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Ethanol shock and lysozyme aggregation

Louis R. Nemzer,* Bret N. Flanders,” Jeremy D. Schmit,” Amitabha Chakrabarti®
and Christopher M. Sorensen®

Irreversible protein—protein aggregation is associated with several human maladies, including Alzheimer's
disease, and poses a challenge to pharmaceutical formulation and preservation efforts. The existence of
multiple agglomeration pathways that lead to different final morphologies complicates the ability to
determine the aggregation fate of proteins under various reaction conditions. Using lysozyme (3 mg
mL~") as a model protein for dynamic light scattering and circular dichroism studies, we observed dense,
non-fibrous aggregation triggered under acidic (pH 4) conditions by a destabilizing “ethanol shock” of
16% (v/v) ethanol. However, ethanol concentrations 15% and below did not lead to aggregation. The
aggregation fate of these proteins is thus found to be extremely sensitive to the denaturant
concentration. We introduce a stochastic model to explain this dependence based on the denaturant-
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Introduction

Protein aggregation possesses a rich phase-diagram replete
with interesting physics. The process also has important
practical applications throughout the biomedical industry.
The abnormal aggregation of misfolded"* proteins into
insoluble fibril-like structures known as amyloids has been
associated with several neurodegenerative disorders.®* Amyloid
aggregates have been observed in proteins not related to
human disease, including lysozyme, the protein that is the
subject of this work. Hill et al.** have shown that amyloid
fibrils can be obtained by destabilizing a solution of chicken
egg white lysozyme via incubation at 50 °C. However, quasi-1D
amyloid fibrils are only one of several possible final
morphologies accessible to aggregating proteins. A dense
agglomeration can also be formed via kinetics that reflect its
three-dimensional isotropy. This pathway is of particular
concern to the pharmaceutical industry,® in which biotic doses
can be rendered unusable by the agglomeration of constituent
proteins.” Therefore, understanding the conditions that give
rise to aggregates, as well as the kinetics of that aggregation, is
of particular importance.

The ability of proteins to aggregate at all depends on a partial
unfolding®® that disrupts tertiary structure but leaves key
secondary motifs, especially beta-sheets,' intact. The general
stability of the native-fold conformation under physiological
conditions is thus an important inhibitor of possibly patho-
genic aggregation in living systems. The behavior of proteins far
from native conditions, for example, due to very low pH" or
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induced population of a partially unfolded state.

elevated temperatures, allows the study of stochastic processes
with characteristic times too long to watch under physiological
conditions. Thus, events that happen over the course of many
years in natural environments may now occur rapidly enough
for close, repeated observation. It has been proposed that at
least some human protein aggregation conditions should be
thought of as “stochastic” diseases, in light of the fact that onset
may be rapid or delayed by many decades. This provides a
strong motivation to study systems on the edge of meta-
stability,'> where small changes in reaction conditions may lead
to very different qualitative outcomes. For example, gelation can
be distinguished from nucleated aggregation by the complete
lack of a lag phase, as borne out by computer simulations.™
From a material fabrication point of view, homopolymer
aggregation*"
has already been shown to be very sensitive to the reaction
conditions. Irreversible aggregation in general is usually seen as
an undesirable process to be carefully avoided, as in pharma-
ceutical formulation and preservation, but may also be a vital
aspect of fabrication methods, as in directed material self-
assembly."®

We have used lysozyme from chicken egg white as a model
system.'”'® Using acidic conditions and low concentrations of
ethanol to destabilize® the protein, we observed that the
formation of aggregates is extremely sensitive to the ethanol

from a binary mixture containing a poor solvent

concentration. Our experiments follow those conducted by
Mushol and coworkers,* who found that lysozyme formed
amyloid fibrils at low pH and elevated temperatures. However,
our aggregates are consistent with dense spherical clusters,
rather than fibrils, suggesting that elevated temperature and
denaturants like ethanol have very different effects on the
aggregation propensity of proteins.
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Theory

