fold induction of the EoF-
regulated promoter of the rpoE gene in A(waaC rcsB) and also
involvement of RpoN-mediated Qse-dependent control. Utili-
zation of multiple pathways could make the system to launch
rapid response and make it more robust.

One of the novel findings from this work is the identification
of a new 73-nt SRNA located in the 5" UTR of waaQ mRNA.
This sSRNA shares the same start site as the waaQ mRNA and
contains the ops site recognized by RfaH. This sRNA, desig-
nated RirA, binds RfaH in the presence of the RNAP core. The
rirA gene was cloned, because its overexpression induces the
rpoE transcription via the P3 promoter. Based on the LPS pro-
file, a mild overexpression of the rirA sSRNA caused severe
reduction in the incorporation of O-antigen. When RirA was
overexpressed in a wild-type E. coli K-12, which does not syn-
thesize O-antigen, the overall LPS amount was reduced. RfaH
regulates the expression of many long operons including waaQ
and rfb operons by preventing transcription termination and
enhancing translation of their mRNAs. RfaH is known to bind
to ops sites and our model of reduction of the LPS amount and
severe decrease in the O-antigen incorporation upon the rirA
overexpression posits that an excess of RirA could titrate RfaH.
This could make RfaH limiting and reduce the expression of
operons that require RfaH, like rfb and waaQ operons. Thus,
the induction of rpoE transcription upon rirA overexpression
can be attributed to limiting amounts of LPS or an imbalance
with other components of the OM. Hence, not only LPS defects,
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but also any imbalance (excess of LPS as with lapAB mutants or
its reduction when RirA is in extra copies) are sensed by the
rpoEP3-dependent transcriptional response. It is tempting to
speculate that an accumulation of RirA sRNA under regulated
mRNA processing of the waaQ UTR might constitute an inter-
nal checkpoint to balance the LPS synthesis.

Furthermore, it was noticed that overexpression of genes
encoding some lipoproteins causes an induction of the rpoEP3
promoter. Mislocalization of lipoproteins has been shown to
cause induction of the Rcs pathway (53). Consistent with the
positive regulation of the rpoEP3 promoter by the Rcs system,
its activation by overexpression of the lipoproteins is also Rcs-
dependent. Among the genes encoding lipoproteins identified
in this work that induce the rpoEP3 transcription, yhdV, yghG,
spr, and yceB were previously shown to induce the transcription
of the rpoE-regulated degP promoter (58). Some of the lipopro-
teins are known to show significant genetic interactions with
several components of LPS biosynthesis (59). For example, yceB
shows interactions with many genes whose products are
involved in LPS and phospholipid biosynthesis. Thus, an excess
of such lipoproteins could alter the delicate balance in the cell
envelope leading to induction of rpoE transcription.

In summary, we have shown that in addition to autoregula-
tion by RpoE, transcription of the rpoE gene is further regulated
by RpoS, RpoD, and RpoN o factors that specifically respond to
different stimuli to sustain its transcription under all growth
conditions (Fig. 15). Additional recruitment of envelope
responsive two-component systems (QseE/F and Rcs) and
global regulator CRP further modulate transcriptional of the
rpoEP2 and P3 promoters linking several networks to regulate
the expression of RpoE. This mode of interlinked regulatory
control allows integration of several signals to rapidly respond
to a variety of stress conditions and cell envelope defects includ-
ing LPS alterations.

Experimental Procedures

Bacterial Strains, Plasmids, and Media—The bacterial
strains and plasmids used in this study are described in supple-
mental Table S1. Luria-Bertani (LB) broth, M9 (Difco), and 121
phosphate-limiting minimal media were prepared as described
(19, 60). For assays monitoring response to nitrogen concentra-
tions, minimal medium was supplemented with either 3 or 10
mM NH,Cl. When required, media were supplemented with
ampicillin (100 ug ml™"), kanamycin (50 ug ml ™), tetracycline
(10 ug ml 1), spectinomycin (50 wg ml~ '), or chloramphenicol
(20 wg ml™ ). The indicator dye 5-bromo-4-chloro-3-indolyl-
[B-p-galactopyranoside (X-Gal) was used at final concentrations
of 20 or 40 pug ml™' in the agar medium. Ammonium meta-
vanadate was added at a final concentration of 25 ug ml™* to LB
or LA media. Polymyxin B (Sigma) was added to LB medium at
concentrations ranging from 0.2 to 0.3 ug ml~'. Lactose-con-
taining MacConkey agar (Difco) was supplemented with appro-
priate antibiotics when required.

