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Shear flow alters the rate at which crystals nucleate from solution, yet the underlying mechanisms remain poorly
understood. To fill this knowledge gap, we explore the response to shear of dense liquid clusters, which may
serve as crystal nucleation precursors. Solutions of the protein lysozyme were sheared in a Couette cell at rates
from 0.3 to 200 s™* for up to seven hours. The cluster size and total population volume were characterized by
dynamic light scattering. We demonstrate that shear rates greater than 10 s applied for longer than one hour
reduce the volume of the cluster population. The likely mechanism of the observed response involves enhanced
partial unfolding of the lysozyme molecules, which exposes hydrophobic surfaces between the constituent
domains to the aqueous solution. We show that disruption of the intramolecular S-S bridges does not contribute

to the mechanism of response to shear. The decrease of the cluster population volume with increasing shear rate
or shear time implies that nucleation could be inhibited at moderate shear rates.

1. Introduction

The vast majority of solution crystallization in nature and industry
occurs in flowing or stirred environments. Natural crystals, such as
calcite, gypsum, quartz, and others, form in subterranean streams and
reservoirs [1-3]. In typical industrial settings, crystallization is com-
bined with synthesis, which starts and proceeds with thorough mixing
of reagents [4]. Even in unstirred reactors, density gradients due to
concentration and temperature non-uniformities drive buoyancy-dri-
ven convection [5]. Correspondingly, the effects of solution flow on the
growth of crystals, attributed to improved solute supply to the growth
interface and the formation of a hydrodynamic boundary layer along
the crystal surface, have been studied since the early days of crystal-
lization science [6—8].

By contrast, there is scarce theoretical understanding of the
consequences of solution flow for crystal nucleation. Indeed, only two
studies to date provide quantitative predictions of the effects of shear
flow on the nucleation rate. First, calculations of enhanced transport to
the nucleus due to shear flow over that of pure diffusion concluded that
the faster growth rate of the nuclei, which enters the pre-exponential
factor in the common nucleation rate expressions, does not signifi-
cantly affect the nucleation rate [9]. Second, simulations of crystal
nucleation in a melt predicted that, if the product of the shear rate and
the time of monomer diffusion over a characteristic length is greater
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than 1073, the nucleus size and the free energy barrier for nucleation
increase and nucleation is suppressed owing to shear-enforced mis-
orientation of the incoming molecules [10]. No effect was expected for
lower shear. The longest of the characteristic length scales in solution
crystallization is the distance between solute molecules, of order
10 nm. With typical diffusivities of order 1071° m2s™!, the respective
diffusion time is about 1 ps, and the above criterion predicts that
nucleation would be affected by shear rates higher than 1000 s™'.

The predictions of the two theoretical studies disagree with
observations on solution flow effects on crystal nucleation.
Experiments with glycine revealed acceleration of nucleation by shear
rates as low as 25 s '[11]. Likewise, tests aboard spacecraft, where
buoyancy-driven convection is suppressed, have in many cases yielded
greater or smaller numbers of nucleated crystals than earth-based
laboratory controls [12—15]. The difference between earth- and space-
based experiments is the presence or suppression of buoyancy driven
flows. To estimate the shear rates of buoyancy-driven flow in laboratory
crystallization containers, we note that prior to crystal nucleation, the
density non-uniformity Ap that drives convection is due to temperature
gradients AT. The thermal expansion coefficients of aqueous solutions
are typically of order 10™* K'[16]. With AT of order 0.1 K, Ap is of
order 1078 kg m~3, inducing convection rates of order pm s~ ' and shear
rates of 0.001-0.01 s™1[17-20]. This comparison suggests that shear
rates of order 0.001-0.01 s~ may either accelerate or suppress crystal
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Fig. 1. (a) Schematic and dimensions of a Couette cell, consisting of a static glass barrel and concentric rotating Teflon rod. (b) Evolution of the intensity correlation functions of
scattered light with time of shearing at a shear rate of 30 s in solution. (c) Intensity distribution functions computed from the correlation functions in (b) using the CONTIN algorithm.
Previous tests have demonstrated that the widths of two peaks does not reflect polydispersity of the respective scatters, but rather the non-uniform solution composition that affects the
diffusivity of individual monomers and clusters [50]. The effect is amplified by intermolecular repulsion between lysozyme molecules, which leads to faster diffusion at higher
concentration. (d, e) Cluster radius and volume fraction stability over time in quiescent solutions. All solutions shown here contain 100 mg mL™' in 20 mM HEPES.

