Article
pubs.acs.org/JPCB

Polymorphism of Lysozyme Condensates
Mohammad S. Safari,† Michael C. Byington,† Jacinta C. Conrad,*,† and Peter G. Vekilov*,†,‡
†

Department of Chemical and Biomolecular Engineering, University of Houston, 4726 Calhoun Road, Houston, Texas 77204-4004,
United States
‡
Department of Chemistry, University of Houston, 3585 Cullen Blvd., Houston, Texas 77204-5003, United States
S Supporting Information
*

ABSTRACT: Protein condensates play essential roles in physiological
processes and pathological conditions. Recently discovered mesoscopic
protein-rich clusters may act as crucial precursors for the nucleation of
ordered protein solids, such as crystals, sickle hemoglobin polymers, and
amyloid ﬁbrils. These clusters challenge settled paradigms of protein
condensation as the constituent protein molecules present features characteristic of both partially misfolded and native proteins. Here we employ the
antimicrobial enzyme lysozyme and examine the similarities between
mesoscopic clusters, amyloid structures, and disordered aggregates consisting
of chemically modiﬁed protein. We show that the mesoscopic clusters are
distinct from the other two classes of aggregates. Whereas cluster formation and amyloid oligomerization are both reversible,
aggregation triggered by reduction of the intramolecular S−S bonds is permanent. In contrast to the amyloid structures, protein
molecules in the clusters retain their enzymatic activity. Furthermore, an essential feature of the mesoscopic clusters is their
constant radius of less than 50 nm. The amyloid and disordered aggregates are signiﬁcantly larger and rapidly grow. These
ﬁndings demonstrate that the clusters are a product of limited protein structural ﬂexibility. In view of the role of the clusters in
the nucleation of ordered protein solids, our results suggest that ﬁne-tuning the degree of protein conformational stability is a
powerful tool to control and direct the pathways of protein condensation.

■

molecules.17,19,21,22 The mesoscopic clusters hold 10−5−10−3 of
the total soluble protein18,23 and the fraction of the solution
volume occupied by the cluster population is in the range
10−7−10−3.17−19,21,22 With this small volume, they likely do not
aﬀect the macroscopic solution properties.
The mesoscopic clusters have been a focus of recent
investigations mostly because they present essential sites for
the nucleation of ordered solids of both folded proteins, such as
crystals21,24−27 and sickle-cell hemoglobin polymers,28 and
partially misfolded chains that form amyloid ﬁbrils.29−31
Nucleation of ordered protein solids is the crucial ﬁrst step in
the formation of each condensate, and its rate largely
determines the rate of condensation. The number of nuclei is
limited by a free energy barrier, whereas the growth of the
nucleated domains obeys the general chemical kinetics
laws.2,32−38 A protein solution supersaturated with respect to
a condensate overcomes the nucleation barrier by means of
localized ﬂuctuations that bring the solute concentration close
to that of the incipient phase.39 According to classical
nucleation theory, the rarity of successful transitions over the
barrier strongly delays nucleation and constrains the overall
growth rate of the condensate.40 Surprisingly, recent experimental measurements of nucleation rates revealed that they are
even lower, by many orders of magnitude, than those predicted

INTRODUCTION
Proteins form a variety of condensates in their native
environments: crystals, ﬁbrils, dense liquids, and others. In
some of these condensates, such as crystals,1 sickle cell
hemoglobin polymers,2 and dense liquids,3,4 the protein
molecules retain their native conformation. In amyloid ﬁbrils,
the proteins partially unfold,5 whereas amorphous aggregates
consist of fully disordered chains with, in some cases, broken
intramolecular disulﬁde bridges.6,7 Protein condensates play
essential roles in the physiology of living organisms and in the
progression of numerous diseases. Insulin crystals, for instance,
form in mammalian pancreases to protect the insulin from
further proteolysis while it is stored until regulated secretion
into the blood serum1,8 and, possibly, to increase the degree of
conversion from soluble proinsulin.1,9 Sickle cell hemoglobin
polymers stretch and rigidify the erythrocytes, which, in
combination with other factors,10 lead to obstruction of
blood ﬂow and pain crises.2,11 Eye lens crystallins form crystals
and a dense liquid, which are implicated in age-onset nuclear
cataracts.12,13 The aggregation of misfolded proteins into
oligomers or ﬁbrils is identiﬁed as a key process associated
with Alzheimer’s disease and several other neurological
conditions.14,15
Recently, a novel class of protein condensates, mesoscopic
protein-rich clusters, was discovered. These clusters exist in
solutions of numerous proteins at various pHs, ionicities,
temperatures, and compositions.16−21 Their diameters are of
order 100 nm.19−21 Each cluster contains 104−105 protein
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Scheme 1. Mechanism of Formation of the Mesoscopic Protein-Rich Clusters in Lysozyme Solutiona

