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Abstract
Protein factors bind ribosomes near the tunnel exit, facilitating protein trafficking and folding. In eukaryotes, the 
heterodimeric nascent polypeptide-associated complex (NAC) is the most abundant—equimolar to ribosomes. 
Saccharomyces cerevisiae has a minor β-type subunit (Nacβ2) in addition to abundant Nacβ1, and therefore two NAC 
heterodimers, α/β1 and α/β12. The additional beta NAC gene arose at the time of the whole genome duplication that 
occurred in the S. cerevisiae lineage. Nacβ2 has been implicated in regulating the fate of messenger RNA encoding 
ribosomal protein Rpl4 during translation via its interaction with the Caf130 subunit of the regulatory CCR4-Not 
complex. We found that Nacβ2 residues just C-terminal to the globular domain are required for its interaction with 
Caf130 and its negative effect on the growth of cells lacking Acl4, the specialized chaperone for Rpl4. Substitution of 
these Nacβ2 residues at homologous positions in Nacβ1 results in a chimeric protein that interacts with Caf130 and 
slows the growth of ∆acl4 cells lacking Nacβ2. Furthermore, alteration of residues in the N-terminus of Nacβ2 or 
chimeric Nacβ1 previously shown to affect ribosome binding overcomes the growth defect of ∆acl4. Our results are 
consistent with a model in which Nacβ2’s ribosome association per se or its precise positioning is necessary for pro
ductive recruitment of CCR4-Not via its interaction with the Caf130 subunit to drive Rpl4 messenger RNA degradation. 

Keywords Ribosomal chaperones · Protein biogenesis factors · Postduplication protein divergence · Protein 
evolution · NAC-ribosome interaction · CCR4-Not1 complex

Introduction

A number of protein biogenesis factors bind to ribosomes 
at the tunnel exit, in close proximity to emerging nascent 
polypeptide chains. The most abundant is the nascent 
chain-associated complex (NAC). In vivo and in vitro re
sults, mainly using metazoan systems, indicate that NAC 
plays important roles in “directing” nascent chains to the 
appropriate cellular location—by blocking or providing 

access to factors such as signal recognition particle or 
methionine aminopeptidases.1–3 NAC also has molecular 
chaperone activity, for example, preventing aggregation of 
polypeptide chains.4 NAC contains two distantly related 
subunits, alpha and beta,5,6 both of which are less than 
20 kDa (Figure 1(a)). Internal segments form the globular 
core of the α/β heterodimer, which includes antiparallel 
N-terminal helices followed by 5 beta strands of each 
subunit. Both subunits also have N-terminal and C- 
terminal extensions. The N-terminus of the beta subunit 
is important for NAC’s association with the ribosome, 
through the interaction of positively charged residues 
with ribosomal RNA (rRNA).7,8

Three genes in the Saccharomyces cerevisiae genome 
encode NAC subunits9,10 (Figure 1(a)): EGD2, the Nacα 
subunit; EGD1, the abundant Nacβ1 subunit; BTT1, the 
minor Nacβ2 subunit. Nacα and Nacβ1 subunits are at 
least as abundant as ribosomes, while Nacβ2 is on the 
order of 20–100 fold less abundant.11 In some 
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metazoans, NAC has been shown to be essential.12 In 
fungi it is not, though its absence causes temperature- 
sensitive growth in some S. cerevisiae strain back
grounds.10,13 This lack of essentiality in fungi has been 
attributed in part to the presence in fungi of the spe
cialized ribosome-associated Hsp70 Ssb.14 Ssb is the 

Hsp70 partner of the specialized ribosome-associated J- 
domain protein Zuotin found in all eukaryotes. But in 
plants and metazoans, Zuotin functions with the gen
eral cytosolic Hsp70s. Ssb and Zuotin are in very close 
proximity to NAC at the ribosome tunnel exit, as both 
can be crosslinked to NAC on the ribosome.15

Fig. 1 Evolution of Nacβ1 and Nacβ2 (a) left. Structural model of Nacα/Nacβ1 heterodimer (10.5452/ma-bak-cepc-0495); Nacα 
(brown); Nacβ1 (green). The bracket designates the globular domain, with its beginning and end indicated by arrows and residue for 
each subunit. Right. Summary of NAC subunits of Saccharomyces cerevisiae with line diagram indicating the globular domains and 
presence of the UBA domain at the C-terminus of Nacα. Gene names and estimated number of molecules per cell also indicated. (b) 
Top left. Taxonomic distribution of NAC subunits and selected components of CCR4–Not complex. Saccharomycetacae pre-WGD and 
post-WGD clades are indicated. Right: Nacβ protein family evolution in Ascomycota. Phylogeny was reconstructed using beta NAC 
homologs from 9 pre-WGD and 13 post-WGD Saccharomycetacae species and 41 homologs from other Ascomycota species using 
maximum likelihood. The tree topology was constrained such that post-WGD sequences share common ancestry at the WGD node. 
Nacβ2 (β2): Saccharomyces (magenta); other post-WGD species (blue). Nacβ1 (β1): Saccharomyces (green); other post-WGD species 
(orange). Nacβ1 and Nacβ2 from S. cerevisiae are indicated. Scale bar—amino acid substitutions per site. Bottom left. Evolutionary 
distance (substitutions per site) calculated along the branches of the phylogenetic tree from the WGD node to the tips representing 
beta NAC sequences from post-WGD species. Saccharomyces Nacβ2 (magenta) and Saccharomyces Nacβ1 (green); other post-WGD 
Nacβ2 (blue) and other post-WGD Nacβ1 (orange). Abbreviations used: UBA, ubiquitin-associated; WGD, whole genome duplication.
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Nacβ2, but not Nacβ1, has been implicated in the 
regulation of the amount of ribosomal protein Rpl4 
synthesized.16 On the practical side, this regulation al
lows a simple, sensitive readout of Nacβ2 function as its 
absence allows robust growth of cells having a deletion 
of the Rpl4-specific chaperone Acl4, which in an 
otherwise WT background grows very slowly.17,18