nucleation. Another example arises in the production of pharmaceu-
ticals, which is often hampered by the difficulty in scaling up the
crystallization conditions from laboratory containers to production
multi-liter reactors. The poor scalability is often due to solution flow
patterns in industrial crystallizers, which are entirely different from
those in laboratory volumes [4]. An industrial reactor of meter size is
stirred at a rate 0.1 ms™ for a shear rate of 0.1s™!, whereas the
respective values in the laboratory one-liter crystallizers are of order
1m s !and 10 s1. A fourth example is presented by experimental tests
of the effects of shear flow on crystal nucleation with the proteins
ferritin, apoferritin and lysozyme [21]. The results demonstrate that
the nucleation rates of ferritin and apoferritin reached a maximum at a
shear rate in the range 0.01-0.1s™!, whereas that of lysozyme
increased at all tested shear rates. In all four instances, the shear rates
found to affect crystal nucleation are between two and four orders of
magnitude lower than the theoretically predicted threshold and shear is
found to not only enhance, but also suppress crystal nucleation.

In recent years, the mechanisms that lead to nucleation of crystals
in solution have been the object of vigorous theoretical and experi-
mental efforts. An important outcome was the proposal that ordered
nuclei form within protein-rich clusters of concentration higher than
that in the solution [22—-32]. In many systems, these precursor clusters
were directly observed [27,30,32—34] and the nucleation of crystal
inside them, monitored [29,32,35,36]. Experiments demonstrated that
greater volume of the cluster population correlates with higher
nucleation rate [25,37-40]. A majority of the recent novel ideas on
nucleation pathways arose from theories and experiments on protein
crystallization [22,24,25,33,34,36—39]. Protein crystallization is widely
employed both in the laboratory, as a critical first step in the
determination of protein molecular structure by x-ray and neutron
diffraction, and in industry, for preparation of biochemical reagents
and pharmaceuticals [41]. Owing to the large size and slow dynamics of
protein molecules, protein crystallization is a convenient model system
for studies of nucleation mechanisms.
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The notion that crystal nucleation follows a two-step mechanism
may help to understand the experimentally observed correlations
between shear and nucleation. Shear flow could potentially affect
crystal nucleation within the precursor clusters in at least two ways:
by enhancing or suppressing the cluster population, or by inducing
shear ordering within the clusters [42,43]. Here we test the first part of
the hypothesis, that shear flow affects the characteristics of the protein-
rich cluster population, using experiments with the protein lysozyme.
Lysozyme is one of the best-studied soluble enzymes with a robust
structure, moderate size (molecular weight M,,, =14,300 g mol '), and
easy availability at high purity [44,45]. Nucleation rates data and direct
observations suggest that lysozyme follows a two-step mechanism of
crystal nucleation [24,25,36] and a population of mesoscopic protein-
rich clusters that may be the nucleation precursors has been identified
and characterized [46—48].

2. Materials and methods
2.1. Solution preparation

Lysozyme (Thermo Scientific #89833) used for these experiments
was dissolved in deionized water containing 1.5 mM sodium azide, and,
if indicated, 20 mM HEPES buffer. The solution was dialyzed against
1 L of the respective solvent using dialysis cassettes with 2000g mol !
cutoff for 38-48 h in a refrigerator (4 °C) on a stir plate at ~50 rpm
with a 2” magnetic stir bar. The beaker (1-2 L) used for dialysis was
covered with parafilm to prevent evaporation. The solution was
removed from the dialysis cassettes and filtered through syringe filters
with 30 mm diameter and 220 nm pore size. The concentration was
determined by diluting an aliquot of the prepared solution 1000-fold
and measuring the absorption at 280 nm.
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2.2. Solution shearing