The Isolation of Trans-acting Mutations—The MC4100-de-
rived bacterial strain SR4245 and the BW25113 derivative
SR7917 were used as parental strains to isolate TnI0 insertion
mutants. Each of these strains carries an identical single-copy
chromosomal transcriptional rpoEP-lacZ fusion at the A
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attachment site as bacteriophage A lysogen. Given the essenti-
ality of the rpoE gene, a chromosomal replacement of the wild-
type rpoE gene with such rpoEP-lacZ fusion was not attempted.
More than 50,000 transposon insertion mutants were isolated
on LA medium at 30 °C and screened for Lac up or down phe-
notypes as described previously (3, 61). Bacteriophage P1 or T4
lysates were prepared on individual Lac up candidates and
transduced back into SR4245 or SR7197. The position of Tn10
was determined by the inverse PCR with nested primers and
sequenced using the TnI0 primer as described previously (9).

The Identification of Trans-acting Factors Whose Overexpres-
sion Alters the rpoE Transcription—The complete genomic
library of all predicted ORFs of E. coli cloned in pCA24N (33)
was used to transform SR4245, SR7917 (carrying rpoEP1-P5-
lacZ fusion), SR18874 (rpoEP4-lacZ), and SR18868 (rpoEP2/
P3-lacZ). The plasmid carrying the lacZ gene was omitted to
reduce the background noise. Lac up or Lac down transfor-
mants were isolated at 30 °C in the presence of IPTG (50 um)
based on X-Gal phenotype. DNA insert of all relevant plasmids
that yielded reproducible results was sequenced. In parallel,
previously described whole genomic libraries obtained from
the wild-type E. coli K-12, cloned in medium-copy plasmids (9,
35), were used in similar screens to identify genes whose over-
expression alters the rpoE transcriptional activity. The minimal
genomic DNA fragment cloned in the same plasmid was
obtained by standard subcloning.

Generation of Null Mutations and the Construction of Their
Combinations—Non-polar antibiotic-free deletion mutations
of various genes used in this study were constructed by using
the A Red recombinase/FLP-mediated recombination system
as described previously (9, 39, 62). PCR products from such
amplification reactions were electroporated into BW25113
containing the A Red recombinase-encoding plasmid pKD46
(GK1942). Each deletion was verified by PCR amplification and
sequencing of PCR products. Such deletions were transduced
into BW25113 by bacteriophage T4-mediated transduction.
Multiple null combinations were constructed as described pre-
viously, followed by the removal of aph or cat cassettes using
the pCP20 plasmid and confirmed to be non-polar. The con-
struction of deletion derivatives of waaC, waaO genes, and the
Eo*-regulated rpoE-lacZ fusion were previously described (3, 9,
19).

Cloning of Various Genes for Their Overexpression and Com-
plementation Studies—For protein induction, the minimal cod-
ing sequences of rpoS, ntrC, gseF, rcsA, rcsB, and crp genes of
E. coli were cloned in different expression vectors. The minimal
coding region of each relevant gene was PCR-amplified,
digested with specific restriction endonucleases, and cloned in
expression vectors. rcsA and rcsB genes were cloned in pET22b
(NdeI-Xhol), resulting in plasmids pGK4661 and pGK4662. In
parallel, crp and rpoS genes with the C-terminal His, tag were
cloned in pET22b and pET24b (Ndel-Xhol), resulting in plas-
mids pSR16739 and pSR16691, respectively. These plasmids
were verified to retain wild-type properties of the respective
genes by confirming the complementation of strain Acrp
(GK2986) and ArpoS (GK2876). gseF and ntrC genes with the
C-terminal Hisg tag were cloned in pET28b (Ndel-Xhol)
(pSR13036 and pSR18976, respectively). For the induction of
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RpoN and RfaH, the expression of corresponding genes was
induced from clones in the expression vector pCA24N (34).

