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a b s t r a c t

In vitro inhibition of the formation of fibrous aggregates of proteins (amyloids) has gained increasing attention due to the number of diseases associated with protein
misfolding and fibrillation. An interesting group of compounds for which pronounced activity against this phenomenon can be expected consists of low molecular
weight substances (osmolytes) which have the ability to change protein stability. Here we investigate the influence of trimethylamine N-oxide (TMAO) in acidic
solution (pH = 2) on the fibrillation of hen egg white lysozyme (HEWL). The process was monitored by five techniques: circular dichroism in the UV region, atomic
force microscopy, dynamic light scattering, densimetry and gel electrophoresis. The obtained results show that protonated TMAO in a concentration of 400 mM
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inhibits amyloidogenesis. In the conditions of the experiment the HEWL molecules form clusters about 30 nm in diameter containing a relatively high fraction of 
covalent-bonded dimers.
. Introduction

Recently, studies on protein in vitro fibrillation have intensi-
ed due to their importance and have opened up new ways of

nvestigation [1]. It has been proved that amyloids take part in the
evelopment of over 30 different disorders, including Alzheimer
nd Parkinson’s disease. It appears that different proteins undergo
similar transformation on the way of assembling monomers into
myloid aggregates. This property seems to be an inherent feature
f proteins irrespective of their primary or secondary structure [2].
hat is more, even unstructured peptides (e.g. glucagon) can, in

roper conditions, also form amyloid fibres [3]. All of these observa-
ions unlock new opportunities and suggest that findings regarding

odel systems can be confronted with systems of biological impor-
ance.

Hen egg white lysozyme (HEWL) is one of the most com-

only used model proteins in this type of studies. The procedure

f preparing amyloids from HEWL is well known and has been
escribed in detail. The simplest and most widely used method is to

ttp://dx.doi.org/10.1016/j.ijbiomac.2014.06.057 
incubate a solution of HEWL (pH = 2) in elevated temperature [1].
In the present work a similar approach was applied – acidic solu-
tions of lysozyme (pH = 2) enriched with trimethylamine N-oxide
(TMAO) were heated at 60 ◦C for 72 h.

Considerable effort has been paid to find an effective inhibitor of
amyloidogenesis. Among the variety of tested classes of compounds
which impact hen egg white lysozyme fibrillation the following are
worth mentioning: ions, salts and ionic liquids [4–6], amphiphilic
compounds [7,8], denaturing agents [9,10], crowding agent [11],
and planar aromatic compounds [12,13]. In this study the inhibitory
properties of trimethylamine N-oxide were tested. This compound
is a well-known osmolyte whose hydration properties [14] and
influence on the stability of HEWL were previously investigated
[15,16]. According to these research studies, TMAO does not inter-
act directly with the protein. The addition of TMAO shortens the
water hydrogen bonds, what promotes tighter protein folding. As
a result, thermal stability of the protein increases.

It has been suggested that partial unfolding of the protein is
the first step in amyloidogenesis [17]. Therefore, it seems reason-

able to implement target-oriented action and to control the entire
process influencing this stage of aggregation. Changing protein sta-
bility deserves particular consideration since it may provide an easy
and convenient way to modifying the rate of amyloidogenesis [18].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2014.06.057&domain=pdf
dx.doi.org/10.1016/j.ijbiomac.2014.06.057
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Fig. 1. Reaction of trimethylamine N-oxide (TMAO) with hydrogen ion.

The effect of osmolytes on the fibrillation of proteins was summ-
rised in a work published by Macchi et al. [3]. An analysis of the
ata presented in the paper revealed that osmolytes have a differ-
nt impact on the discussed phenomenon. Adding osmolytes to the
eaction mixture can increase the rate of amyloid fibril formation or
an inhibit aggregation. The obtained result depends on the inves-
igated protein and on the concentration of the osmolyte. In many
ases the osmolyte’s presence does not affect the amyloidogenesis.