Shear experiments were performed immediately after solution
preparation using a shear cell constructed as in Fig. la with 20 mL
glass syringe and 5/8” Teflon rod. To ensure the rod remained centered
at the bottom of the syringe, the end of the rod was machined to fit the
inner tip profile of the syringe. Teflon rod was rotated by a DC motor
(Amico Model RC385SAP-2173-57) and DC power source (Dr. Meter
HY1803D). The shear rate was set by the voltage applied to the DC
motor. Shear rate and voltage were calibrated by counting the rotations
in a 60 sec interval at various voltages (1.5-11V, 0.5V increments)
then computing the shear rate in the bulk fluid assuming a linear
velocity profile and no slip boundary conditions.

Shearing started immediately after solution preparation. In experi-
ments using mercaptoethanol or urea, the respective reagent was
added immediately before the start of shearing. Every hour, a 300 uL
solution aliquot was removed from the shear cell. This solution sample
was filtered through a 13 mm 220 nm cutoff syringe filter directly into a
DLS cuvette, capped with parafilm, and loaded into the sample holder
of the light scattering device.

2.3. Characterization of the cluster population

Light scattering data were collected on an instrument by ALV-
GmbH, Langen, Germany, equipped with He-Ne laser operating at
632.8 nm, and an ALV-5000 EPP Multiple tau Digital Correlator. At
least 10 correlation functions of 60 seconds were collected. The
intensity-intensity correlation functions g-(t), where t is the lag time,
recorded after shearing for up to six hours, all possess two distinct
shoulders, indicating the presence of two populations of scatters
(Fig. 1b). The corresponding intensity distribution functions, computed
using the CONTIN algorithm (Fig. 1c), indicate that both scattering
populations are relatively monodisperse. To extract the cluster radius
and volume fraction from DLS data [49], we fit the correlation
functions with

2
gz(r)—lz[Alexp(—i] + Azexp[—l)] +e,
7 )

where the times 7jandr, characterize the diffusion of monomers and
clusters, respectively; A; and Ao are amplitudes, which are propor-
tional to the intensity scattered by the monomers and clusters,
respectively, and & accounts for mechanical, optical and electronic
noise in the signal [33,50].

The parameters 7, 7,, A, A,, and ¢ were evaluated by non-linear
curve fitting using SciPy (scipy.optimizize.minimize) routine. The
minimized function was the squared deviation of the model from the
data, multiplied by a weight function, which enhances the lower
magnitude values, occurring at longer delay times.

Tmax

2
Z |:g2m0del - gzdala] W(T)’

T=Tmin

fSSE

W(z) = 11. 45xlog(7)+87. 6 7<0.52 ms
B 1 7>0.52 ms’

Here 7,,,, is the value beyond which the correlation function decays
below 10~ and z,;, is 1.25x10™* ms, the shortest time accessible by the
ALV detector. As defined, w(z)>1 for all ts. The weight function was
chosen for simplicity: for 7<0.52 ms it corresponds to multiplying
each element of the array of squared deviations by its index (note that
delay times recorded by the ALV detector are not equally spaced in
time). The use of a weight function ensures that the values of a
correlation function at long times, which may be one or two orders of
magnitude lower than those at shorter times, contribute to the fit.
The parameter ¢, which account for the noise, was one or two orders
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of magnitude lower than amplitudes A; and A,. From 7, 7,, 4;, and4,
we compute the cluster size R,, the hydrodynamic radius of the
monomer Ry, used for verification of the experimental procedures,
and the fraction of the solution volume occupied by the cluster
population ¢». For R; (i=1, 2) we use the Stokes-Einstein relation,

ki Tq?
_ klq

R, -
671,

i

where 7,=1.42mPaes is the viscosity of the solution through which
clusters diffuse and 7,=1.025mPass is the viscosity of the solvent through
which the monomers diffuse. The temperature was set at
T=297. 65Kand k; is the Boltzmann constant.