Protein native monomers, partially unfolded monomers, and domain-swapped dimers are shown in the callouts. The α and β domains, identiﬁed as
in McCammon, et al.,60 are highlighted in purple and blue, respectively. A cluster, highlighted in gray in the right panel, is a region of high protein
concentration, into which monomers diﬀuse and convert to dimers. The dimers migrate back into the solution, where they decay into monomers.17

a

by theory.41−43 The issue of low nucleation rates and several
other unexplained features of protein nucleation kinetics was
resolved by the discovery that the mesoscopic protein-rich
clusters are a crucial precursor for the nuclei of ordered protein
solids.21,24−31 This ﬁnding underscores the urgent need for indepth understanding of the structure and formation mechanisms of the mesoscopic clusters.
The mesoscopic clusters challenge basic paradigms of protein
condensation. Although the clusters are likely liquid,24,25,44 they
exist under conditions that are distinct from those of the
macroscopic protein dense liquid.16,17,22 The clusters are much
larger than the prediction of colloid clustering models45 that are
often applied to protein condensation.46−53 The cluster size is
steady and independent of the parameters that deﬁne the
solution thermodynamics, such as pH, ionic strength, and
protein concentration.18,19,54,55 By contrast, the fraction of the
protein captured in the clusters is determined by the protein
chemical potential.17,18,54,56 A recent theory, supported by
experimental evidence, explained several puzzling cluster
behaviors.17,56−59 This model posits that the mesoscopic
clusters consist of a concentrated mixture of intact protein
monomers and an additional protein species, emerging at the
elevated protein concentration within the clusters.17,57,58
Recent experiments indicate that in solutions of the protein
lysozyme the clusters are enriched in dimers of partially
unfolded protein chains, Scheme 1.54,56,59
This cluster scenario raises several fundamental questions on
the cluster composition and mechanisms. Are the mesoscopic
clusters similar to amyloid ﬁbrils, which also consist of partially
unfolded protein? How diﬀerent are they from fully disordered
proteins, which make up amorphous aggregates? Is the
chemical integrity of the protein molecules in the clusters
preserved, including the disulﬁde bonds? In view of the
irreversibility of some protein aggregates,61 is cluster formation
reversible? Here, we address these questions by experiments
with the protein lysozyme, an antimicrobial enzyme, whose
easy availability from hen egg white has allowed the
accumulation of a signiﬁcant database of its biochemical and
biophysical properties. Ideally, one would characterize the
structure of lysozyme composing the clusters by circular
dichroism (CD), Raman, or nuclear magnetic resonance
(NMR) spectroscopy, or other direct methods. These

techniques encounter a major challenge when applied to the
mesoscopic clusters: the low fraction of the total protein
captured in them. Hence, we gauge the degree of lysozyme
structural modiﬁcation in the clusters indirectly. We enforce
perturbations of the lysozyme a structure along two axes: a
chemical, where we sever the intramolecular disulﬁde bonds,
and structural, where we induce amyloid ﬁbrillation. As a
readout, we compare the cluster behaviors to those of
disordered aggregates and amyloid ﬁbrils that result,
respectively, from structural modiﬁcations along these two
axes. These comparisons reveal that the mesoscopic clusters are
a product of limited structural ﬂexibility of the lysozyme
molecules and represent a unique class of condensate,
functionally and structurally distinct from those formed after
signiﬁcant structural or chemical perturbation of the protein
conformation.

■

EXPERIMENTAL SECTION
Materials and Solutions. Our solutions contained 60 mg
mL−1 (unless stated otherwise) hen egg white lysozyme
dissolved in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buﬀer at pH 7.8 and no additional
components. Details about the sources of protein and other
reagents and the solution preparation are provided in SI.
Induction and Characterization of Aggregation. The
mesoscopic protein-rich clusters are an intrinsic property of the
solution. To assess the role of amyloid structures in cluster
formation, we induced lysozyme ﬁbrillation by heat-shocking
the protein at 65, 80, or 90 °C for 6 min.62−64 The formation of
amyloid structures was veriﬁed by selective binding of thioﬂavin
T (ThT) and 8-anilinonaphthalene-1-sulfonic acid (ANS),
detected by ﬂuorescence excited by 442 nm for ThT and 350
nm for ANS. To compare the cluster behaviors with those of
aggregates forming after chemical modiﬁcation of the protein,
we reduced the intramolecular disulﬁde bridges using (tris(2carboxyethyl)phosphine (TCEP).6,7,65,6,7,65 Owing to the lowconcentration buﬀer used, the addition of this acidic reagent
lowered the pH by up to 0.2 to 7.6. We removed unreacted
TCEP and the products of its oxidation by buﬀer exchange. To
quantify the number of sulfhydryl, SH, groups in the native
protein and those formed as a result of S−S bond reduction we
used the reaction of SH with Elman’s reagent, 5,5′-dithio-bis(29092
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Figure 1. Characterization of the mesoscopic protein-rich clusters by oblique illumination microscopy (OIM) and dynamic light scattering (DLS).
(a) A representative OIM image. The observed volume is ca. 120 × 80 × 5 μm3. Clusters appear as green spots. (b) Number density distribution of
the cluster sizes determined by OIM. The average of ﬁve determinations in distinct solution volumes is shown. The error bars represent the standard
deviation. (c) Intensity correlation functions g2 of the light scattered by a cluster-containing solution. The two shoulders of g2 correspond to
lysozyme monomers and clusters, respectively.54,59,68 g2 is unchanged over 12 h, indicating that the cluster population is steady. (d) The evolutions
of the ratio of the correlation function amplitudes Ac/Am, which characterizes the fraction of the protein held in the clusters, and the cluster radius Rc,
evaluated from g2 in (c). (e) The dependences of Ac/Am and Rc on the protein concentration. The values of Ac/Am and Rc in (d) and (e) represent
averages of ten correlation functions; the error bars represent the standard deviation. In (a)−(d), lysozyme concentration was 60 mg mL−1.