However, this effect is the result of the action of a 
conserved complex regulatory system, CCR4–Not, 
which is involved in global regulation of messenger 
RNA (mRNA) metabolism both on and off the ribo
some.19–21 Acl4 chaperone activity is critical because 
Rpl4 is aggregation-prone when not incorporated into 
ribosomes.22 When Acl4 is absent or limiting, ribosome- 
associated Rpl4 mRNA is degraded via CCR4–Not, 
preventing the accumulation of aggregated Rpl4.16 Evi
dence indicates that this regulation depends on the re
cently detected interaction of Nacβ2 (but not Nacβ1) 
with the Caf130 component of the CCR4–Not com
plex.16,23 The absence of either Nacβ2 or Caf130 sup
presses the growth defect of cells lacking Acl4 by 
alleviating the tight control of mRNA levels.16 This re
lief of tight control is thought to allow sufficient ex
pression of Rpl4 to allow more ribosome production, 
which in turn permits robust growth.

Here, we report the results of our analysis of the 
specificities and similarities of the two S. cerevisiae beta 
NAC subunits. We found that minimal substitutions 
outside the globular domain of Nacβ2 disrupt interac
tion with Caf130 and significantly overcome the growth 
defect of cells lacking Acl4.

Results and discussion

Evolution of beta NAC subunits and Caf130

As a first step to better understand differences between 
the two Nacβ subunits, we analyzed the evolution of the 
genes encoding Nacβ1 and Nacβ2. Caf130 was also 
analyzed because although a CCR4–Not complex is 
found across both fungi and metazoan species, the 
CCR4–Not-associated proteins vary among eukaryotes. 
Interestingly, the presence of both Caf130 and Nacβ2 is 
restricted to subsets of fungi species. Caf130 is present 
in the Saccharomycotina clade (Figure 1(b)) but absent 
in other fungi and in metazoans. Nacβ2 has an even 
more limited distribution—present in a subset of yeast 
species that underwent a whole genome duplication 
(WGD) event.24 Such a distribution suggests that Nacβ2 

emerged during the WGD and belongs to a relatively 
small group of ∼450 genes, for which two duplicates 
were maintained in post-WGD lineages.25

We identified Nacβ1 and Nacβ2 orthologs in post- 
WGD species based on their position in the genome 
(i.e., synteny). Among the 13 post-WGD species ana
lyzed, 11 have both Nacβ1 and Nacβ2, while 2 have only 
Nacβ2. To further analyze the evolutionary relation
ships among Nacβ1 and Nacβ2 proteins, we re
constructed their phylogeny using the maximum 
likelihood method (Figures 1(b) and S1). Nacβ2 se
quences from S. cerevisiae and closely related species 
(genus Saccharomyces) stand out (Figure 1(b), purple). 
They form a monophyletic group with a very long stem 
branch, signifying that shared amino acid substitutions 
accumulated in this lineage—an indication of rapid 
postduplication divergence. In stark contrast, as in
dicated by their short branches, paralogous Nacβ1 se
quences from the same Saccharomyces species 
accumulated only a few substitutions (Figure 1(b), 
green). Calculating the number of substitutions along 
the branches of the tree for Nacβ2 and Nacβ1 sequences 
from Saccharomyces (Figure 1(b)) revealed, on average, 
six-fold more substitutions for Nacβ2 than for Nacβ1. 
This substantial accumulation of substitutions in Nacβ2 
did not occur in other post-WGD species—in fact, 
Nacβ1 sequences accumulated on average more sub
stitutions than Nacβ2 (Figure 1(b)). It is also worth 
noting that, in contrast to other post-WGD species, all 
analyzed Saccharomyces species maintained both 
Nacβ1 and Nacβ2.

For this report focusing on S. cerevisiae, the im
portant point is that our analysis revealed that, in the 
Saccharomyces lineage, Nacβ2 evolved rapidly, accu
mulating many substitutions, while Nacβ1 evolved 
slowly, preserving much of its pre-WGD sequence. It is 
often the case that one duplicate (i.e., Nacβ1) maintains 
both the original preduplication function(s) and ex
pression level, while the other duplicate (i.e., Nacβ2) 
evolves a new function and reduced expression 
level.26–30 It is also well documented that a lower ex
pression level correlates with a higher accumulation of 
neutral and near-neutral substitutions.31–33 However, 
this makes it challenging to tease out sequence differ
ences responsible for functional differences. As dis
cussed below, we turned to a genetic approach to better 
define the sequences in Nacβ2 specifically important for 
its function in relation to Acl4 and whether other as
pects of NAC functionality held in common with Nacβ1 
are important as well.
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A Nacβ2 segment C-terminal to the globular domain is required 
to exacerbate ∆acl4 growth defect

To better define sequences in Nacβ2 required for in
hibition of growth of cells lacking Acl4, we made con
structs to express variants, concentrating on the regions 
least conserved between it and Nacβ1 (Figure 2(a)). We 
first tested a 7 residue segment that is just N-terminal to 
the α-helix of the globular domain, spanning residues 
31–37 (31GNLYNNN37). This segment of Nacβ2 was 
replaced by the analogous segment of Nacβ1 
(31AGSSAGA37), generating Nacβ2(β131–37). ∆acl4 
∆nacβ2 cells expressing Nacβ2(β131–37) grew as poorly 
as those expressing wild-type (WT) Nacβ2 (Figure 2(c)), 
indicating that it maintained Nacβ2-specific activity. 
Next, we made Nacβ2 C-terminal truncations as there is 

little sequence identity between Nacβ1 and Nacβ2 in 
this region (Figure 2(b)). ∆acl4 ∆nacβ2 cells expressing 
Nacβ21–126, which lacks the 23 most C-terminal re
sidues, grew as poorly as cells expressing full-length 
Nacβ2. But those expressing Nacβ21–111 grew well 
(Figure 2(c)), suggesting a loss of Nacβ2 regulatory 
function and implicating residues between 112 and 126 
as functionally important.