We evaluate ¢ from [33,50]
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Here (]=M=1.87><107m'1 is the scattering wave vector of light

with wavelength 4 = 632.8 nm at scattering angle 6 = 90°; n, =1.331
as the solvent refractive index. P(¢R,) = ﬁ[sin(qu) — Rygeos(Ryg)P? is
29

the shape factor assuming a spherically shaped cluster. The function
f(C)) accounts for the intermolecular interactions between monomers,
which depends on the monomer concentration Cy; it was determined
by static light scattering and at C; =100 mgmL™, tested here,
f(C))=4[46]. The ratios dn/oC, and dn/dC, are the increments of the
solution refractive index n with the concentrations of monomers, C;,

and clusters, C». Since in these ratios both concentrations are in units
@n /oGy,

(n/aCy)
densities of the protein monomer and tﬁﬂe clusters, respectively. We
assume that p;=1.3 g cm3[51], and p,=0.45 g cm 3, the protein con-
centration in the clusters, which is likely close to the concentration in
the stable dense protein liquid at similar conditions [48,52]. ¢; is the
fraction of the solution volume occupied by monomers, calculated from
their mass concentration C; as ¢;=C;v,N5/M,, where v,=2.0x10"
20em® is the molecular volume in solution [51]. Thus, for C;
=100 mg mL™! we get ¢; =0.084.

In plots where R> or ¢ are averaged over several data points, they
are plotted as a function of the time of the first datum point.

mass per unit volume, we assume ~1. p; and p, are the mass

2.4. Determination of enzyme activity

Activity was measured by monitoring the rate of absorbance
decrease at 450 nm? in a solution of 0.01 mgmL™ lysozyme and
Micrococcus lysodeikticus (M3770 Sigma) at an optical density of 0.33.
A 200 pL solution was prepared for each sample and monitored in a 96
well plate reader for 5 min. The changes in the rate of absorbance
decrease indicate changes in the number of functional active sites in
solution.

2.5. Characterization of protein structural integrity

The conformational integrity of lysozyme was tested using the 1-
anilino-8-naphthalenesulfonate (ANS) and Thioflavin T (ThT) assays.
ANS was dissolved at 13 mM in 20 mM HEPES at pH=7.8. The
solution was filtered through a 0.2 um Teflon filter. The ANS concen-
tration was determined spectrophotometrically using extinction coeffi-
cient 18 mM~! em™! at 270 nm [53]. 20 uL of this solution were added
to 20 uL of the tested lysozyme solution and diluted with 160 pL of
20 mM HEPES to a total volume of 200 puL [53]. For experimental
statistics, five identical samples of this solution mixture were loaded in
a multi-well plate and the florescence response to excitation at 350 nm
was recorded between 400 and 650 nm (with an increment of 5 nm) by
an Infinite 200 PRO microplate reader (Tecan). ThT was dissolved at
6 mM in 20 mM HEPES at pH=7.8. As with ANS, the solution was
filtered through a 0.2 ym Teflon filter. The ThT concentration was
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Fig. 2. (a) Variation of the cluster radius Ry, scaled with that in unsheared solutions
Ry, with increasing shear rate after shearing for times indicated in 20 mM HEPES
buffer and 100 mg mL™! lysozyme. (b) Variation in the fraction of solution occupied by
the cluster volume ¢ at the same conditions scaled by the quiescent cluster volume
fraction dop.
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determined spectrophotometrically using extinction coefficient
26.6 mMlem™! at 416 nm [53]. 1 pL of this solution was added to
20 pL of the tested lysozyme solution and diluted with HEPES to
200 uL [53]. Five identical samples of this solution mixture were
loaded in a multi-well plate and the florescence response to excitation
at 442 nm was recorded between 472 and 650 nm (with an increment
of 2 nm) by an Infinite 200 PRO microplate reader (Tecan).