nitrobenzoic acid) (DTNB),66,67 which yields 5-thio-2-nitrobenzoic acid (TNB) at a concentration equivalent to that of the
sulfhydryl. To ensure completeness of the reaction, we waited
20 min after the addition of DTNB.67 We quantiﬁed the TNB
concentration from its absorbance at 412 nm, Figure S1. In
addition, we tested the presence of amyloid oligomers in the
solution by immunoblotting with ab183461, an antibody that
recognizes amyloid structures. The enzymatic activity of
lysozyme was evaluated by monitoring the rate of absorbance
decrease of a suspension of Micrococcus lysodeikticus in the
presence of the protein. Further details of these methods are
provided in SI.
Characterization of the Aggregates and Clusters. We
employed oblique illumination microscopy (OIM) and
dynamic light scattering (DLS).22,68 Both methods rely on
light scattered at wave vectors of order μm−1 and probe length
scales in the range 10−3−10 μm. The Rayleigh law, according to
which the scattered intensity scales as the sixth power of the
scatterers’ sizes, makes these two techniques particularly well
suited to study the mesoscopic clusters, which are 50- to 100fold larger than the monomers, but are present at very low
concentration. In OIM, a green laser (532 nm) illuminates a
500 μm solution layer at an oblique angle such that the incident
beam avoids the lens of a microscope positioned above the
sample.44,68 The clusters produce bright spots; since the
clusters are smaller than the diﬀraction limit, the spot size
accounts for the deviation of the cluster position from the
microscope focal plane, Figure 1a. We recorded the Brownian
trajectory of a cluster in the image plane and determined its
diﬀusion coeﬃcient and radius using the Stokes−Einstein law

and independently measured solution viscosity.44,68 We
repeated each characterization ﬁve times from distinct solution
volumes within the same sample. We plotted the size
distribution of the average number density and the standard
deviation, determined from the ﬁve measurements, in Figure
1b. Further details of this method are provided in
SI.44,54,68,44,54,68
In DLS the average size of the clusters or aggregates and the
fraction of protein held in the condensates were evaluated from
the intensity−intensity correlation functions g2(τ), where τ is
the lag time. Ten correlation functions of 45 s were collected.
All recorded g2(τ) possess two distinct shoulders, indicating the
presence of two populations of scatterers, Figure 1c. We ﬁt the
correlation function with68
g2(τ ) − 1 = [A m exp( −τ /τm) + Acexp(−τ /τc)]2 + ε(τ )

where τm and τc are characteristic diﬀusion times corresponding
to the two shoulders, respectively. We attribute the fast
diﬀusion time τm to lysozyme monomers and the slow τc to the
clusters or aggregates.22,56,59,68 Am and Ac are the respective
amplitudes, which are proportional to the intensities scattered
by the monomers and condensates, respectively, and ε accounts
for mechanical, optical, and electronic noise in the signal.22,68
From τm and τc we compute the diﬀusivity of the monomer
Dm and the hydrodynamic radii of monomer and condensates,
Rm and Rc, respectively, using the Stokes−Einstein relation as
discussed in the Supporting Information. The ratio of the
amplitudes Ac/Am is a measure of the fraction of protein held in
the condensates.69,70 In plots characterizing the cluster
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prepared a solution of 60 mg mL−1 and diluted it with buﬀer to
50, 40, and 30 mg mL−1. Second, we independently prepared
solutions with these four concentrations. These experiments
test whether the clusters formed at the initial concentration
adjust to the diluted solution, and whether newly formed
clusters are similar to those resulting from transformation of
preexisting condensates. The two methods of solution
preparation yielded clusters with identical Rc and Ac/Am.
Figure 1e reveals that Rc increases by ca. 35% as the
concentration is diluted from 60 to 30 mg mL−1, whereas the
ratio Ac/Am decreases 3-fold, indicating a similar decrease of the
fraction of protein held in the clusters. Diluting a solution of
irreversibly aggregated protein would lower the concentration
of protein held in the clusters concurrently with the protein
concentration, leading to a constant Rc and Ac/Am. The Rc and
Ac/Am trends in Figure 1e demonstrate that the clusters are
reversible aggregates that adjust to the conditions of the hosting
solution.
The decoupled behaviors of Rc and Ac/Am, observed in
Figure 1e, are unusual for typical phase transformations, such as
freezing or vaporization, in which the size of the incipient
domains increases concurrently with the volume of the new
phase. On the other hand, such decoupling has been observed
previously with the mesoscopic protein-rich clusters.54 It has
been attributed to the unique nature of the cluster population,
whose volume is determined by the thermodynamic balance
between the clusters and the solution, whereas the size of its
domains results from the kinetics of formation and decay of
protein dimers.17,54,59,74
Perturbations of the Protein Structural Integrity.
Modeling of the interaction potential between native lysozyme
molecules (complementing an earlier theoretical estimate by
McCammon and collaborators)75−77 suggested that dimers or
other oligomers of native lysozyme cannot support the
formation of the observed mesoscopic clusters.78 Experiments
with moderate concentrations of urea and ethanol54,56 and with
solution shearing,59 which destabilize the native conformation,
and NMR analyses of cluster-containing and cluster-free
solutions56 indicate that partial protein unfolding is an integral
part of the cluster mechanism. To diﬀerentiate the degree of
unfolding required for cluster formation from that leading to
amyloid ﬁbrillation, we compared the cluster population to
amyloid aggregates. To generate amyloid structures, we heated
lysozyme solutions to 65, 80, and 90 °C.62−64,79−83 To
constrain the amount of aggregated protein, we exposed the
protein to an elevated temperature for only 6 min.62−64,79
Another aspect of the correlation between conformational
ﬂexibility and cluster formation is whether intramolecular S−S
bridges are broken during the unfolding that leads to
clusters.6,7,62,65 To elucidate this issue, we compare the
behaviors of the mesoscopic clusters to aggregates induced by
reducing the intramolecular S−S bonds using (tris(2carboxyethyl)phosphine (TCEP). To evaluate the eﬀects of
varying levels of S−S bond disruption, we employ three
concentrations of TCEP: 0.1, 0.2, and 0.4 mM. Unreacted
TCEP was removed by buﬀer exchange prior to any additional
characterization. We quantify the fraction of S−S bonds
converted to sulfhydryl SH by comparing the reaction of the
reduced protein with 5,5′-dithio-bis(2-nitrobenzoic acid)
(DTNB) to that of glutathione and L-cysteine, which contain
one SH group per molecule. The highest fraction of disrupted
S−S bonds, after treatment with 0.4 mM TCEP, is 9.8%, Figure
2a, suggesting that the reduction of more than one S−S bond