To the best of our knowledge, information on TMAO’s impact on
myloid fibril formation made from HEWL is lacking. In the condi-
ions of measurements as presented in this study (low pH), TMAO
s protonated (Fig. 1) [19]. Contrary to neutral pH, trimethylamine
-oxide in acidic conditions acts as a protein destabiliser [20]. This
ehaviour is probably caused by the fact that the positively charged
olecules of TMAO bind preferentially to HEWL and decrease the

nthalpy of denaturation [20].
The main aim of this work is to explore amyloid fibril formation

t its early stage. In order to prevent protein degradation (hydrol-
sis), the time of exposure of the protein molecules to low pH
hould be minimised; however, incubation should be long enough
o obtain amyloids. Reaction mixtures containing a high concentra-
ion of proteins (25 mg/ml) were used to meet these requirements.

. Materials and methods

.1. Solution and fibrils preparation

Hen egg white lysozyme (HEWL) (Fluka, Cat. No. 62971) was
ialysed against deionised water and lyophilised. The TMAO solu-
ion was prepared by dissolution of trimethylamine N-oxide
TMAO) (Fluka, ≥99.0%) in HCl solution (Chempur, pure). The pH
as adjusted to 2 by the addition of HCl. The working solution
as prepared by dissolution of the lysozyme in the TMAO solu-

ion to a final concentration of 25 mg/ml (determined by weight).
he protein solution was filtrated twice by a 0.2 �m syringe filter.
he exact protein concentration was determined spectroscopically
see below). The stock solution was stored in a refrigerator. A sam-
le was taken every 12 h and placed into an incubator (60 ◦C). The
xperiment was terminated after 72 h and all the samples were ana-
ysed. In order to perform measurements, each sample was diluted
o final concentrations (all in mg/ml): AFM: 0.3; CD: 0.15; DLS: 0.5;
lectrophoresis: 10; densimetry: 25.

.2. Atomic force microscopy (AFM)

AFM scans were performed on an AFM N-Tegra Aura micro-
cope. The non-contact working mode was used. Tip size was 10 nm
nd the scan frequency was equal to 0.8 Hz. Ten microlitre of the
ample was applied on a freshly cleaved mica surface dried and
tored in a desiccator over P2O5.

.3. Dynamic light scattering (DLS)
Dynamic light scattering measurements were performed using
he Malvern Zetasizer Nano ZS. The apparatus was equipped with

laser with a wavelength of 633 nm. Samples were placed into
disposable cuvettes with a 1 cm optical path. Scatter radiation
was collected at an angle of 173◦ (backscatter mode). Each scan
consisted of 20 runs and the run duration was 20 s. Scans were
repeated three times for every sample. The temperature of the mea-
surements was set to 25 ◦C. The refractive index of the material
(protein) and the absorption were set to 1.450 and 0.001, respec-
tively. The following parameters were used for the dispersant:
viscosity 0.8872 cP, refractive index 1.330. The collected data were
analysed using the non-negative least squares method (NNLS).

2.4. Circular dichroism (CD)

Circular dichroism spectra in the UV region (193–260 nm) were
measured on a Jasco J-815 spectropolarimeter. The scans were
recorded at a speed of 50 nm/min with a step size of 0.2 nm. The
optical length was equal to 1 mm. Six scans were accumulated for
every sample. The samples were prepared by weighted dilution of
the working solutions and the concentration was calculated from
the known concentration for stock solution. Obtained spectra were
interpreted with help of the K2D algorithm [21,22].

2.5. Densimetry

Densities of the TMAO solutions without the addition of protein
and densities of HEWL solutions were determined using the Anton
Paar DMA 5000 densimeter. All measurements were performed at
20 ◦C and the temperature was kept constant to ±0.001 ◦C. Preci-
sion of measurements and accuracy were equal to 1.0 × 10−6 and
5.0 × 10−6 g/ml, respectively.

2.6. Gel electrophoresis (SDS-PAGE)

SDS-reducing polyacrylamide gel electrophoresis was per-
formed in a Tris–tricine buffer solution. Marker: Fermentas,
SM1861. Coomassie Brilliant Blue G250 dye was used for staining.

2.7. UV absorbance spectroscopy

UV–vis absorbance spectra were recorded on a Thermo Evo-
lution 300 spectrophotometer. The protein concentration was
calculated using the extinction coefficient ε = 2.65 dm3 g−1 cm−1 at
� = 280 nm. Three scans were averaged for each sample.

2.8. Statistical analysis

Uncertainties of measured values �y were estimated using the
total differential method according to the equation:

�y =
∑∣∣∣∣

∂f (xi)
∂xi

∣∣∣∣ · �xi (1)

where f(xi) was the function used to calculate parameter y and �xi
was the uncertainty of the measured quantity.