3. Results and discussion
3.1. Shear flow effects on the cluster population

In quiescent solutions both R, and ¢» are constant over seven
hours (Fig. 1d and e). The evolution of R» and of ¢ in solutions
buffered with HEPES at shear rates varying from 0.3 to 200 s™! are
displayed in Fig. 2a and b. The enforced shear rates are much larger
than that induced by buoyancy-driven convection, estimated above to
be in the in the range 0.001-0.01 s™!. In Fig. 2a and b we scale R and
¢2 by the corresponding values in quiescent solutions, R> ¢ and ¢ o.
The data in these figures reveal that the lowest enforced shear rate,
0.3 571, consistently induces a small increase in the cluster radius R»
and a small decrease in cluster population volume ¢-. This effect
increases at longer exposures to shear, but is always limited to less than
10% of R ¢ and ¢ o. Exposures to shear rates lower than a threshold
value do not induce additional deviations of R> and ¢, from their
values in quiescent solutions. After this threshold is reached, however,
R increases and ¢> decreases as a function of increasing shear rate.
While the threshold shear rate is mostly unaffected by the duration of
shearing, longer exposure to shear above the threshold amplifies the
effects of faster shearing. At shear rates faster than 100s™!, the
solution remained turbid even after filtering through a 0.22 pm filter,
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suggesting irreversible denaturation and aggregation of a part of the
dissolved protein.

3.2. Partial protein unfolding as part of the mechanism of response to
shear

The negatively coupled response of R> and ¢ > to increasing shear is
in contrast to conventional phase transformations—such as solidifica-
tion or liquefaction—in which the domain size of the incipient phase
increases concurrently with its overall volume in response to variations
of the external parameters. To understand the mechanism that under-
lies the surprising trends observed with the protein-rich clusters, we
compare the effects of shear in solutions of three compositions: HEPES
buffer, used in the experiments displayed in Fig. 2a and b, water, in
Fig. 3a and b, and urea, in Fig. 3¢ and d. HEPES (sodium 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonate) is a zwitterionic organic
molecule that is used to maintain near-physiological pH. Binding of the
HEPES solution species to proteins is extremely rare [54], suggesting
that its action on the cluster properties would be through the hydrogen
ion concentration, adjusted to pH="7.8. If lysozyme is dissolved in water
and dialyzed to remove the excess precipitant used in purification, pH
sets at 5.4. Protonation of basic and acidic surface aminoacid groups
leads to a +8 net charge of the lysozyme monomer at pH=7.8 [55,56],
the balance of 17 positive and nine negative groups [56]. At the lower
pH=5.4, the net charge increases to +12 [55]. The data in Figs. 2a and
b and 3a and b reveal that the change from HEPES buffer to water
induces stronger sensitivity to shear: the threshold shear rate for
increased R and lowered ¢, decreases from 10 s™* to 3 s™. A possible
explanation for the effects of solution composition on the response to
shear is that the higher molecular charge increases repulsion between
intramolecular domains and hence destabilizes the molecular confor-
mation.

To test the correlation between molecular destabilization and
response to shear, we studied the effects of shear on the cluster
population in urea-containing solutions. Urea is known to perturb
the native structure of most proteins; addition of 8 M urea to aqueous
solutions completely unfolds proteins [57-59]. Urea is currently
thought to be a universal denaturant because it interacts favorably
with the peptide backbone [60]. The aminoacid side chains further
assist the action of urea by additional preferential interaction with it
and by diluting the effective concentration of the backbone amides
[61-63]. The accumulation of urea at non-polar protein patches and
the accompanying destruction of the water structures are described as
chaotropic action [64]. The addition of 1 M urea to a lysozyme solution
in 20 mM HEPES buffer preserves the pH at 7.8. Nonetheless, the data
in Fig. 3c and d reveal that adding urea reduces the threshold for
enhanced response to shear from 10 to 3 s™1, supporting partial protein
unfolding as a contributor to the cluster population response to
solution shear.

The suggested conformational destabilization implies an explana-
tion of the non-monotonic responses of R> and ¢» to higher shear
observed in Figs. 2 and 3. In other experiments under identical
conditions, we found that, overall, R> always increased and ¢ always
decreased at faster shear rates and longer exposures to shear. The
threshold shear rates for these trends were faithfully reproduced. Non-
monotonic behaviors, however, were observed at varying shear rates
above the threshold, or not at all. We conclude that after the native
protein conformation is destabilized by shearing faster than the
threshold rate, the degree of induced partial unfolding may vary in
response to minor inconsistencies in the system parameters.