Dynamic light scattering® (DLS) is a powerful,** nondestructive
method for obtaining the size distribution of nano- and
microscale particles.”” The autocorrelation of scattered light
intensity as a function to time, gm(r), captures the Brownian
motion® of the particles and decays exponentially with a char-
acteristic time that depends on* the hydrodynamic radius, Ry;.*
Since the scattering intensity from a single spherical particle
much smaller than the wavelength of light varies as the
square of its volume, the total intensity is expected to scale as
N(Ry)Ry, *where N is the number of particles of that size. As a
result, the scattered intensity increases markedly when mono-
mers aggregate into oligomers. This effect makes light scat-
tering especially well-suited to detect the onset of aggregation.

Experimental

Lysozyme (MP Biomedicals) was used without further purifica-
tion. The protein was dissolved in either a phosphate (pH 2) or
acetate (pH 4) buffer, sonicated for 60 min and then centrifuged
at 14 000 RPM for 30 min. The supernatant was then passed
through a syringe filter (0.2 um) and diluted to a final (nominal)
concentration of 3 mg mL ™. Dynamic light scattering was
performed using a home-built system, in which a 488 nm laser
beam (Uniphase 2101-20SLE) was passed through a /2 wave-
plate to insure a vertical polarization before being focused with
a lens on the sample volume. At time ¢ = 0, an “ethanol shock”
was initiated by adding a specific amount of ethanol, here
expressed as a percentage (v/v) or mole fraction. The scattered
light was collected with a second lens and passed through an
adjustable vertical slit to a photomultiplier tube. An ALV5000
system recorded the autocorrelation function, which was
analyzed using a cumulant®® (semilog) fit, along with the
DynaLS software package for Laplace inversion. The viscosity
parameter was obtained by using an interpolating function
based on the temperature and ethanol concentration.

All circular dichroism (CD) spectra were taken at pH 4 in the
far-UV spectral region, with the protein diluted 30x compared
to the DLS experiments (0.1 mg mL ™" vs. 3 mg mL™"). This
lysozyme concentration was too dilute for aggregation to occur,
so the experiment captured the changes in the secondary
structure of isolated proteins. To achieve this, 15 pL of the stock
3 mg mL™' lysozyme solution was mixed with additional
phosphate buffer, along with a calculated amount of ethanol, to
achieve the desired denaturant concentration and a total final
volume of 300 pL. The results of 5 scans were averaged and
agreed well with literature spectra.

Results

Fig. 1 depicts the normalized intensity correlation functions
2®(x) plotted against the natural logarithm of the lag time 7 for
a standard pH 2 lysozyme solution. The circles represent the
protein monomers prior to ethanol shock. The filled squares
denote the solution after the addition of 4% ethanol. The filled
diamonds show the standard solution with 4% ethanol and
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70 mM KCI. The solid lines are theoretical fits to these profiles
that were obtained using the cumulant method.*” This fitting
procedure extracts unique determinations of the average
hydrodynamic radius Ry of the scatterers in these solutions. In
the standard solution, lysozyme was found to have a hydrody-
namic radius of 2.2 nm, which is comparable to but slightly
larger than previously reported values®® for monomeric lyso-
zyme, 2.1 nm, at pH 7. The addition of ethanol doubled the size
to 4.5 nm. The subsequent addition of salt, 70 mM KCI, reduced
the size back to 2.4 nm (Fig. 1). When these solutions were
examined again after two weeks, we found no evidence of
lysozyme aggregation, implying that aggregation does not
readily occur at pH 2.