3. Results and discussion

The analysis of structural changes of protein during incubation
was based on circular dichroism measurements in the UV region of
the spectrum (CD-UV). Due to the low content of amyloids caused
by a relatively short time of incubation, the CD-UV spectra pre-
sented as mean residue molar ellipticity versus wavelength overlap

and were not particularly informative. However, useful informa-
tion, i.e. estimation of the protein secondary structure, was derived
from the measured data by using an artificial neural network based
algorithm (K2D) [21–23]. The obtained results are presented in

http://mostwiedzy.pl


Table 1
Structural changes of the HEWL during incubation at 60 ◦C.

Incubation time [h] 0 mM TMAO 50 mM TMAO 250 mM TMAOa 400 mM TMAO

� [%] � [%] Random coil [%] � [%] � [%] Random coil [%] � [%] � [%] Random coil [%] � [%] � [%] Random coil [%]

0 33 15 51 35 15 50 33 15 52 34 15 50
12 30 15 54 30 15 55 32 15 53 34 15 50
24 27 16 56 27 16 56 29 15 56 31 15 53
36 26 17 57 25 18 57 26 17 57 30 15 54
48 24 20 56 24 19 57 26 18 56 29 15 55
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60 22 22 57 23 21 56
72 20 23 57 23 22 55

a Concentration of the protein determined for individual samples (see below).

able 1. For the sake of clarity, changes in the fraction of �-sheet
nd �-helix during heating are shown in Fig. 2.

Inspection of the data from Table 1 revealed that the content
f the �-sheet and �-helix in native HEWL in unheated solution at
H = 2 equals 15% and 33–35% irrespective of the concentration of
MAO. The obtained values are in good agreement with literature
ata [7].

As has been shown [7], the formation of amyloids is accompa-
ied by an increase in the fraction of �-sheet and a decrease in the

-helix content. The presented results confirmed this conclusion.
n increase in the content of the �-sheet was detected for samples
ontaining from 0 mM to 250 mM TMAO after a lag time of 24 h.

ig. 2. Structural changes of HEWL during incubation at 60 ◦C obtained from circular
ichroism measurements; (A) fraction of �-sheets, (B) fraction of �-helix. Concen-
ration of TMAO: � – 0 mM TMAO; � – 50 mM TMAO; × – 250 mM TMAO; © –
00 mM TMAO.
22 22 56 29 15 56
22 23 55 26 15 59

A lag time for samples in which the concentration of TMAO was
250 mM appears to be slightly higher; however, it does not exceed
36 h. The protein in a solution of 400 mM TMAO does not undergo
this transformation. In this case the percentage of the �-sheet in
the secondary structure of the molecules remained constant at a
level of 15%. This observation may suggest that a high concentra-
tion of TMAO in the acidic solution inhibits the assembly of HEWL
into amyloid fibrils.

A monotonic decrease in the �-helix content was recorded for
all samples (Fig. 2). This reduction was probably caused by ongoing
irreversible denaturation of the protein. The literature data show
that the midpoint of melting temperature depends on both pH
and the concentration of TMAO and is close to 60 ◦C (from 58 ◦C
to 54.5 ◦C) [20]. For samples containing a high amount of TMAO the
drop in the fraction of the �-helix was remarkably less steep. This
observation also supports the suggestion that a high concentration
of TMAO has a significant impact on the investigated process.

The protein becomes less structured during incubation in ele-
vated temperature. An analysis of the CD-UV spectra indicates that
the fraction of random coil increases in each sample (Table 1).
However, tests with a low concentration of TMAO show that after
36 h a plateau was reached (the fraction of random coil stabilised
at around ∼56%). The trend observed for 400 mM TMAO differed
considerably. At the beginning of incubation an increase in the
unstructured region was smaller but the plateau was not present.
A high concentration TMAO inhibited the formation of �-sheets
but did not stop protein irreversible denaturation completely, i.e.
it only slowed it down.