Previous investigations of the protein-rich clusters in lysozyme
solutions revealed several behaviors that sharply contrast with estab-
lished laws of phase transitions: sizes much larger than the prediction
of a colloid clustering scenario (which assumes structurally intact
molecules) [65], decoupled responses of cluster population volume
and cluster size to variations in ionic strength, pH, and additive
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Fig. 3. (a) Variation of the cluster radius Ry, scaled with that in unsheared solutions R, o, with increasing shear rate after shearing for times indicated in DI water and 100 mg mL™!
lysozyme. (b) Variation in the fraction of solution occupied by the cluster volume ¢» at the same conditions scaled by the quiescent cluster volume fraction ¢, . (c,d) Same variation in
radius and volume fraction of lysozyme clusters in 100 mg mL™! lysozyme, 1 M Urea, and 20 mM HEPES for times indicated in (a).
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Fig. 4. Schematic representation of the proposed partial unfolding mechanism for dimerization of lysozyme in solution. The structural domains of lysozyme (a and f) are highlighted in
purple and blue, respectively. The domains are linked by two peptide chain loops and a S-S bridge (indicated with arrows) that are aligned in a hinge, which allows domains to open and
hence expose the nonpolar interdomain interface to the solution. Hydrophobic attraction between internal domain surfaces from different molecules leads to domain-swapped
oligomers. Protein structure drawn using PyMOL and atomic coordinates from Wang et al. [69]; a and B domains identified as in McCammon et al. [70].

concentration, and decreased cluster population volume upon stronger
intermolecular attraction [46, 66, 67]. These responses indicate that
the mesoscopic clusters represent a novel class of protein condensate
that forms by a fundamentally different mechanism than other protein
aggregates, such as crystals and amyloid fibrils. The available data
suggest that the clusters form by the accumulation of transient protein
oligomers [48, 68]. Experiments with lysozyme indicate that the
lysozyme oligomers are domain-swapped dimers or trimers, linked by
hydrophobic bonds between the peptide backbones exposed to the
solvent after partial unfolding of the lysozyme molecule, illustrated in
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Fig. 4 [46, 66].

The oligomer mechanism of cluster formation in lysozyme solutions
explains how shear affects the cluster population through partial
protein unfolding. According to theory, the cluster size is related to
the diffusivity D,;,, and decay rate constant k;,, of domain-swapped
oligomers as R, = [ D,jizokoigo [48, 68]. There are two mechanisms by
which shear flow could increase the cluster size. First, solution flow
may accelerate the exodus of oligomers from the clusters, effectively

increasing Dy, With oligomer diffusivity of order 1079 m?s7!
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(comparable to that of the monomer), diffusion over the cluster radius
of about 30 nm would have a characteristic time of about 10 ps. This is
nearly three orders of magnitude faster than oligomer transport
enhanced by shear rates slower than 200 s™!, which have characteristic
times longer than 5 ms. This estimate suggests that the second
mechanism, involving shear-induced unfolding, dominates. The un-
folding slows the decay rate of oligomers k,;,, and hence increases the
cluster size. This mechanism is supported by the stronger response to
shear in the presence of urea and at lower pH, both of which destabilize
the native protein conformation, in Fig. 3. Furthermore, because the
cluster population volume is determined by the free-energy balance
between clusters and solution [47], the decrease in ¢» is likely due to
stronger attraction between lysozyme molecules with exposed non-
polar interdomain surfaces in a partially unfolded conformation, which
lowers the chemical potential of the protein in the solution.
Importantly, the cluster population response to mechanical unfolding,
by shearing, opposes that to chemical unfolding, by urea [46]. Urea
weakens the hydrophobic interaction between newly exposed non-
polar patches. This chaotropic effect decreases the oligomer lifetime
and increases the solution free energy, inducing smaller clusters and
larger cluster populations.