population evolution, the average Rc or Ac/Am are plotted at the
time of the ﬁrst datum point.

■

RESULTS AND DISCUSSION
Identiﬁcation and Reversibility of the Mesoscopic
Protein-rich Clusters. Lysozyme solutions at low ionic
strength are stable against condensation for extended times.
One expects that such solutions are homogeneous at all length
scales, including the molecular. Surprisingly, observation by
OIM of a 60 mg mL−1 (ca. 4 mM) lysozyme solution in 20 mM
HEPES (at pH 7.8, at which the ionic strength is 33 mM)54
reveals particles suspended in the solution that randomly
migrate driven by Brownian collisions, Figure 1a and
Supporting Movie 1. Careful examination of all steps in the
solution preparation excluded the possibility that these
heterogeneities are dust particles or gas bubbles.71 Recording
the diﬀusion trajectories of individual particles, we determine
the radii Rc of individual particles as discussed in SI. The Rc
distribution in Figure 1b is relatively narrow, between ca. 10
and ca. 75 nm, with an average size of ca. 40 nm. The particle
number density nc, Figure 1a,b, is very low and corresponds to
particle volume fraction ϕc = 4π(ΣR3c nc)/3 of ca. 10−6.
Characterization of the same solution by DLS reveals the
presence of two shoulders in the intensity−intensity correlation
function in Figure 1c, with characteristic diﬀusion times of τm ≈
20 μs and τc ≈ 1 ms. We determine the diﬀusivities, Dm and Dc,
and radii, Rm and Rc, of the two respective scatterers as
discussed in SI. After accounting for the intermolecular
repulsion,54 we obtain Rm ≈ 1.6 nm, the hydrodynamic radius
of the lysozyme monomer, whereas the average Rc = 37 nm is
similar to that found in the OIM experiment (the somewhat
higher radius detected by OIM is due to the lower wavelength
used in that method, 532 nm, compared to 632.8 nm in DLS,
which makes the OIM method more sensitive to larger
particles).72 The amplitude Ac of the large scatterers is only 2fold higher than that of the monomers Am, Figure 1d. The ratio
Ac/Am is proportional to both the concentration ratio of the
two solution species and (Rc/Rm)6.69,70 As Rc/Rm ≈ τc/τm ≈ 50,
the low Ac/Am ratio is consistent with the low particle
concentration detected by OIM. Continuous DLS monitoring
of the solution for 12 h revealed that the particle size and the
fraction of protein composing the particles, characterized by Rc
and Ac/Am, respectively, are steady, Figure 1c,d.
Several characteristics of the large particles revealed by Figure
1a,b,c,d are unusual for both disordered protein aggregates or
emerging domains of a stable phase, such as crystals or dense
liquid. The narrow size distribution is inconsistent with both
types of aggregation. The concentration and mesoscopic size of
the particles are steady over extended times, in sharp contrast
to expectations for newly formed phases in which both the
domain sizes and the number of new domains grow in time.73
On the other hand, these characteristics are typical of the
mesoscopic protein-rich clusters, found in solutions of
lysozyme and several other proteins at varying conditions.16−21
We conclude that the particles detected in Figure 1a,b,c,d are
mesoscopic lysozyme-rich clusters. The size and concentration
of the clusters in Figure 1b,d are consistent with recent in situ
transmission electron microscopy images.24
A crucial issue in understanding the cluster mechanism is
whether the clusters adjust to the parameters of the solution, or
represent irreversibly aggregated protein. To test the cluster
reversibility, we monitored the dependence of Rc and Ac/Am on
the protein concentration, varied in two ways. First, we
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determination, to that of the native protein, Figure 3a. This
result is consistent with the low fraction of broken S−S bonds,
Figure 2a, and may imply that TCEP reduces the intra-αdomain C6−C127 S-S bond, indicated with the downward
arrow in Figure 2c, which has no direct role in the stability of
the active center, located between the α and β domains.60
Heating to 65 °C for 6 min does not aﬀect the activity of
