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The molecular chaperone aB-crystallin is a small heat shock protein that inhibits the aggregation of,
among others, AB42 and a-synuclein. These proteins are major hallmarks of Alzheimer’'s and Parkinson'’s
disease, respectively. In order to understand the mechanism with which aB-crystallin performs its
chaperone function it is essential to characterize its self-assembly in terms of aggregate size distribution,
structure, and critical concentration. The size distribution of the assemblies has been widely discussed
and they have been suggested to be monodisperse or polydisperse with varying size distributions
covering a range of 10-40 monomers per assembly. Here, the size distribution was studied using
dynamic and static light scattering, microfluidic diffusional sizing (MDS), as well as small-angle X-ray
scattering (SAXS). Findings indicate that aB-crystallin has a preference toward forming spherical
assemblies consisting of 18 monomers with a hydrodynamic radius of ~7 nm after one week. SAXS data

Received 3rd July 2025, were modelled using a homogeneous sphere model with a radius of 6 nm, which is comparable to the

Accepted 18th August 2025 light scattering and MDS results. 2D classes built from negative stain transmission electron microscopy
DOI: 10.1039/d5sm00684h images suggest that the spherical aggregates contain several smaller globular units. Furthermore, the

findings show that the size of the assemblies is independent of protein concentration, supporting a
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Introduction

Chaperones are a class of proteins capable of maintaining other
proteins — clients - in a functional state by preventing their
misfolding and aggregation. Chaperones are often classified as
foldases or holdases, where the former class assists in the folding
of clients at the expense of ATP, and the latter class prevents
misfolding and aggregation through intermolecular interactions
without external energy input.'

One group of chaperones is the small heat shock protein
family, which includes the crystallin proteins. These are found
at high concentrations in the eye lens, where they maintain its
transparency and high refractive index.>” There are three main
types of crystallins: a-crystallin, B-crystallin, and y-crystallin.
a-Crystallin consists of two different polypeptide chains, oA-
crystallin and oB-crystallin, that have been suggested to form
co-assemblies in a 3:1 stoichiometry in the eye lens.* While
closely related in sequence, oA-crystallin is predominantly
expressed in the eye lens while oB-crystallin (aBC) is

“ Biochemistry and Structural Biology, Chemical Center, Lund University, Lund,
Sweden. E-mail: ewelina.lindbladh@biochemistry.lu.se

b Physical Chemistry, Chemical Center, Lund University, Lund, Sweden.
E-mail: majuskad@hotmail.com

Astbury Centre for Structural Molecular Biology, University of Leeds, Leeds, UK

+ These authors contributed equally and share first authorship.

i Current address: RISE PFI AS, Hogskoleringen 6B, Trondheim 7491, Norway.

7308 | Soft Matter, 2025, 21, 7308-7317

strong preference for specific assembly constellations.

ubiquitously expressed throughout the body, including the
eye lens, the brain, as well as the heart and skeletal muscles
(data available from https://v23.proteinatlas.org).>”

The chaperone activity of «BC may be limited to a holdase
function, preventing unfolded proteins from misfolding and
aggregation. It has previously been shown that oBC aids in
maintaining proteostasis in several systems related to neuro-
degenerative diseases through the suppression of the amyloid
formation of B -crystallin,* lysozyme,®® B2-microglobulin,®*°
a-synuclein,"™** AB40 and AB42,'° and insulin.’

The oBC protein, Fig. 1, consists of 175 amino acid residues
that form an N-terminal region, rich in hydrophobic residues,
an o-crystallin domain (residues 67-157,"* 61-150,">'® or
69-150"), and a C-terminal region. The a-crystallin domain is
a distinguishing feature of small heat shock proteins, and
structural investigations by solid-state NMR spectroscopy and
X-ray crystallography have revealed the domain to be domi-
nated by B-sheet.'*'®

The isolated o-crystallin domain has been found to associate
into dimers but not higher order assemblies.'* A representation
of the dimer can be viewed in Fig. 1(c), where the o-crystallin
domains of two monomers form a joint, elongated, B-sheet in
the aBC dimer. Based on inspection of the structural model, the
dimer has been proposed to be stabilized by electrostatic and
hydrophobic interactions between N- and C-termini."® Further-
more, this dimer-state of «BC has been suggested to be the

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The regions and one proposed structure of aB-crystallin. The N-terminal region is colored blue, the a-crystallin domain is colored green, and the
C-terminal region is colored red (PDB: 3J07).1° (a) Schematic of the aB-crystallin protein sequence. The N-terminal region consists of residues 1 to 60,
the a-crystallin domain of residues 61-150, and the C-terminal region of residues 151-175.%6 (b) The monomer structure in an oligomer of aBC
consisting of 24 monomers. (c) The dimer structure in an oligomer of aBC consisting of 24 monomers.

main building block for the assembly of higher-order aggre-
gates in several studies'®*”'®2°23 and as reviewed by Dimauro
et al."” The dimer-dimer interface includes a well-conserved
Ile-X-Ile motif (residues 159-161) located in the C-terminal
region of a monomer in one dimer, which contacts a hydro-
phobic pocket of a monomer in a second dimer.'®'® The
higher-order assemblies appear to be further stabilized by
interactions between dimer N-termini."’