For pH 4, a first-pass experiment was done to find the
concentration of ethanol required to induce aggregation.
Ethanol concentrations above 28% led to rapid aggregation.
After 4-6 hours, all of these samples exhibited clusters with
maximum sizes near 1 micron, whereas only a doubling of size,
but no aggregation, was observed below 15%. To gain insight
into the aggregation mechanism, we focused on the transition
region of ethanol concentrations. A closer look at a 15% sample
at pH 4 shows that after 2 hours, the size had nearly doubled.
Even after two weeks, however, no aggregation was observed.
Fig. 2 depicts the natural log of g®(t) plotted against the lag
time 7 for lysozyme solutions at pH 4 consisting of the unper-
turbed solution (filled squares) and the solution following a
15% ethanol shock (filled circles). The hydrodynamic radius of
the lysozyme monomers was 1.9 nm in the native solution, but
increased to 3.6 nm in the shocked solution. For comparison,
g®(x) for the calibration standard composed of 12.2 nm poly-
styrene spheres are shown (unfilled circles). The extracted Ry-
values from these profiles indicate that the average lysozyme
hydrodynamic radius increased by a factor of 1.9.

The addition of 16% ethanol induces more complex
behavior. In marked contrast to both the high and low ethanol
regimes, the addition of 16% ethanol produced a system that
aggregated, but only after a lag time of varying lengths. Fig. 3
shows the total scattering intensity, divided by the initial
intensity, overlaid with the extracted hydrodynamic radii from
DLS. Scans were taken every minute and the correlation func-
tion from each was fitted to a double exponential decay. At early
times, only a monomer signal can be discerned, shown as dia-
monds on the figure. After roughly 1 hour, a second decay
signal, representing small aggregates (>50 nm, triangles),
became evident. The mean hydrodynamic radius of these
clusters grew until their signal overwhelmed the scattering from
the monomers. This process was accompanied by a hundred-
fold increase in the total scattering intensity (line).

Fig. 4 shows the scattering intensity from five replicates at
16% ethanol at pH 4. Each trace was divided by its initial value
before the ethanol shock. The profiles are well-fit by the
sigmoidal function:

I —1

l+——8%—— (1)

)= 1+

in which I(¢) is the scattering intensity, I is the final intensity,
w is the sigmoid width, and ¢,q is the midpoint. While there

This journal is © The Royal Society of Chemistry 2013
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Dynamic light scattering correlation traces for lysozyme at pH 2. The addition of ethanol shifted the correlation function to longer times, indicating a swelling of

the polymer and a corresponding increase in hydrodynamic radius. The subsequent addition of a screening salt returned the size very close to its initial value. Overlaid is
a cartoon representation of a partial unfolding of the native state, since complete denaturation, even under very adverse conditions, is prevented by the disulfide

bridges (see Discussion section).
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Fig. 2
increase in size by a factor of 1.9, from 1.9 nm to 3.6 nm.

are many ways to define the lag time, we choose the t,;4 for
this purpose, as this leads to minimal ambiguity. The
stochastic nature of the process is apparent - the time to
reach the midpoint of the sigmoidal fitting functions is
random.

Fig. 5 plots Ry versus time for a lysozyme solution at pH 4
following a 17% ethanol shock. The data are well-fit by the
function at'’?, where a value of 1/D = 0.35 was extracted from a
non-linear least-squares method. In this case D, the effective

This journal is © The Royal Society of Chemistry 2013

ms

15% ethanol at pH 4, using the cumulant fit representation. PS24 is a polystyrene standard of monodisperse 12 nm radius particles. The proteins experienced an

fractal dimension,* is consistent with a dimensionality of 3,
that is, a compact, dense spheroid. It is apparent that aggre-
gation is much more rapid than observed following a 16%
ethanol shock. Furthermore, the lag phase is barely discernible,
and aggregates of radius 100 nm or more are present almost
instantaneously.

To obtain a greater understanding of the folding confor-
mations of the individual proteins at the various ethanol
concentrations, we turned to circular dichroism spectroscopy.
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Fig. 3 Lysozyme hydrodynamic radius (diamonds and triangles, in nm) and normalized scattering intensity (line, AU) for an ethanol shock of 16%. At first, only
monomers are observed, represented by the blue diamonds. After a lag time, small aggregates appear (green triangles), and eventually overwhelm the monomer
signal. The onset of nucleation is accompanied by a large (hundred-fold) increase in the scattering intensity.
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Fig.4 Normalized intensity of five separate runs, with sigmoidal fits. The ethanol shock of 16% occurred for each at t = 0. The time each trace achieved its midpoint is

also recorded.