To better define important residues, we made two 
NACβ2 variants based on comparison with Nacβ1 se
quences (Figure 2(a)), beginning with substituting1: all 
Nacβ2 residues for those of Nacβ1 between positions 112 
and 117 (i.e., 112SQELEY117 to 112PEAIQA117)2; residues at 
positions 120, 123, and 124 (G120Q/H123A/N124Q). The 
variant with substitutions within the 112–117 interval 
suppressed the ∆acl4 growth defect, indicating loss of 

Fig. 2 Sequences C-terminal to the globular domain of Nacβ2 important in inhibiting the growth of cells lacking Acl4. Sequences 
comparisons of segments N-terminal (a) and C-terminal (b) to the globular domains of Nacβ2 and Nacβ1 ("*" invariant, ":" high 
similarity, "." low similarity). Sequence particularly relevant for genetic analyses underlined/highlighted in red, including RRK 
(residues 24–26) previously demonstrated to be important for interaction with the ribosome. Sequence logos represent the amino acid 
frequency of each residue position in the 31–37 and 112–117 segments of Nacβ1 (β1) and Nacβ2 (β2) post-WGD, and for Nacβ1 pre- 
WGD (pre-WGD): positively charged (blue), negatively charged (red), neutral (purple), polar (green), hydrophobic (black); narrow 
lettering indicates the presence of gaps in the alignment. Position numbering for S. cerevisiae. Position of single residue changes made 
in the 112–117 segment indicated by arrowheads. (c) Ten-fold serial dilutions of ∆acl4 ∆nacβ2 (∆acl4 ∆β2) cells expressing the 
indicated Nacβ2 proteins from a plasmid (-, empty vector) were spotted onto plates and incubated at the indicated temperatures for 
2 days. Abbreviation used: WGD, whole genome duplication
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function. However, the 120/123/124 variant maintained 
function, that is, ∆acl4 ∆nacβ2 cells grew as poorly as 
when WT Nacβ2 was present. Based on conservation in 
the 112–117 region (Figure 2(b)), we then switched re
sidues at positions 114 and 117 (E114A/Y117A). This 
double substitution variant has reduced function in regard 
to ∆acl4, that is, cells having the ACL4 deletion grew 
better when expressing Nacβ2E114A/Y117A than when ex
pressing WT Nacβ2 (Figure 2(c)).

The simplest explanation for the observed functional 
difference between WT Nacβ2 and the variants is a dis
ruption of its interaction with Caf130. Since results of 
previous yeast two-hybrid assays defined a region be
tween Nacβ2 residues 38 and 129 as sufficient for inter
action with Caf130,16 we decided to also employ yeast 2- 
hybrid assay analysis, which allows in vivo detection of 
protein-protein interaction, to test this idea (Figure 3(a)). 
As expected, cells grew well under 2-hybrid test condi
tions when WT Nacβ2 or Nacβ21–129 was used as bait. 
But when Nacβ1 or Nacβ21–111 was used, growth was not 
observed. Importantly, cells expressing Nacβ2E114A/Y117A 
also did not grow under test conditions, indicating that 
the substitutions that suppressed the ∆acl4 growth defect 
also disrupted Nacβ2 interaction with Caf130. These 

results are consistent with the Caf130-Acl4 interaction 
being a key distinction between Nacβ1 and Nacβ2 in this 
function.

Because residues critical for the functional interac
tion with Caf130 (i.e., E114/Y117) are conserved among 
Nacβ2 sequences from Saccharomyces species (Figure 
2(b)), we hypothesized that they emerged in their 
common ancestor. Indeed, phylogeny-based statistical 
reconstruction of the ancestral Nacβ2 sequences re
vealed that A114E/A117Y substitutions were among the 
72 amino acid changes that took place along the long 
branch leading to the most recent common ancestor of 
Saccharomyces (Figure S1). What triggered the rapid 
divergence of the Nacβ2 sequence is unclear. However, 
many of these substitutions may be neutral, as no 
growth phenotypes were observed when the Nacβ2 re
gions encompassing them were swapped or deleted. 
These results are consistent with an evolutionary sce
nario where Nacβ2 appeared early as a result of the 
WGD, while substitutions critical for interaction with 
Caf130 emerged later, in the common ancestor of Sac
charomyces. Therefore, these substitutions are only 
present in a subset of post-WGD species closely related 
to S. cerevisiae.

Fig. 3 Nacβ1/Nacβ2 interaction with Caf130. (a) Two-hybrid interaction of Nacβ1 and Nacβ2. Plasmids expressing full-length Caf130 
fused to the GAL4 activation domain and the indicated beta NAC wild-type or variants fused to the GAL4 DNA binding domain 
were cotransformed into the 2-hybrid readout S. cerevisiae strain. Transformants were streaked on media selecting for the plasmids 
(left), or on media additionally lacking histidine (His, center) or adenine (Ade, right) and incubated at 30 °C for 3 days to monitor 
interaction. (b) Effect of Nacβ1 chimera on ∆acl4 phenotype. Ten-fold serial dilutions of ∆acl4 ∆nacβ1 ∆nacβ2 (∆acl4 ∆β1 ∆β2) cells 
expressing the indicated flag-tagged proteins were plated and grown for 2 days at indicated temperatures. (c) Model of NAC α/β1 
heterodimer as in Figure 1(a) showing residues Nacα29–73 Nacβ1 (53–121). Alanines at positions 114/117 in stick representation 
(yellow). Sequence shown above with beta strands 1, 2, 5 (S1, S2, S5) of globular domain and helical regions1–3 of C-terminal 
extension (HC1, HC2, HC3) indicated.
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Substitution of Nacβ2 sequences in Nacβ1 confer Caf130 
interaction and inhibition of ∆acl4 growth