Within the assembly, hexameric rings consisting of three
dimers can be identified.'”** See Fig. 1(b) and (c) for the
structural models of monomeric and dimeric «BC, built on
experimental data from solid-state NMR spectroscopy, SAXS,
and electron microscopy.'®

The self-association of recombinant oB-crystallin, including its
oligomer size distribution, assembly structure, and dynamics have
previously been studied by, but not limited to, size exclusion
chromatography (SEC),>® dynamic light scattering (DLS),>>*® mass
spectrometry (MS),*"***"*® NMR spectroscopy,'**° electron micro-
scopy (EM),>"*??® microfluidic high-field electrophoresis,”® and
analytical ultracentrifugation (AUC).'?* These studies report on
size distributions as wide as approximately 10-40 monomers and
are typically performed at a single protein concentration.>"*” Some
studies report smaller ranges than 10-40 monomers per oligomer,
however, they are all within that wider range.”*** Despite the
numerous studies on oB-crystallin, there is still no agreement on
whether the size distribution of the oligomers is monodisperse or
polydisperse in nature.

This study is motivated by the lack of consensus regarding
the width of polydispersity of aB-crystallin rather than the
average of monomers per oligomer in combination with the
lack of characterization of its concentration dependence over a
broad concentration range. To investigate this further, this
work utilizes several scattering techniques (dynamic light scat-
tering, DLS; static light scattering, SLS; and small-angle X-ray
scattering, SAXS) and microfluidic diffusional sizing (MDS) and
negative staining electron microscopy (EM) to systematically
study the size, shape, and size distribution of recombinant

This journal is © The Royal Society of Chemistry 2025

aB-crystallin as a function of protein concentration and equili-
bration time. The data presented herein support that the
distribution of aB-crystallin closely resembles a monodisperse
size distribution.

Materials and methods
Protein production and purification

Recombinant human oB-crystallin was expressed in E. coli
(BL21 DE3 pLysS star) from a synthetic gene with E. coli-
optimized codons cloned in a Pet3a vector (Purchased from
Genscript, Piscataway). Cells from 1 L culture were sonicated in
80 mL Tris buffer (10 mM Tris, 1 mM EDTA, pH 8.0) on ice
followed by centrifugation for 15 min at 15000 rpm at 4 °C
(Beckman, SS25:50 rotor) whereafter the supernatant was col-
lected. 17% of the material was used for purification, the
remaining stored for future use. The 30-50% ammonium
sulphate (AMS) fraction was obtained as follows: 13.3 mL
supernatant was mixed with 5.7 mL saturated AMS, pH 8.0,
incubated on ice for 10 min before centrifugation at 8500 rpm
for 15 min at 4 °C (Biofuge). The supernatant was collected and
supplemented with 7.6 mL saturated AMS, pH 8.0, incubated
on ice for 10 min followed by centrifugation at 8500 rpm for
15 min. The pellet was collected, dissolved in 30 mL Tris-HCI
buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and again
precipitated with 50% AMS and collected by centrifugation.
The pellet was collected and dissolved in 500 mL Tris buffer
(10 mM Tris, 1 mM EDTA, pH 8.0) and dialyzed against H,O
overnight at 4 °C.

The dialyzed solution was pumped through a 5 mL QHP
column and eluted using a linear NaCl gradient (0.0 M-0.2 M).
Eluted fractions were further purified using two rounds of size
exclusion chromatography (SEC) on a Superdex200 26/600
column, first in 20 mM sodium phosphate, 0.2 mM EDTA,
1.5 M GuHC], pH 8.0, and then in 20 mM sodium phosphate,
0.2 mM EDTA, pH 8.0. Further information on the purification,
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including SDS-PAGE gels and chromatograms, can be found in
Section S1 in the SI. The concentrations of the eluted fractions
was determined by the absorbance at 280 nm (Labbot) assum-
ing an extinction coefficient of 14000 M~ em ™. The purified
protein was stored at —20 °C.

Fluorescent protein production and purification

An aB-crystallin mutant with a cysteine residue added directly
after the initial methionine residue was expressed and purified
in the same manner as described above, but with the inclusion
of 1 mM dithiothreitol (DTT) in all buffers except during the
final size exclusion chromatography (SEC) step. The protein
obtained from this last step was mixed with 2 molar equivalents
of AlexaFluor647-maleimide, added from a 5 mM stock in
DMSO. The mixture was incubated for 2 h at room temperature
after which it was lyophilized. The lyophilized sample was
dissolved in 6 M GuHC], incubated 1 h and again purified by
SEC to remove excess dye and to obtain pure aBC-NCys-
Alexa647, which was aliquoted and stored frozen.

All buffers were filtered through 0.2 pum filter paper (Pall
Corporation, water wettable polytetrafluoroethylene (WwPTFE))
and degassed.

Sample preparation for light scattering

Samples for light scattering and small-angle X-ray scattering
were prepared in the following manner: A frozen oBC stock
solution in sodium phosphate buffer (20 mM sodium phos-
phate, 0.2 mM EDTA, 0.02% NaN3, pH 8.0) at a concentration of
69 pM was thawed and diluted in low-binding Eppendorf tubes
to the following concentrations: 10 uM, 22 uM, 34 puM, 46 uM,
and 58 pM. The same day approximately 300 pL were trans-
ferred to clean 5 mm diameter NMR tubes and sealed with
parafilm. The samples were stored at room temperature
(approximately 22 °C) for the duration of the experiment.