lysozyme, Figure 3b. The activity is signiﬁcantly lowered after
heating to 80 °C. The steady optical density in the presence of
lysozyme heated to 90 °C suggests that exposure to this
temperature completely destabilizes the active center in the
majority of the molecules in the solution. The activity loss due
to heating at increased temperature is consistent with previous
observations of partial unfolding and ﬁbrillation of lysozyme.87
We tested the conformational integrity of heated and TCEPtreated lysozyme 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 hydrophobic sites of proteins, resulting in a blue shift of the
ﬂuorescence emission maximum and increase of the ﬂuorescence intensity.88,89 ThT binds to β sheet stacks common in
amyloid structures and this binding enhances its ﬂuorescence
emission;90 importantly, ThT is insensitive to lysozyme
amyloid oligomers and only interacts with protoﬁbrils and
their more complex structures.80,81,91 The ﬂuorescent intensities in Figure 3d demonstrate that ANS binding to lysozyme
heated to 65 °C is indistinguishable from that of native
lysozyme; heating to 80 °C induces binding comparable to that
of native lysozyme, indicating that few new hydrophobic sites
were exposed to the solution owing to these treatments. ANS
strongly binds to lysozyme heated to 90 °C, suggesting
numerous exposed hydrophobic sites.
The results on ANS binding in Figure 3c suggest that the
degree of exposed hydrophobic patches after treatment with 0.4
mM TCEP is low; it is even lower for protein treated with 0.2
mM TCEP. ANS binding to protein treated with 0.1 mM
TCEP is comparable to that of native lysozyme. The results of
the ThT assays in Figure 3e,f suggest that the amount of
stacked β sheets in the lysozyme treated with TCEP and heated
to 65 and 80 °C is similar to that in the native protein, whereas
the lysozyme heated to 90 °C presents abundant amyloid
structures. Concomitantly, immunoblotting of native, TCEPtreated, and lysozyme heated to 90 °C with an antibody that
recognizes amyloid structures, Figure 3g, indicates no amyloid
structures in the native protein, weak amyloid response in the
TCEP-treated, and pronounced amyloid formation in the
heated lysozyme.
Collectively, the results in Figure 3 indicate that disruption of
the S−S bonds by TCEP partially unfolds the protein. Limited
exposure to 65 °C does not aﬀect the native protein structure,
whereas heating to 80 °C leads to partial unfolding that does
not progress to amyloid ﬁbrillation. Heating to 90 °C causes
the formation of amyloid structures. These responses are in
agreement with expectations.6,7,62,65,79,87
Distinct Aggregation Pathways of Structurally Modiﬁed Lysozyme. The DLS correlation functions of heated and
TCEP-treated solutions possess two shoulders, Figure S2,
corresponding to the diﬀusion of monomers and aggregates,
respectively, and similar to those of the native protein in Figure
1c. In solutions treated with 0.1 and 0.2 mM TCEP the
monomer diﬀusivity Dm, determined from the characteristic
diﬀusion time of the fast shoulder τm, is similar to the native
diﬀusivity and steady for 12 h, Figure 4a,b. By contrast, in

Figure 2. Perturbations of lysozyme structural integrity. (a)
Quantiﬁcation of the sulfhydryl, SH, groups using Elman’s reagent,
5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) in native solutions, N;
solutions heated to temperatures shown on the abscissa; and in
solutions treated with (tris(2-carboxyethyl)phosphine (TCEP) at
concentrations shown on the abscissa. The average of three
independent determinations is plotted; error bars represent the
standard deviation. (b) Evolution of the sulfhydryl concentration in
lysozyme solutions treated with 0.2 (triangles) and 0.4 (squares) mM
TCEP measured after removing the unreacted TCEP by buﬀer
exchange. (c) The structure of lysozyme drawn using by YASARA84
and the PDB ﬁle 5L9J.85 The α and β domains, identiﬁed as in
McCammon et al.60 are highlighted in purple and blue, respectively.
S−S bridges are highlighted in gold. Two of the disulﬁde bridges that
appear readily accessible to solvent are indicated with arrows.