Since the results reported above are consistent with the 
idea that interaction with Caf130 is the sole functional 
difference between Nacβ2 and Nacβ1 in regard to reg
ulation of Rpl4 levels, we wanted to ask if Nacβ1 could be 
“converted” to have Nacβ2-like function. We carried out 
two experiments analogous to those discussed above. First, 
residues at positions 112–117 of Nacβ1 were changed to 
those of Nacβ2 (112PEAIQA117 to 112SQELEY117) gen
erating Nacβ1(β2112–117). Nacβ1(β2112–117) supported 
growth under both 2-hybrid test conditions (Figure 3(a)), 
indicating interaction with Caf130. Next, we swapped this 
Nacβ2 segment into Nacβ1 for expression in yeast to test 
its effect on the growth of cells having a deletion of ACL4. 
Cells lacking Acl4, Nacβ1, and Nacβ2, but expressing 
Nacβ1(β2112–117), grew more poorly than cells expressing 
WT Nacβ1, indicating that it had gained Nacβ2 activity 
(Figure 3(b)). Together, these results support the idea that 
the ability to interact with Caf130 is the sole difference 
between NACβ2 and NACβ1 needed to exert the “Nacβ2 
negative effect” on ∆acl4 growth.

As shown by initial crystal structures of human 
NAC5,6 and structural modeling of yeast NAC,34 an 
alpha-helical segment is immediately C-terminal to the 
last beta-strand of the globular domain (S5). This region 
is composed of two very short helical segments (Hc1 and 
Hc2), followed by a longer one (Hc3) that was not in
cluded in the crystal structures. The residues identified 
here as important for Caf130 interaction (114/117) are 
in Hc3 (Figure 3(c)). Their packing against the NAC 
globular domain in the model makes it unlikely that 
they directly participate in intermolecular interaction 
with Caf130. However, the more bulky E114/Y117 re
sidues of Nacβ2 may confer a small difference in posi
tioning of Hc3 that could, without introducing major 
structural changes, effect changes in conformation that 
allow or enhance a functionally stable interaction with 
Caf130. This possibility is especially intriguing con
sidering that their location on HC3 positions them close 
to the pivot point of any rotation between HC3 and the 
NAC globular domain.

However, since no structural information is available 
for Caf130, a more detailed analysis of a Nacβ2-Caf130 
interaction is problematic. Yet, it is intriguing that even 
though several functions have been attributed to the 
globular domain extensions of NAC,35–37 to our 
knowledge, this is the first time the junction between 
the globular domain and C-terminal extension has been 
linked to an in vivo function. It will be interesting to see 
in the future whether other functions will be uncovered 
for this region.

Disturbance of Nacβ2 ribosome association promotes the 
growth of ∆acl4 cells

Both NAC and the CCR4–Not complex are known to 
function at the ribosome. To examine whether a defect 
in ribosome association affects the ability of Nacβ2 to 
exacerbate the growth defect of ∆acl4 cells, we em
ployed the commonly used variant having alanine 
substitutions of the conserved sequence previously 
shown to affect ribosome association—24RRK267 (see 
Figure 1(a)). ∆acl4 ∆nacβ2 cells expressing Nacβ2RRK/ 

AAA grew better than those expressing WT Nacβ2 
(Figure 4(a)). We also tested the effect when only Acl4 
was absent. Nacβ2RRK/AAA improved the growth of 
∆acl4 cells, even though WT Nacβ2 was present, as did 
low expression of chimeric Nacβ1RRK/AAA(β2112–117). As 
expected, Nacβ1RRK/AAA did not (Figure 4(a)). Together, 
these results indicate a dominant effect of the RRK/ 
AAA mutation in a beta NAC protein that can interact 
with Caf130.

Together the results presented in these three sections 
suggest a model (Figure 4(b)) in which Nacβ2’s role in 
modulating the amount of Rpl4 synthesized is recruit
ment of the CCR4–Not complex to ribosomes trans
lating Rpl4 mRNA—via its interaction with the Caf130 
subunit. Presumably, this places CCR4–Not subunits 
directly involved in mRNA deadenylation and de
gradation (such as Not2, Not3, and Not5) in close 
proximity to the mRNA.16,38 If Nacβ2 (or chimeric 
Nacβ1) defective in ribosome association is present, 
CCR4–Not is titrated away from the ribosome, negating 
degradation and resulting in an increase in Rpl4 
synthesis. This increase in Rpl4 allows the production of 
more ribosomes, allowing more robust growth.

Cells lacking both beta subunits are temperature-sensitive but 
rescued by RRK/AAA variant

We noted during our analysis of Acl4 that, consistent with 
previous results using strain W303,10 cells lacking both 
beta subunits (∆nacβ1 ∆nacβ2) are temperature sensitive. 
The double mutant grows poorly at both 34 and 37 °C 
(Figure 5(a)). The single deletion strains (i.e., ∆nacβ or 
∆nacβ2) grow like WT. The robust growth phenotype of 
cells lacking highly expressed Nacβ1 suggests that only a 
low level of heterodimer is required, as Nacβ2 is not up
regulated in the absence of Nacβ1 (Figure 5(a)). To test 
whether lower levels of Nacβ1, like Nacβ2, are sufficient 
for WT growth, we placed it under the control of the 
Nacβ2 promoter. Expression was substantially reduced, 
yet cells having this construct grew as well as cells ex
pressing normal levels of Nacβ1 (Figure 5(b)). We con
clude that W303 requires only a low level of a NAC 
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heterodimer for normal growth, and either a Nacα/Nacβ1 
or Nacα/Nacβ2 heterodimer suffices.