Light scattering

Static (SLS) and dynamic (DLS) light scattering experiments
were performed on a 3D LS spectrometer (LS Instruments, AG)
equipped with a cobolt laser with maximum power of 100 mW
and a wavelength of 4 = 660 nm. The scattered intensity and
correlation functions were recorded from 60° to 140° with 5°
steps. The measurements were performed at 25 °C in 5 mm
diameter glass tubes, emerged in a refractive index-matching
liquid (decalin). The sample with the lowest concentration,
10 uM oB-crystallin, displayed a low signal-to-noise ratio result-
ing in a significant uncertainty in the DLS experiments. There-
fore only SLS data for this sample was considered.

The output of the dynamic light scattering (DLS) is an
intensity-intensity correlation function g®(g, 1), where

A (2 )
=752

is the scattering vector and 7 is the lag time. The refractive
index of the solution is n and 0 is the scattering angle. From the
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intensity correlation function one can obtain the diffusion
coefficient D through the relation

g0 -1_
" =c
B
where § < 1 is an instrument constant and I' = q2D is the
g-dependent decay rate. The diffusion coefficient is further

related to the hydrodynamic radius, Ry, via Stokes-Einstein
equation, valid at low concentrations
ksT

D= 3
6mn Ry 3)

=e 7P )

Here, kg = 1.38 x 10~ 2* J K ! is the Boltzmann constant, T is
the temperature and # is the solvent viscosity. The diffusion
coefficient for each sample was estimated from a linear fit of I',
obtained from a mono-exponential fit, vs. g>.

Static light scattering (SLS) yields information about the
molecular weight of the oligomers. The output of the experi-
ment is the g-dependent time-averaged scattering intensity,
I(g). By calibration with toluene, the scattering intensity was
transformed to absolute scale, the so-called excess Rayleigh

ratio, AR, by
, —1(q)y, (nb>2
=—2= 2R |— 4
I(q)1 ' nt ( )

where I(q)s, I(q)» and I(q), are recorded values of scattered
intensities from the sample, buffer and toluene, respectively,
R, is the Rayleigh ratio of toluene, which at 25 °C equals to
1.148 x 10~° em ™. The refractive indices of buffer (water) and
toluene are ny, = 1.33 and n, = 1.49, respectively.

Small-angle X-ray scattering

The samples for small-angle X-ray scattering (SAXS) experi-
ments were taken from the same tubes as the samples for light
scattering experiments. Approximately 40 pL of samples was
transferred to disposable quartz capillaries on day 7 after
thawing and the capillaries were mounted on the SAXS instru-
ment directly after.

SAXS measurements were performed using the laboratory-
based Xeuss 3.0 instrument (Xenocs, France) at the center for
scattering methods (CSM) in the Faculty of Science, Lund
University. The instrument is equipped with a MetalJet X-ray
source (Excillum) and the two dimensional scattering patterns
were recorded with an Eiger2 R 1M detector (Dectris) and
azimuthally integrated using the XSACT software available with
the equipment creating one dimensional scattering curve,
obtaining the radially averaged intensity, I(g), where g is given
by eqn (1), with n = 1. The measurements were performed at
room temperature at two sample-to-detector distances, 1.8 m
and 0.5 m. Absolute scaling of the scattered intensity is
provided within the XSACT data reduction from the known
scattering volume and the additional recording of the trans-
mitted beam intensity. The data were analyzed using the
SasView software (https://www.sasview.org). Pair-distance dis-
tribution functions®' were calculated from the SAXS data, again
using the SasView software.

This journal is © The Royal Society of Chemistry 2025
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Microfluidic diffusional sizing (MDS)

Frozen oaBC-NCys-Alexa647 (8 uM) was thawed and diluted to
1 nM, 3 nM, 5 nM, 8 nM, 10 nM, 15 nM, 20 nM, 30 nM, 50 nM,
100 nM, 250 nM, 500 nM, 1 puM, 3 pM, 5 puM, and 8 pM in
20 mM sodium phosphate, 0.2 mM EDTA, 0.02% NaNj;, pH 8.0
in Eppendorf low-binding tubes. The hydrodynamic radius was
calculated using the Stokes-Einstein relation, see eqn (3), by
measuring the fluorescence intensities in each chamber post-
diffusion (Fluidity One-M, Fluidic Sciences).***

Measurements were made immediately upon dilution (day
1), after 3 days (day 4), and after a week (day 7). Further
information on the time-dependence of the MDS measure-
ments can be found in Section S3.2 in the SI. The samples
were stored in the dark at room temperature between the
measurements. The measurements were performed by first
adding 4 pL of the 20 mM sodium phosphate buffer to each
buffer well, waiting for 90 seconds, whereafter 4 UL sample was
added to the sample wells. All measurements were done in
triplicates. Flow-rate setting 4 (suitable for particles of size
3 nm - 17 nm) and viscosity setting 1 (suitable for low-
viscosity liquids in the range 0.82 mPa*s-1.08 mPa*s) were
used. The replicates in the concentration range 1-8 uM and the
replicates in the concentration range 1-4 nM were pooled
together, respectively, to obtain the mean value and standard
deviation of Ry of the plateaus in the MDS data. Data analysis
was performed using Graphpad Prism (version 10.3.1 for Win-
dows, GraphPad Software, Boston, Massachusetts USA, https://
www.graphpad.com).