For LPS analysis and quantification of changes in the rpoE
transcription, the rirA gene with its own promoter was sub-
cloned into the pRS551 vector (pSR9446). The minimal coding
region of rirA sSRNA was PCR-amplified from the chromosomal
DNA obtained from the wild-type strain BW25113 using spe-
cific oligonucleotides (supplemental Table S2).

RNA Purification and Mapping of 5' Ends—For the identifi-
cation of the transcription start site(s) of rpoE and rirA mRNAs,
total RNA was extracted from wild-type strain BW25113 and
its AwaaC derivative or in the presence of multicopy inducers
of the rpoE transcription. Cultures were grown in LB medium at
30 °C until an absorbance of 0.2 at 600 nm (exponential phase)
or after entry into the stationary phase. RNA was purified
according to the manufacturer’s protocol (Bioline UK) and
digested with RQ1 DNase (Promega) to remove any chromo-
somal DNA, followed by phenol extraction and RNA
precipitation.

The GeneRacer from Invitrogen was used to obtain 5’ ends of
¢DNA according to the manufacturer’s protocol as described
previously (9). RNA with and without treatment with calf intes-
tinal phosphatase was used to identify primary and processed
products according to the manufacturer’s instructions. The
¢DNA was amplified by PCR using 2 pmol of reverse gene-
specific primers (supplemental Table S1) and the GeneRacer 5’
primer. An additional round of nested PCR was employed,
using GeneRacer-nested and gene-specific oligonucleotides
(supplemental Table S2). PCR products from the second round
nested PCR were purified and cloned into the pCR-4-TOPO
vector. From each reaction, at least 10 independent plasmids
were isolated and sequenced using the M13 forward primer
(—21 universal).

In Vitro Run-off Assays—For the identification of the tran-
scription initiation site with specific forms of RNA polymerase,
DNA template (50 ng) was incubated with the core RNAP and
the specific o factor ata molar ratio of 4:1. Twenty ul of reaction
was carried in buffer containing 40 mm Tris-HCI, pH 7.5, 150
mM KCl, 10 mm MgCl,, 1 mm DTT, 0.5 mm each of ATP, GTP,
CTP,and 0.1 mm UTP plus 3.7 kBq of [@->*P]UTP. The reaction
was allowed to proceed for 20 min at 37 °C, as described previ-
ously (3), and terminated by the addition of formamide stop
solution. For in vitro assays with RpoN, NtrC, and QseF, the
wild-type template and the template with mutations in the —12
and —24 elements were used. After the open complex forma-
tion in reactions with RpoN + NtrC and RpoN + QseF, 5 mMm
ATP was added and further incubated at 37 °C for 5 min before
the addition of nucleotides. RNA samples (4 ul) labeled with
[a-**P]JUTP were electrophoresed as described previously (3).

Gel Retardation Assays—EMSAs were performed on PCR-
generated probes containing various sizes of DNA. When
required, mutations were introduced using specific oligonucle-
otides during PCR (supplemental Table S2). Binding reactions
were performed by incubating 35 ng of various DNA probes
with an increasing amount of purified RcsB or ResA or CRP or
QseF, using binding buffer (Invitrogen). Whenever required,
ResB and QseF were phosphorylated with acetyl-phosphate at
30 °C for 30 min. Similarly, the CRP-cAMP complex was gen-
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erated by the incubation of purified CRP with 1 mMm cAMP in
buffer containing 10 mm Tris-HCl (pH 7.8 at 4 °C), 150 mMm
NaCl, and 3 mm Mg(OAc),. Products were analyzed on 4 or 6%
native acrylamide gel and visualized after staining with SYBR
Green (Invitrogen).