3.3. Are broken disulfide bridges necessary for cluster formation?

An important question both for the general mechanism of protein-
rich clusters and the specific mechanism of shear effects on the cluster
population is whether intramolecular S-S bridges are disrupted during
the unfolding leading to clusters. The lysozyme structure in Fig. 4
suggests that the formation of domain-swapped lysozyme oligomers
does not require the breaking of S-S bridges. To answer this question
we partially reduced the S-S bridges with mercaptoethanol
(HSC,H,OH, ME) and monitored the response of the cluster popula-
tion in quiescent and sheared solutions. Tests revealed that four-fold
molar excess of ME denatures lysozyme, whereas using 0.5 M equiva-
lents insignificantly affects the characteristics of the cluster population.
Hence, we used a molar concentration of ME equal to that of lysozyme,
6.9 mM. Previous experiments with ethanol, a reagent whose structure,
polarity, and chaotropic activity are similar to those of ME, demon-
strated that ethanol weakly affects the cluster population character-
istics at concentrations as high as 2.5 M [46]. Hence, we expect that
ME only affects the clusters through the reduction potential of the HS-
group.

In quiescent solutions in the absence of ME, the cluster radius and
population volume are steady (Fig. 5, in agreement with Fig. 1d and e).
Shearing in pure lysozyme increases R» and reduces ¢, in agreement
with the trends observed in Figs. 2 and 3. The decrease in R, after
350 min of shearing at 70 s™! is likely due to incipient irreversible
denaturation. In quiescent solutions, ME does not affect the cluster size
and induces a slow increase of the cluster population volume. These
observed responses dramatically differ from those caused by signifi-
cantly higher concentrations of two chaotropic agents, urea (Fig. 3¢ and
d) or ethanol [46], suggesting that ME induces chemical and con-
formational changes in the lysozyme molecule that are distinct from
exposure of the interdomain interface. These responses are compatible
with disruption of the S-S bridges in the a or B domains (see Fig. 4),
which creates disordered chain segments. The modified molecular
surface leads to enhanced attraction at short intermolecular separa-
tions that lowers the free energy of the cluster phase and hence
increases the cluster population volume. These newly created attractive
patches may be distant from the interdomain interface; in this case
they would not affect the stability and decay rate of domain-swapped
oligomers, leaving the cluster size intact.

The response of the cluster population to shear in the presence of
ME is similar to that in pure lysozyme solution: the cluster size
increases and the cluster population volume is reduced. In the presence
of ME, R, increases to reach a local maximum at an intermediate
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shearing time and decreases at longer shearing times. This trend is
similar to the decrease of Ry after shearing for 350 min at 70s7 %,
suggesting that it is due to ME-induced irreversible denaturation of the
protein. Overall, the effects of solution shearing and ME are dissimilar,
indicating that the mechanisms of cluster response to solution shear
and to addition of ME are distinct. Importantly, this observation
indicates that disruption of S-S bridges and the structure of the two
lysozyme domains are not parts of the general mechanism of cluster
formation in lysozyme or that of the response of the cluster population
to shear.

3.4. The effects of shear on the cluster-solution equilibrium

Previous studies of lysozyme clusters in quiescent solutions have
indicated that the clusters are in equilibrium with the monomeric
protein and respond to variations of the monomer concentration as
predicted by the Boltzmann relation [47,48]. In this context, a relevant
question is whether the shear-modified cluster population remains in
equilibrium with the lysozyme monomers. To address this issue, we
sheared a lysozyme solution for 280 min at 30 s™! and monitored the
evolution of R and ¢ at quiescent conditions for 15 h after cessation
of shearing. The results in Fig. 6a and b indicate that the increased R
and lowered ¢- persist. The observed irreversibility of the cluster
population characteristics may indicate either that the clusters have
converted to irreversible protein aggregates, or that shear has modified
the equilibrium between monomers and clusters. To distinguish
between these two scenarios, we tested the response of the clusters
to decreasing protein concentration from 100 to 50 and 25 mg mL™!
after shearing for two or four hours at 3072, The results in Fig. 6¢ and d
indicate that R, does not depend on the protein concentration (in
agreement with previous observations) [47,48] and this behavior is not
altered by shearing. If the clusters were irreversible aggregates, the ¢»/
¢; ratio would not depend on the solution dilution. Fig. 6d demon-
strates that the ¢o/¢; ratio strongly decreases upon solution dilution,
in sharp contrast with this expectation. This observation indicates that
the clusters retain their reversibility after shearing. The surprising
conclusion is that the shear-induced suppression of the cluster
population volume is at least partially due to a permanent conforma-
tional modification of the monomers, with which the clusters are in
equilibrium.