Atomic force microscope (AFM) images for samples with a dif-
ferent concentration of TMAO taken after 72 h of incubation at
60 ◦C are shown in Fig. 3. The AFM scans correspond to gener-
alised information gained from analysis of the CD-UV spectra. The
main difference lies in the lag time obtained from CD-UV and the
incubation time after which the amyloids were detected by AFM
imaging. According to the AFM study, fibrils appeared after 48 h of
heating in the sample without TMAO. This time length was equal
to 60 and 36 h for samples with 50 and 250 mM TMAO, respec-
tively. The discrepancies between CD-UV and the AFM scans could
have been caused by two reasons. First, detection of amyloids using
AFM could be difficult due to experimental problems, especially for
samples where the concentration of the TMAO was high. In these
conditions the formed fibrils are often accompanied by deposits of
the examined additive or amorphous aggregates made of protein
(Fig. 3B). In the results the tested area is covered by objects that are
very different in height, which obviously make the whole process
more laborious and uncertain. In that context the analysis of CD-UV
spectra seems to be more sensitive and devoid of the human factor,
i.e. it is more objective.

Secondly, as has been previously suggested, amyloidogenesis

is preceded by the formation of various types of intermediates
[2,18,24]. Alternation of the secondary structure of the protein
in the fibril precursors results in CD-UV spectra transformation.
It appears that in our case a significant amount of intermediates

http://mostwiedzy.pl
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 ig. 3. Atomic force microscopy height images of fibrils formed in samples incuba
MAO; (C) 250 mM TMAO; (D) 400 mM TMAO.

as created at an early stage of amyloid fibril formation. These
ssembly competent intermediates did not possess mature fibril
orphology, although their structure was enriched by �-sheets

6,25].
The morphology of the final form of amyloids strongly depended

n the concentration of TMAO. Protofibrils made by incubation of
EWL at 60 ◦C for 72 h without addition of TMAO (Fig. 3A) had a

inusoidal, wavy shape. However, mature fibrils made of several
f these components were straight. For the sample with 250 mM
MAO the fibrils were much shorter and did not have this distinc-
ive, folded structure. The high concentration of TMAO inhibited
he formation of amyloids completely. In this sample the surface of
he mica was evenly coated with small, globular particles.

Prolonged exposure of the protein to harsh conditions may lead
o undesirable reactions (mainly degradation), which are not of
nterest for this paper. To assess the extent of these unwanted
henomena, gel electrophoresis in denatured conditions (SDS-
AGE) was performed. The results of these tests for samples with
50 and 400 mM TMAO are presented in Fig. 4. The gels for 0 and
0 mM TMAO were virtually identical to the gel for 250 mM TMAO,

hus they were not shown. The wells were slightly overloaded to
bserve even the smallest fraction of the products of hydrolysis. The
dopted approach is a common method of evaluating the process
f in vitro amyloid formation. As has been previously proved [1],
60 ◦C for 72 h (10 × 10 �m). Concentration of TMAO: (A) 0 mM TMAO; (B) 50 mM

amyloid fibrils are held solely by physical bonds and can be disso-
ciated by the addition of sodium dodecyl sulfate (SDS) and heating.
Since there is no covalent bond between the subunits, one can
expect that the obtained bands would correspond to monomeric
HEWL and the hydrolysis products. The electrophoresis gels for
samples where the concentration of TMAO ranges from 0 mM to
250 mM fully confirms the correctness of this prediction. For each
of these samples, apart from the bands which can be assigned to
denaturated HEWL, additional bands appeared (the most intensive
one was slightly above 10 kDa). The elongated time of incubation
results in extended protein degradation and thus the intensity of
this band increased.

Unlike for the low concentration TMAO systems, for samples
with 400 mM TMAO the increase in bands assigned to dimers and
other aggregates of HEWL were reported (Fig. 4B). This increase was
particularly visible for samples heated longer than 36 h. Obviously,
since the created complexes were not dissociated by SDS, the
formed bonds must have been covalent. The repeated test (gel not
shown; concentration 0, 200, 300, 400 mM TMAO) confirmed that
dimerisation was significant only for the highest concentration of

this osmolyte. This observation alone can be a starting point for
future research. A review of the literature reveals that dimers can
by produced by vacuum heating (85 ◦C) of the solid-state lysozyme
[26–28] or by UV irradiation of the solution [29]. The experimental

http://mostwiedzy.pl


F
2
1

c
a
f

t
s
t

V

w
t
s
c
s
o
s
t
T
a
T

t
p

Table 2
Density of the solvent, d0, and HEWL solutions, d, without TMAO (pH = 2). Apparent
specific volumes of HEWL, Vs, after incubation at 60 ◦C.