The concentrations of the more dilute aBC samples
(1 nM-0.5 uM) were internally corrected for the loss of protein
through adsorption to various surfaces by using the intensity
values from the MDS for the higher oBC concentration samples
(1 uM-8 uM). A linear regression line was fitted to averaged
intensity values, across all timepoints, for samples in the range
1 pM-8 uM. The regression line was thereafter used to calculate
the concentration of the remaining «BC samples, 1 nM-0.5 uM,
using the measured intensity values reported by the MDS
instrument. This concentration correction is further described
in Section S3.1 in the SI.

Negative stain transmission electron microscopy

Frozen oB-crystallin with a concentration of 55.6 pM was
allowed to thaw at room temperature before dilution to 5 pM
in 20 mM sodium phosphate buffer (20 mM sodium phosphate,
0.2 mM EDTA, 0.02% NaNj, pH 8.0) in a 1.5 mL low-binding
Eppendorf tube. Negative stain grids were prepared by applying
4 uL of sample to glow discharged 300 mesh continuous carbon
grids for 2 minutes. The samples were blotted, washed with
water, and then stained with 2% (w/v) uranyl acetate. Negative
stain imaging was performed at the University of Leeds Astbury
Centre using a Talos L120C TEM operated at 120 kV.

213 movies were collected from the negatively stained grids
at a nominal magnification of 57000 yielding a pixel size of
2.5 A for performing 2D classifications. Each movie was col-
lected as MRC fractions. The CTF parameters for each

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

micrograph were estimated using CTFFIND v4.14.>* A small
set of particles was manually picked using RELION 4*° and
extracted particles were used to train automated picking using
TOPAZ.*® A total of 2591728 particles were extracted using a
box size of 100 pixels for iterations of 2D classifications. The
VDAM 2D classification algorithm was used to separate picking
artifacts, leaving 239 530 particles for the subsequent round of
2D classification using EM algorithm.

Results and discussion

After thawing and diluting a 69 pM oBC stock solution to
10-58 pM, it was observed through static light scattering that
the aggregation number initially decreased with time by
approximately 25%, reaching a stable value after about one
week. In Fig. 2 the excess Rayleigh ratio, extrapolated to g = 0,
AR(0), is presented as a function of the protein concentration, c.
Here, data from three different incubation times are compared.
Measurements labeled as day 0 in Fig. 2 refer to experiments
performed on the day of preparation (thawing, dilution). Day 7
and day 24 refer to data recorded after 7 days and 24 days of
incubation, respectively. As can be seen, AR(0) varies linearly
with ¢, however the slope is significantly higher day 0 compared
to those of days 7 and 24, which are very similar. From this, one
can conclude that an equilibration time of approximately one
week was sufficient to reach an equilibrium state (Fig. 2). This
initial relaxation is likely a consequence of the sample prepara-
tion which includes several AMS precipitation steps as well as
dissolution and denaturation in guanidine hydrochloride
solution just prior to the final SEC step. The short time
required for the final SEC step (approximately 1 h), appears
not to be sufficient to reach equilibrium of the aBC assemblies.
However, as can be seen in Section S2 in the SI, the observation
was made that an equilibration time was needed after the final
SEC step even for samples that were never frozen after purifica-
tion. Nevertheless, the assembly state reached after approxi-
mately one week is in this study defined as the equilibrium

2x1047
D Day 0
~ 1.5x10 Day7
£ 4 Day24
L2
)
% 1x10-4 .
%" B
5x10-5 ‘
/A
0 i . . : .
0 20 40 60 80

oBC Concentration (uM)

Fig. 2 Excess Rayleigh ratio at g = 0 vs. concentration, measured on day O
(purple circles), day 7 (blue squares) and day 24 (pink triangles) after sample
preparation. The solid lines represent linear fits, yielding an aggregation
number N = 24 (day 0), N = 19 (day 7) and N = 17 (day 24). The average final
aggregation number is thus N = 18.

Soft Matter, 2025, 21, 7308-7317 | 7311


https://www.graphpad.com
https://www.graphpad.com
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00684h

Open Access Article. Published on 25 August 2025. Downloaded on 4/11/2026 12:20:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

given the conditions, and all measurements reflect this
equilibrium state.

For monodisperse assemblies of aggregation number N,
AR(0) can be written as

42?2 (dn\?
AR(0) = NAAE‘ (&) NMc (5)

where N, = 6.022 x 10> mol ™' is Avogadro’s number, ny, is the
refractive index of the buffer solvent, n the refractive index of

. . dn . o
the protein solution, = 0.19 cm?® g~! is the refractive index
c

increment,®” and M,, = 20 x 10> g mol " is the molar weight of
aBC. As can be seen, AR(0) varies linearly with the protein
concentration, which implies that the aggregation number, N,
is independent of the protein concentration. However, N
depends on the time after sample preparation. On the day of
thawing the stock solution (day 0), N = 24 is obtained from the
slope in Fig. 2. After one week, N had decreased to approxi-
mately 18, a value that then remained the same after 24 days.
The data thus suggest that N = 18 is the equilibrium value that
is reached after approximately one week. Therefore, an equili-
bration time of one week was applied to all other experiments
characterizing the self-assembly of aBC.