3.5. Tests of conformational modification as a prerequisite for cluster
formation

To evaluate the magnitude of the shear-induced conformational
modification, we compared the activity of lysozyme in degradation of
Micrococcus lysodetkticus bacteria in quiescent solution and after
shearing. Lysozyme hydrolyzes a tetrasaccharide found in Gram-
positive bacteria and breaks the glycosidic bond between n-acetyl-
muramic acid and n-acetylglucosamine [71]. We observed (Fig. 7a)
that the activity of lysozyme is not affected by shearing. As the active
center of lysozyme consists of aminoacid residues that belong to both
domains, these observations suggest that the configuration of the a and
B domains of lysozyme is not affected in the majority of the solute
molecules.

The conformational integrity of lysozyme after shearing was tested
using the 1-anilino-8-naphthalenesulfonate (ANS) and Thioflavin T
(ThT) assays. ANS is a fluorescent probe for the detection of partially
unfolded states. ANS binds to buried hydrophobic sites of proteins,
resulting in a blue shift of the fluorescence emission maximum and
increase of the fluorescence intensity [72,73]. ThT is employed for
selectively staining and identifying amyloid structures as ThT binding
to B structures enhances its fluorescence emission [74]. Fig. 7b and ¢
demonstrates that shearing does not affect the fluorescence spectra in
solutions of lysozyme and each of the two probe molecules, indicating
that shear-induced conformational modifications are minor.
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Fig. 7. (a) Evaluation of lysozyme activity in a quiescent solution and after shearing for 3
and 6 h. The absorbance at 450 nm of a suspension of the bacterium Micrococcus
lysodeikticus decreases as lysozyme degrades the bacteria. The slopes of the dependences
characterize the enzyme activity. (b) Tests of lysozyme conformation integrity using 1-
anilino-8-naphthalenesulfonate (ANS) and (c) Thioflavin T (ThT). Fluorescence spectra
of lysozyme solutions in the presence of the respective probe molecule upon excitation
with 350 nm in (b) or 442 nm (c) in quiescent solutions and after shearing at 70 s~! for
90 min are compared to the solutions containing only the respective probe molecules.

The preservation of the enzymatic activity after shearing and the
unmodified fluorescence spectra in the presence of ANS and ThT
suggest that the partial unfolding, which exposes sufficient hydropho-
bic areas of the interdomain interface to drive reduction of the cluster
population volume, affects only a small fraction of the protein
molecules.

4. Conclusions

We demonstrate that in solutions of the protein lysozyme shear flow
increases the size and suppresses the volume of the population of
protein-rich clusters that may be precursors to crystal nucleation. The
likely mechanism of the observed shear response involves partial
unfolding of the lysozyme molecules, which exposes to the aqueous
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solution the non-polar interfaces between the constituent a and B
domains. The extended hydrophobic surfaces lower the chemical
potential of the lysozyme in the solution and, per the oligomer
mechanism of cluster formation [46—48, 66], stabilize a domain-
swapped oligomer. The former outcome lowers the volume occupied
by the cluster phase, whereas the latter increases the cluster radius.
Experiments in which the intramolecular S-S bridges are reduced by
mercaptoethanol indicate that disruption of the domain structure is not
a part of the mechanism of response to shear.

In the broader context of shear flow effects on crystal nucleation,
the observation of decreased cluster population volume at shear rates
of order 10 s~ implies that nucleation should be inhibited at these
shear rates. This is the first prediction of nucleation suppression in
response to shear, elicited by unexpectedly moderate shear rates. On
the other hand, the experimentally-observed enhancement of nuclea-
tion at shear rates of order 0.1 s™! does not correlate with changes in
cluster properties and suggests that alternative mechanisms, such as
shear ordering inside the clusters, may be active.
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