Incubation time [h] Single-day measurements Daily measurements

d [g/ml] Vs [ml/g] d [g/ml] Vs [ml/g]

d0 = 0.998421 – d0 = 0.998416 –
0 1.005062 0.7153 1.004965 0.7160

12 – – 1.005013 0.7139
24 1.005087 0.7142 1.005032 0.7131
36 – – 1.005046 0.7125
48 1.005122 0.7127 1.005057 0.7120

amino acids to water affects the structure of the solvent and thus
the difference between the partial molar volume and its intrinsic
volume becomes crucial. It seems that amino acids, despite their
hydrophilic properties, have a large positive Vstr contribution [14]
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ig. 4. SDS-PAGE gel of samples of HEWL: from left: line 1 – native HEWL; lines
–4 and lines 6–9 incubated samples (from 0 h to 72 h); line 5 – marker (40, 25, 15,
0 kDa). Concentration of TMAO: (a) 250 mM; (b) 400 mM

onditions in this study were less drastic and thus potentially more
dvantageous. We plan to explore these aspects in greater detail in
uture works.

Ongoing aggregation and the overall changes occurring with
hermal incubation may be readily monitored by measuring the
pecific volume of protein, Vs. The Vs value was calculated according
o the following equation [30]:

s =
(

1
w

)
·
(

1
d

− 1
d0

)
+ 1

d0
(2)

here w (g/gsolution) is the mass fraction of the protein in the solu-
ion, d (g/ml) and d0 (g/ml) are the densities of the solution and the
olvent, respectively. For each sample (except 250 mM TMAO) the
oncentration of the protein in the stock solution was determined
pectroscopically and after appropriate recalculation was used to
btain Vs for every sample, irrespective of the heating time. For
amples containing 250 mM TMAO, due to minor protein precipita-
ion the concentration of every sample was determined separately.
he obtained densities of the solutions and the solvents as well
s calculated values of specific volumes of protein are collected in

ables 2 and 3.

Measurements of changes of Vs for systems without the addi-
ion of TMAO were conducted two times. First, the samples were
repared as described in Section 2.1, i.e. every 12 h the sample was
60 1.005134 0.7122 1.005067 0.7116
72 1.005153 0.7114 1.005102 0.7101

removed from the stock solution, which was kept in a refrigera-
tor, and placed into an incubator. After 72 h all samples were taken
out and analysed. In the second test the sample was kept in the
incubator at 60 ◦C and measurements were repeated every 12 h.
Both methods gave approximately equal values of specific volumes
of protein (see Fig. 5), which proves that the applied procedure is
reliable.

A proper interpretation requires splitting the Vs value into three
components:

Vs = Vint + Vele + Vstr (3)

This expression indicates that introduction of the solute
possessing an intrinsic volume of Vint will cause electrostatic com-
pression of water (Vele) and rearrangement of the solvent (Vstr). In
the present work, however, more attention should be paid to the
change of the specific volume �Vs which occurred during heating:

�Vs = �Vhyd + �Vprotein + �Vaggr (4)

Parameters �Vhyd, �Vprotein and �Vaggr describe the change of
the volume due to hydrolysis of the protein, structural change of
the protein and aggregation.

With progressing hydrolysis the protein is continuously con-
verted into oligopeptides and free amino acids. It should be noted
that for amino acids from the interior of the protein the Vint is
very important and Vele and Vstr are negligible. Exposition of these
Fig. 5. Changes of the specific volumes of HEWL during incubation at 60 ◦C. Con-
centration of TMAO: � – 0 mM TMAO (single-day measurements); � – 0 mM TMAO
(daily measurements); � – 50 mM TMAO; × – 250 mM TMAO; © – 400 mM TMAO.
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Table 3
Density of the solvent, d0, densities of the HEWL solutions, d, apparent specific volumes of HEWL, Vs, after incubation at 60 ◦C. The concentration of the TMAO ranging from
50 mM to 400 mM.