B-Galactosidase Assays—To measure the activity of rpoE
promoters, single-copy chromosomal promoter fusions to the
lacZ gene were constructed and used to monitor their 3-galac-
tosidase activity. DNA sequences located upstream of the
known RpoE-autoregulated promoter were amplified by PCR,
using specific oligonucleotides (supplemental Table S2). After
PCR amplification, gel-purified DNA was digested with EcoRI
and BamHI, cloned into either pRS415 or pRS551 vector, and
transferred to the chromosome in a single-copy by recombina-
tion with ARS45 (63). Lysogens were selected either on the basis
of Lac™ phenotype or by directly selecting for Kan-resistant
lysogens as described previously (3, 6, 9). Mutations in the —12
and —24 regions of the RpoN-regulated P2 promoter were
introduced by PCR using mutagenic oligonucleotides (supple-
mentalTableS2), cloned into pRS551 and transferred to
the chromosome to generate single-copy promoter fusion
(SR18987). Nucleotide changes corresponding to the —7T and
—11A residues of the rpoEP3 promoter were constructed sim-
ilarly with mutagenic oligonucleotides and cloned in pRS551.
Such single-copy lysogens carrying lacZ fusions with mutated
promoter regions were directly selected for Kan resistance
(SR19089) and verified. Null alleles in different genes studied in
this work were transduced into strains carrying various rpoE-
lacZ promoter fusions in a single-copy on the chromosome. To
measure the 3-galactosidase activity, isogenic bacterial strains
carrying promoter fusions were grown in LB or M9 medium
with appropriate antibiotics at 30 °C, adjusted to an A4y, of 0.05
and allowed to grow further. The B-galactosidase activity
was measured in Miller units at different growth intervals
from four independent cultures in each case as described
previously (6, 9).

Protein Purification—The expression of His,-tagged RpoN,
RfaH was induced in the E. coli BW25113 strain at an optical
density of 0.1 at 600 nm in a 1-liter culture by the addition of 0.5
mM IPTG. For the purification of His,-tagged RpoS, CRP, ResB,
RcsA, NtrC, and QseF, their cognate genes cloned in pET
expression vectors were induced in E. coli BL21(DE3) strain at
28 °C. After induction (4 h-5 h at 28 °C), cells were harvested by
centrifugation at 12,000 rpm for 20 min. The pellet was resus-
pended in B-PER reagent (Pierce) and adjusted to contain 50
mMm NaH,PO,, 300 mm NaCl, 10 mm imidazole (buffer A), sup-
plemented with lysozyme to a final concentration of 200 ug
ml ™', A mixture of protease inhibitors (Sigma) was added as per
the manufacturer’s instructions. The mixture was incubated on
ice for 15 min with gentle mixing. To this lysate, 30 units of
benzonase (Merck) was added and incubated with gentle mix-
ing at 4 °C for another 15 min. The mixture was centrifuged at
45,000 X gfor 30 min at4 °C. Soluble proteins were applied over
nickel-nitrilotriacetic acid beads (Qiagen), washed, and eluted
with buffer A with a linear gradient (50 mm- 500 mm) of
imidazole.

LPS Extraction—LPS was extracted by the phenol/chloro-
form/petroleum ether procedure (64) from cultures grown in
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phosphate-limiting medium and lyophilized. For the LPS anal-
ysis, lyophilized material was dispersed in water by sonication
and resuspended at a concentration of 2 mg ml ™~ '. For detection
of the chemotype, an equivalent portion of whole cell lysate
treated with proteinase K was applied to a 16.5% Tricine gel. To
detect O-antigen, cultures of BW25113 carrying the vector
alone (pRS551) or its derivative carrying the rirA sRNA
expressed in pRS551, were transformed with the plasmid
pMF19 (to restore the O-antigen biosynthesis). In these exper-
iments, samples were applied on 14% Tricine gel. Gels were
silver-stained for the LPS analysis.

Mass Spectrometry—Electrospray ionization-Fourier trans-
form ion cyclotron (ESI-FT-ICR)-mass spectrometry was per-
formed on intact LPS in the negative ion mode using an APEX
QE (Bruker Daltonics) equipped with a 7-tesla actively shielded
magnet and dual ESI-MALDI. LPS samples were dissolved at a
concentration of ~10 ng ul ™' and analyzed as described previ-
ously (6, 19). For the nonspecific fragmentation, the DC offset
(collision voltage) of the quadruple interface was set from 5 to
30 V. Under these conditions, the labile linkage between lipid A
and the core oligosaccharide is cleaved. Mass spectra were
charge deconvoluted, and mass numbers given refer to the
monoisotopic peaks.
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