We next tested the ability of Nacβ2 having the RRK/ 
AAA ribosome association mutation to overcome the 
temperature-sensitive growth phenotype of cells having 
neither WT Nacβ1 nor Nacβ2. Cells expressing either 
Nacβ1RRK/AAA or Nacβ2RRK/AAA as the only beta sub
unit grew as well as WT cells (Figure 5(c)), as did cells 
expressing Nacβ1RRK/AAA under the control of the 
Nacβ2 promoter. This result was unexpected. As recent 
analyses have tied NAC function closely to the ribo
some,1,12,39,40 we had anticipated that the RRK/AAA 
variant would not support growth at 37 °C.

The standard test for ribosome association is comi
gration during high-speed centrifugation through a su
crose cushion to separate ribosomes from soluble 
proteins.7,14 Such an assay requires sustained associa
tion after cell lysis. We therefore turned to in vivo site- 
specific crosslinking to assess the effect of the RRK to 
AAA substitution, because crosslinking prior to cell 
lysis could help stabilize the interaction through the 
sucrose cushion centrifugation step. Furthermore, this 

method provides an assessment of ribosome interaction 
in the cell. We made use of the previously detected 
ability of ribosome-associated Hsp70 Ssb1 to crosslink to 
NAC.15 More specifically, Bpa, a photoactivatable non
canonical amino acid, when incorporated at position 
S563 of Ssb1, crosslinks to NACβ1 (Figure 5(d)). A 
crosslinked product between Ssb1S563Bpa and Nacβ1RRK/ 

AAA was also detected in the ribosome pellet fraction. 
Although less than that observed for WT Nacβ1, this 
result indicates that a portion of the RRK/AAA NAC 
variant is ribosome-associated in the cell.

The crosslinking results indicate that the RRK/AAA 
variant disturbs but does not completely disrupt NAC’s 
ribosome association. Therefore, whether the tempera
ture-sensitive phenotype of ∆nacβ1 ∆nacβ2 is due to a 
NAC function occurring on or off the ribosome remains 
unclear. Furthermore, it also leaves open the possibility 
that the effect of the RRK/AAA mutation on the ∆acl4 
phenotype could well be due to altered positioning of 
CCR4–Not at the ribosome rather than complete dis
placement from the ribosome. Furthermore, the cross
linked Ssb1–NAC we detected could be an underestimate, 

Fig. 4 Effect of RRK/AAA mutation on ∆acl4 cells and model of function in absence of Acl4. (a) Ten-fold serial dilutions of ∆acl4 ∆nacβ2 
(∆acl4 ∆β2) or ∆acl4 cells (left and right, respectively) expressing the indicated Nacβ2, Nacβ1, or chimeric protein from a plasmid (↓ indicates 
wild type or chimeric Nacβ1 expressed from the Nacβ2 promoter; -, empty vector) were spotted onto plates and incubated at the indicated 
temperatures for 2 days. The dotted line on the left indicates splicing out of irrelevant strains from the image of the plate. (b) Model of the 
effect of NAC and the absence of Acl4 on the regulation of Rpl4 mRNA levels. (i) Normally, Acl4 binds Rpl4 nascent chains, preventing their 
aggregation. (ii) If Acl4 is absent, Nacα/Nacβ2 present near the tunnel exit of the 60S ribosomal subunit recruits CCR4–Not1 via interaction 
with its Caf130 subunit. Other subunits positioned near the mRNA on the 40S initiate the degradation of Rpl4 mRNA. (iii) If association of 
NAC with the ribosome is disturbed, CCR4–Not complex is not recruited to the ribosome (or positioned nonproductively), resulting in 
continued translation of mRNA, which allows assembly of sufficient ribosomes for robust growth. mRNA, messenger RNA.
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as a change in the position of the globular domain could 
result in a decrease in crosslinking even though NAC is 
still present on the ribosome. Unfortunately, designing a 
variant that completely disrupts ribosome association 
without disrupting other functions as well is difficult. 
Other sequences in N-terminal regions,8 as well as se
quences in the helices of the globular domain,41,42 have 
also been shown to affect NAC’s binding to the ribosome.

In the presence or absence of Nacα, Nacβ2 supports growth as 
well as Nacβ1 when expressed similarly

To carry out the experiments described in the previous 
section, we constructed a strain carrying a deletion of the 
Nacα encoding gene. We noted that ∆nacα cells grew 
moderately slower at 37 °C than WT (Figure 6(a))—the 
only growth phenotype observed for a single NAC deletion. 