Incubation time [h] 50 mM TMAO 250 mM TMAOa 400 mM TMAO

d [g/ml] Vs [ml/g] d [g/ml] Vs [ml/g] d [g/ml] Vs [ml/g]

d0 = 0.999172 – d0 = 1.002383 – d0 = 1.004514 –
0 1.005514 0.7159 1.008497 0.7146 1.010750 0.7189

12 1.005525 0.7154 1.008500 0.7122 1.010754 0.7187
24 1.005540 0.7147 1.008535 0.7109 1.010713 0.7206
36 1.005555 0.7140 1.008195 0.7106 1.010708 0.7208
48 1.005584 0.7128 1.007939 0.7056 1.010714 0.7205
60 1.005592 0.7124 – – 1.010753 0.7188
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are stable. As was mentioned, the count rate plots for 400 mM
TMAO are free of spikes and thus the number of large aggregates
is reduced. After 12 h of heating the size distribution plots are well
defined and change very little with incubation time. In contrast to
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72 1.005612 0.7115

a Concentration of the protein determined for individual samples (see below).

nd, as a result, it can be expected that �Vhyd will also be positive. It
s far more difficult to predict the sign of �Vprotein. It was reported
hat thermal denaturation leads to a small decrease in the volume
31,32], but there is no obvious clue as to how the volume of protein
hanges due to the formation of �-sheet enriched structures. The
Vaggr can be estimated by assuming that water molecules from

he solvation sphere around monomeric HEWL are rearranged in
way that Vstr > 0. The association of the protein release this sol-

ent and thus �Vaggr is negative. The sum of the above-mentioned
ffects gives a negative value of �Vs. Similar results, i.e. a decrease
n the specific volume of protein, was obtained for experiments on
he amyloidogenesis of insulin [33]. The present work contradicts,
owever, the report on aggregation of a disulfide-deficient variant
f hen lysozyme [34].

The trends of Vs against time obtained for 0 and 50 mM of
MAO overlap (Fig. 5), which proves that the low concentration
f trimethylamine N-oxide has almost no impact on amyloidogen-
sis. The steep slope for the samples containing 250 mM of TMAO
s probably an artefact of the calculation procedure and should be
reated with caution. In this case the concentration in each of the
ncubated samples was determined using the extinction coefficient
f the unheated lysozyme, which does not necessarily reflect the
ruth.

The specific volume of the HEWL at the highest tested con-
entration of TMAO remained virtually constant. This finding is
onsistent with suggestions that 400 mM of TMAO inhibits amy-
oid fibril formation. The small increase of Vs is probably the result
f protein degradation which, in fact, appears to be less important
han for the other samples (see Fig. 4). These observations impli-
ate that covalent-bounded dimers and other forms of aggregates
resent in 400 mM TMAO samples have a negligible contribution

n �Vaggr.
Dynamic light scattering (DLS) is a powerful technique used to

etermine the size of macromolecules and aggregates in the solu-
ion. In the present study we used DLS in order to characterise
roducts formed as the results of incubation of the protein. The
btained graphs of size distribution estimated from the intensity
ercentage after a heating time of 72 h are shown in Fig. 6.

The DLS measurements for highly polydisperse samples are
ifficult and give rather qualitative information. Furthermore, for
ll samples, except for pure unheated lysozyme and lysozyme in
00 mM TMAO, the count rate plots presenting the number of
hotons detected per second were frequently disrupted by sharp
pikes. These peaks originate from the large particle and since the
LS is not suitable for this type of measurements, these runs were

emoved from the calculation by a dust filtration algorithm [35].
In spite of the above-mentioned problems, it is still possible to
raw some general conclusions. In the sample containing unheated
ysozyme (Fig. 6A), the diameter of the detected macromolecules

as equal to approximately 4 nm, which is in good agreement
ith data for native HEWL [7]. Samples with 0 mM TMAO of pH = 2
906 0.7024 1.010723 0.7201

incubated at 60 ◦C for 72 h show a distinctive pattern in which the
products of degradation, the intact lysozyme and aggregates with
a diameter of around 300 nm are visible. The results for reaction
mixtures containing 50 and 250 mM TMAO are in essence similar
(for 250 mM TMAO the additional fraction was detected at around
50–60 nm but the degradation fragments are absent). Low precision
and displacement of the peaks are caused by the rich composition
of the solutions.