For the CD protocol used, the largest possible ethanol
concentration achievable was 97%, corresponding to no
additional buffer being added. Fig. 6 depicts circular
dichroism spectra for lysozyme solutions at pH 4 containing

Soft Matter

no ethanol (black line) and containing 97% ethanol (red line).
The black profile agrees well with the spectrum for native
lysozyme at neutral pH (dashed line) reported® in the litera-
ture. The spectrum changed very little as a result of the acidic

This journal is © The Royal Society of Chemistry 2013
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Fig.5 17% ethanol shock. After an initial jump to about 100 nm, the hydrodynamic radius grows according to a power law, Ry ~ t'’3, consistent with dense, compact
spherical aggregation. This should be contrasted with the dimensionality of a fibril (D = 1) or fractal created by diffusion limited aggregation (1 > D > 2).
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Fig. 6 CD spectra for native lysozyme at pH 4, literature spectra® at neutral pH, and lysozyme at pH 4 in 97% ethanol. Note the isodichroic point near 197 nm.

conditions, and, in fact, retained its basic features even in Fig. 7a shows the effect of intermediate ethanol concentra-
what was essentially pure ethanol. The spectral fits to alpha, tions on lysozyme in the range of 0-15%. The biggest change
beta, and random coil standard spectra (not shown), indicated was observed to occur between no ethanol at all and the 2%
that the primary change from the native state to the “dena- ethanol sample. The CD signal jumps to more negative
tured” state was a small loss of alpha helix. The isodichroic values at first, and then slowly changes back as the ethanol
point, at which the samples display the same value of ellip- concentration was increased to 15%. Fig. 7b displays the
ticity, is found near 197 nm. This indicates a two-state tran- traces from 15%, 16%, and 17% samples. These show a trend
sition, since the presence of multiple conformations would, in towards more negative ellipticities. Throughout all these
general, destroy this intersection. This is consistent with a graphs, however, the isodichroic point remains and signals
native to partially unfolded transition as the primary driver of from the secondary structure of the protein monomers stay
changes to the CD signal. intact.

This journal is © The Royal Society of Chemistry 2013 Soft Matter
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(a) CD spectra between 0% and 15%. The largest jump occurs at very small (2%) ethanol concentrations. After that, there is a monotonic change until 15%. The

quantity in the bracket is the equivalent ethanol mole fraction. (b) CD spectra for 15-17% ethanol. In this regime, increasing ethanol leads to larger (more negative)

ellipticity. However, the isodichroic point remains.

Discussion

Lysozyme possesses four disulfide bridges, which collectively
prevent a complete unfolding of the protein even under very
adverse conditions.** Only in the presence of a reducing agent,
which can break these S-S bonds, can lysozyme adopt a random
coil configuration. This was confirmed by the CD data, which
showed a slight loss of alpha-helix character, but not complete
denaturation, even at very high ethanol concentrations. At low
pH, amino acid residues on the lysozyme proteins are much
more likely to be protonated. The strong positive charge

Soft Matter

enhances the intramolecular Coulombic repulsion between
adjacent protonated residues. Denaturants like ethanol, which
weaken the hydrophobic interaction between the nonpolar core
residues and the solvent, further push the protein towards a
partially unfolded state due to entropic considerations. The
combined effect will be observed as a swelling of the protein
and an increase in the hydrodynamic radius by a factor of 1.9.>
Although core residues will now be exposed in this loosely fol-
ded state, aggregation with nearby proteins is not assured. A
nucleation barrier may exist if the net attraction between the
proteins is weak. Once a stable nucleus has been formed,

This journal is © The Royal Society of Chemistry 2013
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however, the attachment of additional partially unfolded
proteins occurs spontaneously, since the energy cost is
compensated by the large number of bonds that can form
between the newcomer and proteins already in the cluster.