The aggregation number N = 18 found here is smaller than
the mean aggregation number found in other studies, although
N =18 is still within the range of reported size distributions for
aBC. As such, any structural models are for larger assemblies of
oBC. Two such models, with N = 24, have been obtained from
solid state NMR in combination with SAXS and negative stain
EM,'® as well as from cryo-EM." However, the equilibration
time prior to measurement was not reported in those studies.
Interestingly, the difference in aggregation number between
these two models and the results found herein is 6 monomers.
These 6 monomers could potentially form a hexameric ring,
which is one of the suggested building blocks of the oBC
oligomer.18 It is of note, however, that those structural models
were obtained at pH 7.5 while the experiments presented
herein were performed at pH 8.0.

In Fig. 3(a) complementary SAXS patterns are presented,
obtained from the same samples as were used in the light
scattering experiments. The SAXS intensities are all divided by
the respective sample concentration, and the fact that the
normalized scattering patterns all fall on the same overarching
pattern supports the conclusion that the aggregation number,
N, is independent of the concentration. However, as the scat-
tering pattern also reports on the assembly shape, the data
further implies that the assembly shape is independent of the
protein concentration.

The SAXS patterns are well described by a simple model of
homogeneous spheres, for which the theoretical scattering
profile is given by*®

3sin(¢R) — ¢R c:os(qR))2 I ©)

(4R)?
where I(0) is the scattered intensity at g = 0, and I, represents a
small and approximately constant intensity resulting from the

110 = 10}
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internal structure of the aggregate and protein molecules. The
solid black line in Fig. 3(a) is a calculated scattering pattern
using eqn (6) with a radius R = 6 nm. As can be seen, there is
good agreement between model and data. The oscillations in
the model pattern are a consequence of the model’s assump-
tion of a sharp discontinuity in the electron density at the
sphere-solvent interface, which is not the case for protein
assemblies. However, the good agreement between model and
data at lower g-values imply that the assembly shape of aBC to a
good approximation can be described as a sphere. It is also
noted that a sphere radius R = 6 nm is in good agreement with
what has been reported in literature using SANS and SAXS.***°

From comparing the volume of a sphere of radius 6 nm with
the total volume of N = 18 protein molecules, the volume
fraction f of proteins in the aggregates can be roughly esti-
mated. Assuming a protein mass density of 1.4 ¢ mL™',*! fis
estimated to 0.5, a reasonable value. Notably, despite the
estimation that oBC assemblies contain about 50% water,
modeling them as homogeneous spheres remains valid, as
SAXS profiles show no evidence of internal assembly structure.
However, it is worth noting that should there be a small
spherical empty space at the center of the oligomer it would
not be detectable through SAXS experiments. As such, the
possibility of a small empty space in the oligomer center cannot
be dismissed. Indeed, a small central cavity has been
suggested.16'19’25‘26

Another convenient way to evaluate aggregate size and shape
is to transform the experimental scattering function I(g) into
real space, to obtain the pair-distance distribution function
p(r).*" In Fig. 3(b) p(r), normalized to an amplitude equal to
unity, obtained for the different protein concentrations is
plotted. As can be seen, p(r) for the different concentrations
are essentially identical. The bell shaped curves imply that the
particle shapes are approximately spherical®® and the maxi-
mum pair-distance is Dy, & 13 nm. For a homogeneous
sphere, p(r) has an analytical expression®"

/.31
SN Y
) 4n( 2 8

), 0<x<2 7)

with x = 7/R. As a solid line in Fig. 3(b) a theoretical p(r) for
homogeneous sphere with R = 6 nm is plotted. As can be seen, this
model describes the data well with only a minor discrepancy for
rnear Dy, This is not surprising, as the aggregates are made up of
self-assembled protein molecules. The conclusion, however, is that
the aggregates to a good approximation can be described as
homogeneous spheres with a radius of 6 nm.

Negative stain TEM was performed with a 5 pM sample, and
a representative image is shown in Fig. 3(c). The image shows a
large number of oBC oligomers as well as two insets: a higher
magnification image of the sample and a generated 2D class.
The TEM image confirms the conclusions from SAXS that the
aggregates are essentially spherical, with a radius of approxi-
mately 7 nm. However, while SAXS data does not indicate any
internal structure, the 2D class obtained from the negative
stain TEM and presented in Fig. 3(c) shows what resembles a
corona at the edges of the assemblies. This would suggest that

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) SAXS profiles measured for aBC at several concentrations (see
legend) in 20 mM sodium phosphate buffer 7 days after sample prepara-
tion. The solid line is a model calculation showing the scattering pattern of
homogeneous spheres with a radius of 6 nm. (b) The normalized pl(r)
calculated from the SAXS data at the different concentrations (see legend).
The solid black line is the theoretical p(r) curve calculated for a homo-
geneous sphere of radius 6 nm. (c) Negative stain transmission electron
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microscopy image of 5 uM aBC in the same buffer. The upper right inset
shows a magnified image of aBC. The bottom right inset shows one of the
2D classes generated from the negative stain images. This 2D class is
averaged over 2693 particles and has a radius of approximately 7 nm. More
information regarding the radius of the particles based on 7 negative stain
images can be found in Section S6 in the SI.