As with the other experimental techniques, the 400 mM TMAO
sample gave a different pattern. First, unlike the other systems
the obtained results are more repeatable and the measurements
Fig. 6. Size distribution by intensity: (A) native HEWL without heating 0 mM TMAO;
samples incubated at 60 ◦C for 72 h: (B) 0 mM TMAO; (C) 50 mM TMAO; (D) 250 mM
TMAO; (E) 400 mM TMAO.
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Fig. 7. Schematic illustration of the effects of trimethylamine N-oxide on

ther systems in the sample containing 400 mM TMAO, monomeric
EWL is absent.

Additional information can be obtained from the number dis-
ribution. As is widely known, the intensity of the scattered light
s proportional to the diameter of the molecules to the power of 6.
n other words, the larger the aggregate is, the scattering is more
ffective. Consequently, a small number of large particles will cause
significant scatter which will be noticeable on the plot of the size
istribution by intensity. In the conditions of the present exper-

ment, i.e. at the early stage of amyloidogenesis, the amount of
ormed aggregates is relatively small. As a result, in every sam-
le except 400 mM TMAO the number distribution is overwhelmed
y the presence of protein monomers (or protein fragments) and
here is no indication of large particles on the graph of the size
istribution by number (data not shown). In the sample where
he concentration of trimethylamine N-oxide is the highest, prac-
ically a single fraction of clusters with a diameter of around 30 nm
as detected. The similarity of plots for 250 and 400 mM of TMAO

Fig. 6D and E) is only illusive and this undeniable difference can be
een in the plots of size distribution by number.

. Conclusions

The literature review of the impact of osmolytes on the fibrilla-
ion of protein as presented in the inspiring work of Macchi et al.
3] showed that the effects of these compounds on amyloidogene-
is are, generally speaking, diversified, but in many instances weak.
he present work revealed that the high concentration of the pro-
onated form of trimethylamine N-oxide affects aggregation to a
reat degree. The influence of the reaction conditions on the protein
tructure and assembly is schematically summarised in Fig. 7.

According to our circular dichroism measurements, the lag time
or acidic solution with a low concentration of TMAO is around
4 h. During this period the lysozyme unfolds but the content of

he �-sheet remains constant. In contrast to the other samples, for
00 mM of TMAO there is no increase in the �-sheet fraction after
4 h of incubation. The protein undergoes irreversible denaturation
ut amyloids are not formed.
WL fibrillation (A) low concentration of TMAO and (B) 400 mM of TMAO.

The atomic force microscopy scans suggest that the addition of
TMAO changes the structure of the assembled fibrils. In the absence
of TMAO the amyloids have a characteristic wavy shape, while for
samples with 250 mM TMAO the formed amyloids are much shorter
and straight. Furthermore, it is highly probable that before the amy-
loids can be detected by AFM, intermediates with a pronounced
�-structure are created. There are no fibrils in the sample where
the concentration of TMAO is 400 mM.

The plot of a specific volume (Vs) of HEWL versus incubation
time (Fig. 5) also confirms the unique properties of systems con-
taining 400 mM TMAO. In this case the Vs slightly increased due
to protein degradation, and since fibrillation did not occur the
decrease in Vs was not observed. However, aggregation of the
protein was not completely avoided. SDS-PAGE electrophoresis
demonstrated that, contrary to the rest of the systems, the dimeri-
sation of HEWL with the formation of covalent bonds occurred.
What is more, the dynamic light scattering measurements done for
samples heated for 72 h showed that in the solution of lysozyme
in 400 mM TMAO, clusters with a diameter of around 30 nm were
present and that the analysed sample was exceptionally homoge-
neous. In this system no monomeric native-like HEWL was present.
Samples where the concentration of TMAO was lower contained the
degradation products of HEWL, the intact lysozyme and aggregates.

The mechanism of amyloid fibril formation is, in the classical
approach, divided into three steps [17]: (a) partial unfolding of
the protein, (b) formation of the intermediates/nucleation, and (c)
elongation of the fibrils. Our studies prove that trimethylamine
N-oxide in acidic solution inhibits amyloidogenesis after the first
stage, i.e. protein unfolding. Incubation of hen egg white lysozyme
(25 mg/ml) for 72 h at 60 ◦C in a solution of 400 mM of protonated
TMAO (pH = 2) does not lead to the formation of amyloids. In these
conditions TMAO inhibits amyloidogenesis but HEWL forms well-
defined oligomeric aggregates.
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