per lysozyme molecule is unlikely. The two S−S bonds that
appear exposed to the solution, the intra-α-domain C6−C127
and the inter-α−β-domain C76 − C94,7 are indicated in Figure
2c.
The steady fraction of broken S−S bonds, Figure 2b, reveals
that the resulting SH groups do not rebind into intramolecular
S−S bridges or form intermolecular S−S bonds. This
observation suggests that the aggregates induced by S−S
bond reduction assemble by noncovalent bonds. The enzymatic
activity of lysozyme is a sensitive indicator of the structural
integrity of the active center of the molecule, located between
the α and β domains, illustrated in Figure 2c. Lysozyme
hydrolyzes a tetrasaccharide found in Gram-positive bacteria
and breaks the glycosidic bond between n-acetylmuramic acid
and n-acetylglucosamine.86 We monitored the light absorbance
of a bacterial suspension in the presence of native and treated
lysozyme, Figure 3a,b. The active enzyme destroys the bacteria,
clariﬁes the suspension, and lowers the absorbance. The activity
of TCEP-treated lysozyme is similar, within the error of the
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Figure 3. Characterization of the perturbations of the lysozyme molecular structure. (a),(b) Determination of lysozyme enzymatic activity in native
and treated solutions. The absorbance A at 450 nm of a suspension of the bacterium Micrococcus lysodeikticus, relative to that in a suspension in the
absence of lysozyme A0, decreases as lysozyme degrades the bacteria. The slopes of the dependences characterize the enzyme activity. (a) In
solutions treated with TCEP at concentrations shown in the legend. (b) In solutions heated to temperatures shown in the legend. (c)−(f) Tests of
lysozyme conformational integrity after the treatments listed in (a) and (b) using 1-anilino-8-naphthalenesulfonate (ANS), in (c) and (d), and
thioﬂavin T (ThT) in (e) and (f). Fluorescence spectra of lysozyme solutions were recorded in the presence of the respective probe molecule upon
excitation with 350 nm, in (c) and (d), and 442 nm, in (e) and (f). Both types of spectra exhibit maxima at about 490 nm. The evolution of the
intensity at the maxima is plotted. The time evolutions in (a)−(e) were monitored in four solution samples and the average is plotted. The error bars
represent the standard deviation. (g) Dot blot characterization of the binding of an amyloid-recognizing antibody to native (N), treated with 0.4 mM
TCEP, and heated to 90 °C (H) lysozyme.

capture ca. 2× higher fraction of the total protein, Figure 4e.
Over time, the size of the aggregates in solutions treated with
0.2 and 0.4 mM TCEP increases, Figure 4c, in parallel with the
increase of the fraction of aggregated protein, Figure 4e. The
coupling of Rc and Ac/Am and the time evolution of the
condensate population in solutions with chemically modiﬁed
protein are in sharp contrast with the respective behaviors of
the mesoscopic clusters of native protein, revealed in Figure
1d,e.
Solutions heated to 65 °C exhibit aggregates with Rc
somewhat higher than the clusters present in untreated
solutions, Figure 4d. The Ac/Am ratio, Figure 4f, reveals that
the aggregates capture a fraction of the protein similar to that in
untreated solutions. These comparisons suggest that the
aggregates observed in solutions heated to 65 °C represent
mesoscopic clusters whose size is enhanced by the destabilization of a fraction of the monomers. The lack of amyloid
structures in solutions heated to 80 °C suggests that the
heterogeneities detected in these solutions also represent
mesoscopic clusters, whose larger size is due to the stronger
protein unfolding. The clusters slowly grow, from 160 to 220
nm over 12 h. The concomitant decrease in the fraction of
protein captured in the clusters, represented by Ac/Am, is weak
(Ac/Am is expected to scale with (Rc/Rm)3),69,70 suggesting that
this evolution represents Ostwald ripening of the clusters,
which occurs faster than in previous observations18 owing to
destabilized protein conformation. The amyloid aggregates,
present in solutions heated to 90 °C, are ca. 4× larger than the
clusters of native lysozyme. Their size is steady over 12 h. The

solutions exposed to 0.4 mM TCEP the diﬀusivity decreases
over this time. Lower diﬀusivity could be an indication of
intermolecular attraction.54,92,93 Since the fraction of broken S−
S bonds in this solution is steady over the tested period, Figure
3a, a slowly emerging attraction is hard to envision. With this,
the decreasing Dm trend suggests the assembly of disordered
oligomers of up to several molecules that capture a majority of
the monomers in the solution.
In solutions heated to 65, 80, and 90 °C, Dm is approximately
steady over 12 h, Figure 4b. After heating to 65 and 80 °C, Dm
is lower by ca. 5 and 15%, respectively, than that of the native
monomer. In combination with the weak ANS signal from
hydrophobic interfaces, Figure 3d, and the lack of ThT
evidence for amyloid aggregation in Figure 3e, the suppressed
Dm suggests enhanced attraction between the lysozyme
monomers after partial unfolding that exposes hydrophobic
residues to the solvent.54 In contrast to these mild eﬀects,
exposure to 90 °C lowers Dm ca. 2.5-fold from the value in
untreated solutions. The dramatically lower diﬀusivity of the
protein exposed to 90 °C and the strong ThT and ANS
responses observed in Figure 3d,f indicate the assembly of the
monomers into amyloid oligomers of ca. ten molecules.
The radius Rc of the clusters and aggregates existing in native
and treated solutions, Figure 4c,d, is determined from the slow
diﬀusion time τc of the DLS correlation function. In solutions
treated with 0.1 and 0.2 mM TCEP, the aggregates, which form
immediately after solution preparation, are similar in size to the
mesoscopic clusters of native lysozyme, Figure 4c. The
aggregates formed in 0.4 mM TCEP solution are larger and
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Figure 4. Condensates of native and treated lysozyme. (a),(b) Diﬀusivity of lysozyme monomers Dm in native solutions and in solutions treated with
TCEP at concentrations shown in the legend (a) and after heating for 6 min to temperature shown in the legend in (b). (c),(d) Evolution of the
radius Rc of clusters and aggregates detected by DLS after TCEP treatment and heating as in (a) and (b), respectively. (e) and (f) The ratio of the
light scattering correlation function amplitudes Ac/Am for solutions of TCEP-treated, in (e), and heated, in (f) lysozyme. The averages determined
from ten correlation functions are plotted; the error bars represent the standard deviation.