Fig. 5 Growth defect of cells lacking Nacβ1 and Nacβ2 and effect of RRK/AAA mutation. (a) Left. Growth of wild-type (WT) and 
strains having deletions of genes encoding beta NAC subunits: Nacβ1 (∆β1), Nacβ2 (∆β2), or both beta subunits (∆β1 ∆β2). Ten-fold 
serial dilutions were plated on rich media and incubated at indicated temperatures for two days. The dotted line indicates the 
removal of nonrelevant strains from the plate image. Right. Indicated deletions were transformed with a plasmid carrying a gene 
encoding an NAC subunit with a Flag tag to allow comparison of expression levels. Immunoblot analysis of cell extracts separated by 
SDS-PAGE using antibody specific for the Flag tag. (b) Reduced expression of Nacβ1 by placement under the control of Nacβ2 
promoter (↓β1). Left. Ten-fold serial dilutions of ∆β1 ∆β2 carrying indicated plasmid were plated and incubated for 2 days; empty 
vector (-). The three strains were plated on the same plate; the dotted line indicates the removal of nonrelevant strains from the plate 
image. Right. Immunoblot comparing levels of Nacα and Nacβ1 in wt cells and ∆β1 ∆β2 cells expressing Nacβ1 under control of 
Nacβ2 promoter. A mixture of polyclonal antibodies recognizing Nacα and Nacβ1 was used. (c) Growth of ∆β1 ∆β2 expressing RRK/ 
AAA (RRK) variants. Ten-fold serial dilutions of ∆β1∆β2 carrying indicated plasmid were plated and incubated at indicated 
temperatures for 2 days. (d) Immunoblot analysis of in vivo crosslinking on the ribosome between Ssb1 containing Bpa at position 
563 and Flag-tagged Nacβ1 or Nacβ1RRK/AAA. After the separation of cell lysates via centrifugation through a sucrose cushion, 
samples of total, supernatant, and pellet were resolved on SDS-PAGE gels. UV-treated (+); untreated (-). Mobility of markers at right; 
Flag antibody was used to detect Nacβ1Fl; *, indicates background band that is present in total and supernatant fractions; **, 
truncated Ssb1 caused by incomplete incorporation of Bpa at stop codon.
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Fig. 6 Growth defects when Nacα is absent. (a) Top. Growth of wild-type (WT) and strains with indicated deletions of genes 
encoding NAC subunits: Nacα (∆α), Nacβ1 (∆β1), Nacβ2 (∆β2), or combinations. Ten-fold serial dilutions were plated and incubated 
at indicated temperatures for 2 days. Bottom. Immunoblot analysis of cell extracts, from indicated deletion strains, after separation by 
SDS-PAGE, using antibody specific for Nacα or Nacβ1. (b) Requirement of a beta NAC when Nacα is absent. Top. Ten-fold serial 
dilutions of ∆nacα ∆nacβ1 (∆α ∆β1) cells transformed with plasmids expressing the indicated NAC proteins having a Flag tag were 
plated and incubated at indicated temperatures for 2 days. Empty vector (-); Nacβ2 promoter driving expression of Nacβ1 (↓β1); the 
strong ADH1 promoter driving Nacβ2 (↑β2). Bottom. The indicated amount of cell lysates (load) from ∆α ∆β1 cells containing a 
plasmid expressing the indicated Flag-tagged NAC subunit were subjected to immunoblot analysis using Flag or, as a control, 
tubulin-specific antibodies. (c) Nacα truncations. Left. Ten-fold serial dilutions of ∆nacα ∆nacβ1 (∆α ∆β1) cells transformed with a 
plasmid expressing the indicated Nacα deletion variants having a Flag tag or empty vector (—) were plated and incubated at the 
indicated temperatures for two days. Right. Immunoblot analysis of cell extracts of indicated deletion strains separated by SDS-PAGE 
using antibody specific for Flag tag. Nacα fragments are indicated by arrowheads. The dotted line indicates that an irrelevant lane of 
the gel was cropped out of the immunoblot image. (d) Lowered Nacα expression. Left. Ten-fold serial dilutions of ∆nacα ∆nacβ (∆α 
∆β1) cells transformed with plasmids were plated and incubated at the indicated temperatures for 2 days (30 or 34 °C) or 3 days 
(37 °C). Nacα under its native promoter, α; Nacα under the Nacβ2 promoter, ↓α; empty vector, -. Right. Immunoblot analysis of 
lysates from wt and ∆α ∆β1 cells expressing Nacα driven by the Nacβ2 promoter (↓α).
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We, therefore, compared all combinations of NAC dele
tions. Of the three double deletion strains, two grew very 
poorly at 37 ° and more slowly than WT cells at 34 °C 
−∆nacα ∆nacβ1 and ∆nacβ1 ∆nacβ2, which was discussed 
above. The triple deletion ∆nacα ∆nacβ1 ∆nacβ2 grew si
milarly to these two double mutants (Figure 6(a)).

The relatively robust growth of cells expressing Nacβ1 
in the absence of Nacα suggests that Nacβ1 is able to, at 
least to some extent, act independently of Nacα. In other 
words, a heterodimer is not absolutely required for all 
NAC-related activity. This result raises the question of 
whether Nacβ2 could suffice in place of Nacβ1 if present 
in sufficient amounts. We therefore placed Nacβ2 under 
the control of the ADH1 promoter, which drove its ex
pression to approximately the same level as that of 
NACβ1 (Figure 6(b)). This construct was able to rescue 
the temperature-sensitive growth defect caused by the 
lack of Nacα and Nacβ1 (Figure 6(b)). The previously 
described construct having Nacβ1 driven by the Nacβ2 
promoter, and therefore expressing lower amounts of 
Nacβ1, did not rescue growth nearly as well as a con
struct expressing Nacβ1 from its native promoter.

Together these results indicate that, for the function 
(s) successfully carried out in the absence of Nacα, ei
ther Nacβ1 or Nacβ2 suffices—as long as expression is 
high. They are also consistent with previous indications 
that beta subunits may well function as homodimers.8,43

Whether the requirement for high expression is because 
only a small amount of functional homodimer is formed 
or that the sequences in Nacα possess activity important 
for this function is not clear. Interestingly, Nacβ1 
having the RRK/AAA mutation Nacβ1RRK/AAA was not 
able to rescue the temperature-sensitive phenotype of 
cells lacking Nacα (Figure 6(b)). Whether this is because 
Nacα substantially affects ribosome association, par
tially overcoming the effects of the RRK/AAA mutation 
remains an open question. It should be noted that the 
Nacα alpha helix in the globular domain of metazoan 
NAC has been implicated in ribosome association.42

We next made truncation mutants to test if N or C 
terminal sequences of Nacα are important for cell growth in 
the absence of Nacβ1. Deletions removing N-terminal or C- 
terminal segments that included the ubiquitin associa
tion domain supported growth as well as full-length protein 
(Figure 6(c)). Even a 51 residue 28–79 fragment supported 
colony formation at 37 °C, though growth was not as robust 
as when other constructs were used. However, its level of 
expression was much lower than that of other constructs 
(Figure 6(c)). We therefore wanted to ask if lower expres
sion of full-length Nacα sufficed. Nacα was placed under 
the control of the Nacβ2 promoter. Lower levels of Nacα 
were sufficient to support robust growth (Figure 6(d)). 
Together, our results suggest that only the core domain of 

Nacα suffices to overcome the growth defect of strains ex
pressing only low levels of the beta subunit, that is NACβ2. 
This limited requirement is consistent with the possibility 
that for this phenotype the important function of the alpha 
subunit is to efficiently form dimers, maintaining the beta 
subunit in a functional conformation.