aBC oligomers are composed of smaller beads. Nevertheless,
no further conclusions can be drawn regarding the 3D structure
of aBC oligomers. This is due to the fact that the stain may
cover the grid with the sample unevenly, leading to artifacts in
the 2D class averaging. Additionally, the «BC oligomers may be
affected by the harsh conditions that negative staining involves,
leading to possible deformations of the shape, in line with what
was previously noted by Jehle et al.'® Despite this, the radius of
the 2D class is approximately 7 nm which is comparable to the
results of the other methods in this paper. Therefore, the image
in Fig. 3(c) can be said to support the proposed idea that «BC
oligomers are spherical with a radius of approximately 6-7 nm.

DLS experiments were also performed on the same samples
as SLS and SAXS. The normalized intensity correlation func-
tions are presented in Fig. 4(a) (here the data from the 10 pM
sample was omitted due to the relatively poor signal-to-noise
ratio). As can be seen, the correlation functions from the
samples at five different concentrations are essentially identi-
cal, again supporting the conclusion that the assembly size is
independent of the concentration. The correlation functions
furthermore show a single exponential decay. The best fit with a
single exponential decay to the 69 pM data is shown as solid
line, from which a hydrodynamic radius of 7.4 nm is obtained.
This value is in good agreement with previous studies using
DLS.>>?%%% The single exponential decay implies that the aBC
oligomers are essentially monodisperse. A narrow size distribu-
tion is also supported by the observation of a narrow elution
peak in the SEC chromatogram, see Fig. 4(b).

DLS experiments are limited to relatively high protein con-
centrations. To study the self-assembly also at sub-micromolar
concentrations, diffusion experiments using microfluidic diffu-
sional sizing (MDS) were performed. Using MDS, a wide
concentration range was covered, from 1 nM to 8 uM. The data
are presented in Fig. 4(c) where the average hydrodynamic radius,
Ry, is plotted as a function of the protein concentration. At higher
concentrations of the MDS data, 1-8 pM, Ry = 7.0 + 0.3 nm,
independent of the concentration, in agreement with the DLS data.
Below about 100 nM, Ry decreases gradually with decreasing
concentration, and levels off at R = 5.4 £ 0.5 nm below approxi-
mately 4 nM. Thus, the concentration ~4 nM marks the onset of
aB-crystallin self-assembly into larger oligomers.

The observation of essentially monodisperse oligomers of
oBC, with N ~ 18 independent of the protein concentration,
implies a very strong preference for this particular aggregation
number. To a good approximation the self-assembly can there-
fore be described as following the closed association model,

. . i ¢
characterized by a single association constant K = or

oN’
Cs
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(a) Intensity—intensity correlation functions for different «BC concentrations (see legend inset) measured at 90° on day 7 after sample preparation

and a mono-exponential fit (black solid line). The fit yields Ry = 7.4 nm. See Section S4 in the Sl for a graph of the same data plotted on a logarithmic
x-axis. (b) Chromatogram (absorbance at 280 nm) of the second size exclusion in the purification process of aB-crystallin, displaying a narrow peak. (c)
Ry vs. concentration obtained by MDS (purple triangles) and DLS (turquoise circles). The closed association model simulation is shown as a solid green
line. (d) Simulations based on the closed association model of the concentration of dimeric aBC (turquoise squares) and the concentration of 18-meric (9
dimeric subunits) aBC (peach rhombi) as a function total aBC concentration. The inset shows a magnification of the concentration behavior at the lower
concentrations of aBC. Note the shift in behavior of the dimeric and 18-meric simulation data at approximately 4 nM.

. . 1 . .
dissociation constant K4 = E.‘u Here, ¢, is the subunit concen-

tration and cy is the concentration of the N-mer, N now being
the number of subunits in the oligomer. For larger N-values this
model predicts an onset of aggregation at a critical concen-

1 . .
KN For ¢ < cuq, essentially only subunits are
present. FOr ¢ > Cuqq, Cs varies (increases) only weakly with

tration ¢y ~

increasing c. At higher concentrations ¢ >» ., assemblies
dominate and subunits can be neglected.

The value of Ry ~ 5 nm at lower concentrations, below c,gy,
is larger than what is expected for an aB-crystallin monomer,
suggesting that the subunit also is in an oligomeric state. In
line with previous work,">”*®2%3 it is here assumed that the
subunit is a dimer. With only dimers and the larger assemblies,
built of N = 18/2 = 9 subunits, present, the total (protein)
concentration is given by ¢ = 2(cs + Ncy).