diluted with buﬀer down to 20 mg mL−1. We mimicked
irreversibly aggregated lysozyme by suspending latex particles
with radius 100 nm in a lysozyme solution. Diluting this
suspension with buﬀer lowers the concentration of both
particles and protein and keeps the ratio Ac/Am constant,
Figure 5a. The fraction of the protein captured in amyloid

steady decrease in the respective Ac/Am ratio may be due to the
formation of complex amyloid structures and their precipitation.80 The discussed behaviors indicate persistence of cluster
formation, typical of native protein solutions, after short-term
exposure to 65 and 80 °C, and amyloid aggregation that
requires heating to 90 °C. This conclusion is consistent with
the preservation of intact lysozyme α helices upon heating close
to the protein melting temperature (extrapolating the pH
dependence of the lysozyme melting temperature87 to pH 7.8
of our tests suggests that it is between 80 and 90 °C), followed
by drastic structure destabilization within additional 10 °C.87
The values of Rc and Ac/Am for native protein in Figure 4c,d
are similar to those for solutions treated with 0.1 and 0.2 mM
TCEP even though the latter two solutions contain ca. 3 and
6%, respectively, broken intramolecular S−S bonds. The lack of
correlation between the broken S−S bonds and the cluster
properties suggests that broken S−S bonds, present in 0.2% of
the native protein, Figure 2b, are not necessary for cluster
formation.59 The evolution of Rm, and Ac/Am in lysozyme
solutions treated with 0.2 and 0.4 mM TCEP in Figure 4c,d
suggests the growth of a population of disordered aggregates of
chemically modiﬁed lysozyme, or the incorporation of
disordered oligomers in the mesoscopic clusters, which
increases the cluster size and stabilizes the cluster population.
Both scenarios utilize the disordered oligomers, evidenced by
the decreasing Dm in Figure 4a, and are compatible with the
results of the ANS assays for partial unfolding in Figure 3c.
To assess the applicability of these scenarios, we tested the
reversibility of aggregation of structurally modiﬁed lysozyme by
monitoring the dependence of Ac /A m on the protein
concentration. We prepared a solution of 60 mg mL−1 and

Figure 5. Reversibility of the aggregates formed in heated and TCEPtreated solutions. (a) The ratio Ap/Am of the amplitudes of the DLS
correlation function g2 from a suspension of latex particles of radius Rp
= 100 nm in a lysozyme solution with Cm,0 = 60 mg mL−1 as a function
of particle concentration. The initial particle concentration Cp,0
corresponds to volume fraction ϕ0 = 4 × 10−6. A solution with Cp,0
and Cm,0 was diluted with 20 mM HEPES buﬀer so that the ratio Cp/
Cm remained constant. (b),(c) The dependence of the ratio Ac/Am on
the protein concentration for solutions heated to 90 °C, in (b), and for
solutions treated with 0.2 mM TCEP, in (c). C0 = 60 mg mL−1 in both
(b) and (c). The averages determined from ten correlation functions
are plotted; the error bars represent the standard deviation.
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parallel with the mesoscopic clusters present in both native and
TCEP-treated solutions, Figure 6d,e. The second population of
condensates might be a product of the aggregation of the
disordered oligomers, reﬂected in the decreasing Dm trend in
Figure 3a.
We tested the reversibility of aggregation in solutions kept in
the presence of 0.4 mM TCEP for 12 h. For this, we prepared a
60 mg mL−1 lysozyme solution, applied TCEP, and stored the
solution at 22 °C for 12 h. We divided this solution into three
aliquots that were undiluted and diluted to two ﬁnal
concentrations: 40 and 20 mg mL−1. DLS correlation functions
indicate that Rc and Ac/Am, Figure 7, are larger than in solutions

aggregates decreases signiﬁcantly upon dilution, Figure 5b,
reﬂecting the reversibility of small amyloid aggregates, seen
with several proteins.94 The Ac/Am trend for lysozyme freshly
treated with 0.2 mM TCEP indicates that these condensates are
reversible, Figure 5c. The observed reversibility implies that the
disordered oligomers do not form a separate population of
aggregates (aggregation of lysozyme with broken S−S bonds is
expected to be irreversible,6,7,62,65), but rather incorporate into
the mesoscopic clusters, where they lead to greater cluster size
and higher total volume of the cluster population.
Aggregation of Chemically Modiﬁed Lysozyme. The
evolution of the aggregates in solutions with a higher fraction of
broken S−S bonds, induced by treatment with 0.4 mM TCEP
in Figure 4c,e, diverges from that in the other tested solutions.
For additional evidence for an alternative aggregation
mechanism in solutions with high concentration of chemically
modiﬁed molecules, we explore the cluster size distribution
determined by OIM. The data in Figure 6 demonstrate that in