This explains the low ethanol concentration needed to
partially unfold the protein at pH 2, and also why it did not
aggregate under those conditions. At pH 2, lysozyme has an
effective charge near +16.>* The strongly charged protein has a
large driving force towards an expanded conformation that
distances the protonated residues from each other. Without any
additional ethanol, this leads to a slightly swelled state
compared to neutral pH. A small amount of denaturant is
sufficient to push the equilibrium size to about twice its native
value. However, aggregation cannot occur because the
Coulombic repulsion prevents the close approach of other
proteins. The addition of salt, which can sometimes precipitate
(salt-out) proteins by screening these charges, only serves to
refold the proteins.

At pH 4, the intraprotein electrostatic repulsion is reduced,
so more ethanol is required to initiate unfolding. However, once
this occurs, the nucleation barrier is smaller, so protein-protein
aggregation can occur if the partially unfolded state is suffi-
ciently populated (Fig. 8).

Prior to proposing our mathematical framework, an alter-
native explanation, involving solution effects, merits discus-
sion. It is well-known that, at a critical mole fraction, binary
solutions of water and certain alcohols experience a marked
discontinuity of slope in many observable parameters when
plotted against concentration, such as the compressibility and
enthalpy of mixing. For lysozyme, it has been found that the
enthalpy and entropy of denaturation attain a maximum at an
ethanol mole fraction of 0.06.>* The prevailing explanation
for this behavior is that, below this concentration, the
ethanol molecules can be completely sequestered in quasi-
stable clathrate-like water cages characterized by a persistent

hydrogen bonding network. However, if the ethanol
+
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concentration is increased above this critical value, they begin
to cluster and can strongly effect the solvation of hydrophobic
groups of proteins that are also present in the same solution.**
While the effect of clathrate-like water cages may play a role in
this system, the model alone is not sufficient to explain to
stochastic distribution of lag times observed in this experiment.
These lag times to achieve the midpoint of the sigmoidal fit to
the total scattering intensity for various ethanol concentrations
are shown in Fig. 9.

Model

We introduce here a simple mathematical model to explain the
very sensitive dependence of the aggregation lag time on
ethanol concentration. This stochastic framework welds classic
nucleation theory (CNT) with a linear approximation for the
effect of denaturants on the protein free energy landscape.
CNT assumes that the free energy associated with a cluster of
radius r is:

4ty

3
AG = Ap + dtyr? 2)
3\70

where the first term represents the (favorable) bulk energy from
the contacts between the monomers, each with volume v,, and
the second is a (unfavorable) surface energy term parameterized
by the surface tension y. Here, we take the chemical potential
Ap to be a function of the supersaturation S:

Au=kTIn S = kTln }: 3)

c
where fis the protein volume fraction and f is the solubility
limit of the aggregate under consideration. When f < f, growth
will never be spontaneous. When f > f., the bulk energy is
favorable, but at small cluster size the surface tension term
dominates, so a thermally activated stochastic process is
required to surmount the free energy barrier. However, if a
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Fig. 8 Proposed aggregation model. The large positive charge on lysozyme at pH 2 creates a strong intraprotein repulsion that allows the protein to be partially
unfolded by even a small amount of ethanol. However, the repulsion prevents subsequent protein—protein aggregation. In contrast, at pH 4, the protein undergoes
partial unfolding at a higher ethanol concentration, but the nucleation barrier to aggregation is surmountable.
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AG)

-, . d .
cluster can reach the critical nucleus size, ——— changes sign,

the addition of more monomers will be energetically favored.
This critical size is r* = 2yvo/Au. The height of this nucleation
barrier is then:
1 2,3
AGH = AG(r = ) = LOTWT )
3[kTIn S]
The rate of nucleation is expected to follow an Arrhenius
form:

J= Joe—AG*/kT (5)

where J, is a possibly temperature dependent prefactor that
relates to frequency of collisions between monomers in solu-
tion. CNT thus predicts a stochastic lag time for aggregation to
occur. On a molecular level, this means the thermally activated
random assembly of a nucleating cluster. The characteristic lag
time for nucleation would then scale as:

llag ~ eB(In )2 (6)

. . . 16
where B is the dimensionless constant ?chozys J(kT)*.