In Section S5 of the SI an approximate expression for (Ry) in
a polydisperse system is derived for the MDS experiment. For a

7314 | Soft Matter, 2025, 21, 7308-7317

bimodal size distribution, subunits and the larger assemblies,
the expression is

2NCN 1 ?
= (8)

1 2¢s 1
= +
(Ru) <C v/ Rus ¢ /Run

Here, Ry and Ry are the hydrodynamic radii of the
subunit and larger N-mer, respectively. Within the closed
association model, the variation of ¢; and ¢y as a function of
the total protein concentration ¢ can be calculated for given
value of N and K. Having the values of ¢; and ¢y, (Ry) in the
MDS experiment can be calculated from eqn (8). With N=9 and
assuming Ry s =5 nm and Ry =7 nm, K is adjusted to obtain a
curve, Ry versus c, that roughly describes the experimental data.
Based on this, a calculation using K = 10~* nM ™ ® is shown as a
solid green line in Fig. 4(c). The calculation should be seen as
an estimate only of the association constant. The small differ-
ence in Ry between the larger oligomers and the subunits
makes experimental uncertainties relatively large. In any case,
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the parameter values used in the calculations have been
adjusted to agree with the experimental data, and suggest that
there is an onset of aggregation at c,,, ~ 4 nM. Below this
concentration 2¢; essentially equals c. Above this concentration
the subunit concentration varies only weakly with increasing c.
Increasing ¢ > c,q, results mainly in an increase of cy. This can
be seen in Fig. 4(d), where the protein concentrations in
subunits (2¢;) and larger oligomers (18cy), respectively, are
plotted as a function of the total protein concentration.

The self-assembly of aB-crystallin studied in this work is an
example of protein aggregation and is thus related to amyloid
formation and the aggregation of misfolded or denatured
proteins. However, there is an important fundamental differ-
ence. oB-crystallin self-assembles above a semi-critical concen-
tration, c,e, & 4 nM, into finite sized aggregates, here found to
consist of approximately 18 aB-crystallin monomers. This is to
be compared with the practically infinite aggregates formed by
amyloid proteins. For amyloid-p40 and 42 (AB40 and AP42) at
37 °C and pH 7.4 or 8.0, respectively, the corresponding critical
aggregation concentrations, viewed as monomer solubility,
were found to be approximately 400 nM**** and 30 nM,**
respectively. The fact that the chaperone aggregates are finite
is interesting. It allows the protein to have a partial hydropho-
bic character in the form of hydrophobic patches, important for
its action, and be present at higher concentrations with-
out precipitating out of solution with possibly toxic larger
aggregates.

Conclusions

In this work, the molecular chaperone protein aB-crystallin has
been characterized at pH 8.0 at concentrations spanning
almost 5 orders of magnitude (1 nM to 69 uM). Through
small-angle X-ray scattering and negative stain transmission
electron microscopy at concentrations >5 puM, oB-crystallin
oligomers are shown to assume a homogeneous quasi-spherical
3D structure where the protein molecules are distributed
homogeneously throughout the oligomers. These quasi-
spherical aB-crystallin oligomers were found to have an effec-
tive radius of 7 nm which is in good agreement with the
diffusion experiments, microfluidic diffusional sizing and
dynamic light scattering, which collectively suggest a hydro-
dynamic radius of approximately 7 nm. Further conclusions
about oB-crystallin’s three-dimensional structure cannot be
drawn and thus require other methods.

Regarding the size distribution of oB-crystallin oligomers,
small-angle X-ray scattering, negative stain transmission elec-
tron microscopy images, microfluidic diffusional sizing, size
exclusion chromatography, as well as static and dynamic light
scattering all indicate that aB-crystallin has a monodisperse-
like behavior. It is found that aB-crystallin forms large oligo-
mers of approximately 18 monomers, in agreement with the
range reported by previous studies and the size is remarkably
independent of the protein concentration. Based on the data
presented in this study, it is here proposed that the self-
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assembly of aB-crystallin can, to a good approximation, be
described using the closed association model, with a critical
aggregation concentration of approximately 4 nM.

At low concentrations, the microfluidic diffusional sizing
data indicate a dissociation of the oligomers into subunits
having a hydrodynamic radius of 5.4 £ 0.5 nm. This is larger
than what is expected for a partially folded monomer.*® In line
with previous work,'>7*820723 it j5 here assumed that the
subunits are dimers.

From analyzing the low concentration microfluidic diffu-
sional sizing data and assuming the closed association model
to apply for the oligomers of 9 dimer subunits, the association
constant is estimated to be K ~ 10~* nM°, and an onset of
aggregation to be approximately 4 nM.

Additionally, it is of note that the samples in this study
required an equilibration time, where approximately one week
after thawing was sufficient in order to reach an equilibrium
size distribution. This equilibration time likely depends on the
details of the sample preparation protocol, and the importance
of monitoring samples over time is here stressed to confirm
that they are in an equilibrium state.

Finally, these findings are an important step to understand-
ing one of the body’s own protection systems - the chaperone
system - toward protein misfolding diseases such as Alzhei-
mer’s. The same underlying interactions may drive client-
chaperones co-assembly and chaperone self-association. While
the aggregation of client proteins is infinite and toxic, the
self-association of chaperones is finite and non-toxic. First
understanding the chaperone self-association may facilitate
insights into the more complex client-chaperone association
to stimulate new therapeutic strategies for treating neurode-
generative diseases, for example deriving chaperone mimics.

Author contributions

All authors contributed equally.

Conflicts of interest

The authors have no conflicts of interest to declare.

Data availability

Supplementary information is available. See DOI: https://doi.
0rg/10.1039/d5sm00684h

All data presented in this paper have been deposited onto
Github for public access and can be found by following this
URL: https://github.com/saralinse/Published_Data/tree/Soft_
Matter_2025_aBC_self-assembly.