Concluding remarks

Our results from combining experimental and evolu
tionary analyses are consistent with the following sce
nario regarding the regulatory interaction of Nacβ2 with 
the Caf130 subunit of the CCR4–Not complex: Caf130 
emerged prior to the WGD. After the WGD, Nacβ2 of 
the Saccharomyces lineage underwent extensive diver
gence. Among the amino acid substitutions, two outside 
the globular domain were necessary for Nacβ2′s inter
action with Caf130. As described previously,16 this po
sitions the CCR4–Not complex such that Rpl4 mRNA is 
degraded in the absence of its specific chaperone, Acl4.

Our results also indicate that it may be more difficult 
than generally appreciated to completely disrupt NAC 
binding to the ribosome without mutating sequences 
that have other functions. This makes it challenging to 
formulate definitive conclusions about the relationship 
between ribosome association and function and also 
highlights the need for methods to assess associations 
within the cell, as well as in vitro biochemical and 
structural approaches.

In a broader context, it should be emphasized that S. 
cerevisiae has an unusually complex system of factors at the 
ribosome tunnel exit—not only the two beta NAC subunits 
found only in closely related yeast species, the subject of 
this report, but also the complex tripartite Hsp70 system 
found in all fungi, including a ribosome-specific Hsp70. 
Likely because of this, the apparent phenotypes observed 
upon disruption of NAC in S. cerevisiae are not dramatic 
compared to those seen in metazoans. Yet, as analyses 
become more nuanced, more phenotypes are becoming 
more apparent. One example is the Acl4-related phenotype 
exploited here. But it also has been recently shown that 
Nacβ1 and Nacβ2 play roles in other important cellular 
processes—in selective mitochondrial degradation44 and 
mitochondrial protein import,45 respectively. Future re
search will likely uncover additional roles.

Materials and methods

Evolutionary analyses

Orthologs of Nacβ1 and Nacβ2 sequences were retrieved 
from OMA orthology database HOG_B0614165 group, 
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KEGG, and Yeast Protein Database (YPD). Nacβ1 and 
Nacβ2 orthologs in post-WGD species were identified 
using synteny viewer at Yeast Genome Order Browser. 
Sequences were aligned using Clustal Omega v1.2.2 with 
default parameters. Alignment logos were generated 
using the WebLogo3 server.46 Protein phylogeny, with 
constrained topology such that Nacβ2 and Nacβ1 share 
common ancestry at the node representing WGD, was 
inferred using the maximum likelihood method (ML). 
One thousand ML searches were performed using iQ
TREE47 with 1000 rapid bootstrap replicates, under the 
LG model of amino acid substitution and GAMMA 
model of rate heterogeneity with four discrete rate cate
gories and the estimate of the proportion of invariable 
sites (LG + I + F +G4),48 which was determined as the 
best-fit model by Bayesian Information Criterion with 
ModelFinder.49 The constrained tree was validated 
against unconstrained tree topology using approximately 
unbiased test50 with P-value > 0.05. To map amino acid 
substitutions that took place on the branches leading to 
Nacβ2 and Nacβ1 of Saccharomyces species, sequences at 
the nodes connected by these branches were compared. 
These sequences were inferred based on the phylogeny 
ancestral sequences reconstruction method using 
the FastML program based on the ML algorithm for in
sertions and deletions reconstruction and the Empirical 
Bayes method using the LG substitution matrix with 
gamma parameter.51 Structural visualizations used 
Blender (https://www.blender.org/).

Strains and plasmids

Saccharomyces cerevisiae strains and plasmids used in 
this study are listed in Tables S1 and Table 
S2, respectively. Integrated DNA Technologies (Cora
ville, IA) was used for the synthesis of all primers and 
gBlocks. Codon substitutions, deletions, and insertion 
mutations were introduced into cloned DNA using the 
QuikChange protocol (Stratagene, La Jolla, CA). 
Genomic DNA was isolated using the MasterPure™ 
yeast DNA purification kit from Lucigen (Middleton, 
WI). All plasmid constructs underwent sequence ana
lysis by Functional Biosciences (Madison, WI). Yeast 
was grown in either rich media, YPD (1% yeast extract, 
2% peptone [Difco Laboratories, Detroit, MI], 2% dex
trose) or selective minimal media (0.67% yeast nitrogen 
base without amino acids [US Biological, Marblehead, 
MA], 2% dextrose) supplemented with required amino 
acids.52 All plates shown in this report are minimal 
media unless stated otherwise. DNA was transformed 
into yeast using a previously published protocol.53 Cell 
growth assays were performed by serially diluting cells 

for each strain in 10-fold increments starting with 5000 
cells in the first position and spotting on plates.