Let us now assume that in our system only partially unfolded
lysozyme monomers are “aggregation-competent,”*® since the
proteins that remain in their native conformation sequester
their nonpolar residues within a hydrophobic core, and will not
stick to other proteins. A linear approximation® of the effect of a
denaturant concentration x on the free energy barrier between
the native and partially unfolded states holds that:

AGunfold = AGy + mx 7

where AG, is the free energy barrier in the absence of dena-
turant and m < 0 is an empirical parameter. The population of
the unfolded state will therefore be:

Soft Matter

fN efAGumOm/kT NfX:067MX/kT (8)

here, fi_o = e 2“7 is the unfolded population before the
addition of denaturant. As a result, the natural log of the
supersaturation, considering only the partially unfolded

proteins, will be

in S =%~ nl-a/] 1 ©)
SO
Rk
fg~e L \Je ) KT (10)

A slight reorganization of terms is instructive. Since, for the
protein concentrations used in this experiment, the solution is
clearly undersaturated by unfolded proteins in the absence of
denaturant, f,—, < f.. Also, as alluded to previously, the effect of
a denaturant is to stabilize the unfolded state relative to the
native state, so m must be negative. We can then recast the
quantity in the brackets as the difference of two non-negative

terms:
[l (ﬁ)]z
B —In{ =
lag~¢ {kT Jazo

The behavior of this expression is then more readily
kT -
—lnfx 0
m[ " fe
sents the minimum denaturant concentration required to
produce a saturated solution of unfolded monomers. As x

(11)

apparent. There is a critical value, x* = , that repre-

increases from x* to 1, the lag time is exponentially suppressed.
Note that, based our assumptions about metastability existing
only in the superstaturated state, the expression for ¢, is only
valid for x larger than this asymptote, and spurious lag times at

This journal is © The Royal Society of Chemistry 2013
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lower denaturant concentrations should be ignored. In partic-
ular, tj,, diverges to infinity as the denaturant concentration
approaches x* from the right. Conversely, as x becomes large,
the lag time rapidly approaches zero. This represents aggrega-
tion that occurs rapidly enough to be essentially instantaneous.
For only a narrow window of denaturant concentrations will the
lag time be distinctly observable on laboratory timescales. We
justify the selection of a two-state model based on the CD
spectra that showed a clear isodichroic point, as well the highly
cooperative nature of protein folding.

Conclusions

Dynamic light scattering and circular dichroism were used to
monitor the ethanol-induced aggregation of lysozyme under
acidic conditions. We find that partial unfolding is a neces-
sary,* but not sufficient, condition for aggregation. In lysozyme,
complete denaturation is prevented by its four intramolecular
disulfide bonds, but the partially unfolded state may still
participate in irreversible protein-protein interactions. In this
case, the aggregation fate is strongly dependent on the
concentration of ethanol. Above a critical value, aggregation is
stochastic process with a lag time that rapidly goes to zero at
high concentrations. Below the critical concentration, aggre-
gates are thermodynamically unfavorable and therefore absent.
Although lysozyme is amyloidogenic, fibrils were never
observed in this series of experiments. This is in contrast to the
previous findings at elevated temperature, in which lysozyme
formed amyloid fibrils,* confirming that fibrillation is only one
possible aggregation pathway of biomedical import. Dense
aggregation is of particular interest to pharmaceutical prepa-
rations on the edge of saturation. The expected spoilage over
time will be depend on the degree of destabilization in a
nonlinear fashion, since this form of aggregation requires a
stochastic nucleating event in order to occur. This knowledge
may be of particular interest in developing countries®” where
optimal storage conditions are not readily available.
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