Figure 7. Weak reversibility of aggregates formed in solutions treated
with 0.4 mM TCEP and aged for 12 h. (a) The dependence of the
aggregate radius Rc in solutions treated with 0.4 mM TCEP on the
lysozyme concentration obtained by dilution of the highest
concentration sample after incubation for 12 h at 22 °C. (b) The
corresponding dependences of the ratio Ac/Am. The averages
determined from ten correlation functions are plotted; the error bars
representing the standard deviation are smaller than the symbol size.

of native protein, Figure 1e, consistent with observations in
Figures 4 and 6. Rc is independent and Ac/Am is a weak
function of the dilution ratio, suggesting a weak reversibility of
the condensates. The weak reversibility is consistent with the
presence of two populations of aggregates, revealed by the OIM
size distributions in Figure 6e. Disordered aggregates formed
entirely of chemically modiﬁed protein are expected to be
irreversible;6,7,65 however, these aggregates constitute only a
fraction of the condensates seen in Figure 6d,e. It appears that
the population of mesoscopic clusters, preserved in these
solutions after aging in the presence of TCEP, has retained its
reversibility.
Collectively, the observations in Figures 4−7 suggest that
disordered chains of chemically modiﬁed protein form
oligomers in the solution that may invade the mesoscopic
clusters or assemble into distinct condensates, existing in
parallel with the mesoscopic clusters. The disordered oligomers
embedded in the clusters modify their properties, but do not
aﬀect the cluster reversibility; condensates assembled from
oligomers are likely irreversible.

Figure 6. Evolution of aggregates in TCEP-treated solutions. (a)−(d)
Representative OIM images from native lysozyme solutions and from
solutions treated with 0.4 mM TCEP, shortly after preparation and
after 12 h. Clusters appear as green spots. The observed volume is
approximately 120 × 80 × 5 μm3. Lysozyme concentration is 60 mg
mL−1 in all panels. (e) Number density distributions of the cluster
sizes determined by OIM in the four solutions represented in (a)−(d).
The average of ﬁve determinations in distinct solution volumes is
shown; the error bars represent the standard deviation.

■

solution of native lysozyme, the cluster population 12 h after
solution preparation is practically identical to that in freshly
prepared solutions. This observation agrees with the data in
Figure 1c,d. The average radius of clusters in solutions freshly
treated with TCEP is slightly greater than in native solutions,
and the cluster concentration is higher by ca. 50%, Figure 6e,
consistent with the observations in Figure 4c,d. Importantly,
after 12 h, the TCEP-treated solution exhibits a second
population of aggregates with radius ca. 90 nm, which exists in

CONCLUSIONS
The results presented here demonstrate that three distinct
condensate polymorphs may self-assemble in lysozyme
solutions. The selection of condensation pathway is guided
by the environmental stress: mesoscopic protein-rich clusters
exist at typical laboratory conditions and in solutions heated to
65 or 80 °C; heating to 90 °C for a limited time induces
amyloid ﬁbrillation, whereas reduction potential breaks the
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intramolecular S−S bonds and leads to disordered aggregates.
The mesoscopic protein-rich clusters represent a unique class
of condensate: their radius is steady for 12 h at ca. 40 nm,
whereas the amyloid structures are as large as 180 nm and the
disordered aggregates grow to 60 nm. Another signature
behavior of the mesoscopic clusters is that the cluster radius is
decoupled from the fraction of protein captured in the clusters.
We show that the partial unfolding of a small fraction of the
lysozyme molecules, a necessary precursor for the formation of
mesoscopic clusters,54,56,59 diﬀers from the unfolding of a large
population of molecules leading to amyloid ﬁbrils. This
observation supports the notion that the mesoscopic clusters
require opening of the hinge between the α and β domains of
lysozyme,54,56,59 whereas ﬁbrillation is preceded by destabilization of the α helices.62,95,96 In accordance with this molecular
viewpoint, the enzymatic activity of lysozyme is fully retained in
cluster forming solutions, but the protein that assembles into
amyloid structures is inactive. Furthermore, we show that
breaking of the intramolecular S−S bonds, which are essential
for the structural integrity of lysozyme,6,7,62,65 is not a
prerequisite for cluster formation.
The formation of mesoscopic clusters of lysozyme is
reversible and the fraction of protein captured in them adjusts
to variation of the concentration of the host solution. The
clusters may capture a low concentration of disordered
oligomers. High amounts of chemically modiﬁed protein,
however, assemble into irreversible disordered aggregates that
exist in parallel with the mesoscopic clusters.
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