Deletions of genes encoding NAC subunits α (EGD2) 
and β1 (EGD1) were created in the W303 yeast strain 
background54 by CRISPR, as previously described.15 The 
gene encoding Nacβ2 (BTT1) was similarly deleted 
using CRISPR. Specifically, a target-specific single-guide 
RNA (sgRNA) was constructed by cloning a 60-mer 
bridging primer, which contains a 20-nucleotide target 
sequence of +385 to +404 for BTT1, into NotI-digested 
pXIPHOS vector (accession MG897154, GenBank) using 
NEBuilder HiFi DNA assembly Master Mix (New Eng
land Biolabs). A BTT1-specific gBlock was synthesized 
containing 216 bp of DNA upstream of the ATG and 
226 bp of DNA downstream of the stop codon to serve as 
rescue DNA. The XIPHOS-BTT1 sgRNA plasmid, along 
with a 20-fold molar excess of rescue DNA, was trans
formed into yeast, and deletion candidates were selected 
for on YPD containing 100 µg/mL of nourseothricin 
(Werner BioAgents GmbH, Jena, Germany). Resistant 
colonies were tested using colony PCR with primers 
that bind within the upstream and downstream un
translated regions of BTT1. A 3x-Flag tag was in
troduced at the 3′ end of BTT1′s ORF using CRISPR. 
The same sgRNA plasmid was used to transform the 
desired yeast strain along with a gBlock containing 
157 bp upstream of the stop codon, a 66 bp flag tag, and 
190 bp downstream of the stop codon. The sequence at 
the target site in the rescue DNA was altered, resulting 
in a glycine to alanine change at residue 136. Correct 
addition of the flag tag sequence was confirmed first by 
colony PCR of nourseothricin-resistant colonies and 
observing a size increase compared to WT, and second, 
by sequencing the PCR-generated fragments of the 
correct size.

To delete ACL4 by homologous recombination in the 
W303 background, a DNA fragment containing a 
KanMX cassette replacement of the ACL4 ORF was 
amplified from genomic DNA isolated from the deletion 
library55 by PCR and transformed into the desired yeast 
strain. Deletion candidates, which grew on YPD with 
200 µg/mL G418 sulfate (VWR Chemicals, LLC 
Sanbom, NY), were tested by colony PCR with primers 
specific to KanMX and to the UTR of ACL4.

The BTT1 gene encoding Nacβ2, with a Flag tag, was 
cloned by amplifying genomic DNA from the strain 
containing the integrated Flag tag with primers that 
introduce a BamHI site at the 5′ end (at the ATG or 
200 bp upstream) and an XhoI site at the 3′ end (240 bp 
downstream of stop codon). After restriction digestion 
of the PCR products, the DNA was ligated into similarly 
digested plasmid DNAs: pRS31456 and p414ADH.57

EGD1 (Nacβ1) and EGD2 (Nacα) were cloned into 
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pRS314 and pRS316, respectively, by PCR amplifying 
the genes from genomic DNA using primers that con
tain a BamHI site at the 5′ end (371 and 344 bp up
stream of ATG, respectively) and an XhoI site at the 3′ 
end (246 and 239 bp downstream of the stop codon, 
respectively). A 3x-Flag tag was added to the C-terminus 
of both Egd1 and Egd2 by subcloning in gBlocks con
taining the tag sequence using HindIII-XhoI for EGD1 
and BglII-XhoI for EGD2. In order to lower the expres
sion of Egd1 and Egd2, their ORFs were cloned as 
BamHI-XhoI fragments into p414ADH and p416ADH, 
respectively, in which the ADH1 promoter was replaced 
with −200 to −1 of BTT1’s 5′ UTR. The complete ORF 
of Caf130 was cloned into the two-hybrid plasmid 
pGAD-C158 as a BamHI-SalI digested PCR fragment. 
BTT1 and EGD1, full-length and variants, were cloned 
into pGBD-C1 as BamHI-SalI digested PCR fragments.

Immunoblot analysis and site-specific crosslinking

To make whole cell lysates, yeast cells were harvested in 
log-phase growth (OD600 0.8–1.0), treated with 0.2 N 
NaOH for 5 min, resuspended in sample buffer, and 
boiled for 5 min59 Samples were resolved on sodium 
dodecyl sulfate polyacrylamide gel using BLUeye-pre
stained markers (Sigma-Aldrich, St. Loius, MO), trans
ferred electrophoretically to nitrocellulose, and 
subjected to immunoblot analysis using the Enhanced 
Chemi-Luminescence System (GE Healthcare) ac
cording to the manufacturer’s suggestion. Antitubulin 
(12G10) and Rpl3 (ScRPL3) antibodies were obtained 
from the monoclonal antibody facility at the University 
of Iowa (University Heights, IA). Anti-FLAG mono
clonal M2 antibody came from Sigma-Aldrich (St. Louis, 
MO). Antibodies specific for Egd1 (Nacβ1), Egd2 
(Nacα),15 and Ssb60 were previously described.

In vivo crosslinking was carried out as described pre
viously.15 The ∆ssb1 ∆ssb2 ∆nacβ1 strain was transformed 
with plasmids able to express Ssb1S563TAG and the in
dicated Nacβ1Flag construct, as well as a plasmid carrying 
a suppressor transfer RNA to direct incorporation of p- 
benzoyl-L-phenylalanine (Bpa) at the TAG stop codon. 
Log-phase cultures were treated with cycloheximide 
(0.1 mg/mL final) and exposed to UV light to induce 
crosslinking prior to glass bead lysis. Cells were lysed by 
agitation with glass beads for 5 × 1 min (with 1 min on ice 
between) at 4 °C in lysis buffer (300 mM sorbitol, 20 mM 
HEPES-KOH, pH 7.5, 1 mM EGTA, 5 mM MgCl2, 10 mM 
KCl, 10% glycerol v/v, 1 mM dithiothreitol, and RNasin 
RNase Inhibitor [Promega]) at a dilution of 1:1000. Lysates 
were clarified by centrifugation at 16,100 rcf for 10 min in 
a microcentrifuge (Eppendorf). A 4 Abs260 units of each 
lysate were applied to a 0.4 mL sucrose cushion in which 

0.5 M sucrose replaced 0.3 M sorbitol in the lysis buffer. 
Samples were centrifuged for 105 min at 108 900 relative 
centrifugal force in a TLA120.1 rotor (Beckman Coulter) 
at 4 °C. A 0.15 mL was subsequently removed from the top 
of the tube to yield the soluble fraction. The ribosomal 
pellet was resuspended in sample buffer, and 12.5% SDS- 
PAGE gels were loaded with equivalent portions of lysate 
(equivalent to 0.2 Abs260 units/lane of starting extract), 
soluble, and pellet fractions.
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