Acknowledgements

This work was supported by the Knut and Alice Wallenberg
Foundation (KAW 2022-0059 to SL and UO), the European
Research Council RC (ERC AdG 101097824 to SL) and the Swedish

Soft Matter, 2025, 21, 7308-7317 | 7315


https://doi.org/10.1039/d5sm00684h
https://doi.org/10.1039/d5sm00684h
https://github.com/saralinse/Published_Data/tree/Soft_Matter_2025_aBC_self-assembly
https://github.com/saralinse/Published_Data/tree/Soft_Matter_2025_aBC_self-assembly
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00684h

Open Access Article. Published on 25 August 2025. Downloaded on 4/11/2026 12:20:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

Research Council (VR 2015-00143 to SL and VR 2020-04633 to UO).
The authors would like to thank Astbury Centre for Structural
Molecular Biology, University of Leeds, for access to the Talos
L120C microscope for negative stain imaging. Additionally, the
authors would like to thank Leo Sparr, Lund, for assisting with the
measurement of particle diameters in the negative stain images.

References

1 A. M. De Graff, D. E. Mosedale, T. Sharp, K. A. Dill and
D. J. Grainger, PLoS Comput. Biol., 2020, 16, 1008460.
2 U. P. Andley, Prog. Retinal Eye Res., 2007, 26, 78-98.

3 R. H. Brakenhoff, H. J. M. Aarts, F. H. Reek, N. H. Lubsen
and J. G. G. Schoenmakers, J. Mol. Biol., 1990, 216, 519-532.

4 J. Horwitz, Proc. Natl. Acad. Sci. U. S. A., 1992, 89, 10449-10453.

5 G. Kappé, E. Franck, P. Verschuure, W. C. Boelens,
J. A, M. Leunissen and W. W. De Jong, Cell Stress
Chaperones, 2003, 8, 53.

6 S. P. Bhat and C. N. Nagineni, Biochem. Biophys. Res.
Commun., 1989, 158, 319-325.

7 M. Uhlén, L. Fagerberg, B. M. Hallstrom, C. Lindskog,
P. Oksvold, A. Mardinoglu, A. Sivertsson, C. Kampf,
E. Sjostedt, A. Asplund, I. Olsson, K. Edlund, E. Lundberg,
S. Navani, C. A.-K. Szigyarto, J. Odeberg, D. Djureinovic,
J. O. Takanen, S. Hober, T. Alm, P.-H. Edqvist, H. Berling,
H. Tegel, J. Mulder, J. Rockberg, P. Nilsson, J. M. Schwenk,
M. Hamsten, K. Von Feilitzen, M. Forsberg, L. Persson,
F. Johansson, M. Zwahlen, G. Von Heijne, J. Nielsen and
F. Pontén, Science, 2015, 347, 12604109.

8 O. V. Stepanenko, M. I Sulatsky, E. V. Mikhailova,
O. V. Stepanenko, O. I Povarova, I. M. Kuznetsova,
K. K. Turoverov and A. L Sulatskaya, Int. J. Mol Sci, 2020,
21, 7659.

9 A. P. Miller, S. E. O’'Neill, K. J. Lampi and S. L. Reichow,
J. Mol. Biol., 2024, 436, 168499.

10 B. Raman, T. Ban, M. Sakai, S. Y. Pasta, T. Ramakrishna,
H. Naiki, Y. Goto and C. M. Rao, Biochem. J., 2005, 392,
573-581.

11 C. A. Waudby, T. P. Knowles, G. L. Devlin, J. N. Skepper,
H. Ecroyd, J. A. Carver, M. E. Welland, ]J. Christodoulou,
C. M. Dobson and S. Meehan, Biophys. J., 2010, 98,
843-851.

12 A. Rekas, C. G. Adda, J. Andrew Aquilina, K. J. Barnham,
M. Sunde, D. Galatis, N. A. Williamson, C. L. Masters,
R. F. Anders, C. V. Robinson, R. Cappai and J. A. Carver,
J. Mol. Biol., 2004, 340, 1167-1183.

13 R. Gaspar, T. Garting and A. Stradner, PLoS One, 2020,
15, €0235198.

14 C. Bagnéris, O. Bateman, C. Naylor, N. Cronin, W. Boelens,
N. Keep and C. Slingsby, J. Mol. Biol., 2009, 392, 1242-1252.

15 A. Mainz, J. Peschek, M. Stavropoulou, K. C. Back, B. Bardiaux,
S. Asami, E. Prade, C. Peters, S. Weinkauf, J. Buchner and
B. Reif, Nat. Struct. Mol. Biol., 2015, 22, 898-905.

16 S. Jehle, B. S. Vollmar, B. Bardiaux, K. K. Dove, P. Rajagopal,
T. Gonen, H. Oschkinat and R. E. Klevit, Proc. Natl. Acad. Sci.
U. S. A., 2011, 108, 6409-6414.

7316 | Soft Matter, 2025, 21, 7308-7317

View Article Online

Paper

17 1. Dimauro, A. Antonioni, N. Mercatelli and D. Caporossi,
Cell Stress Chaperones, 2018, 23, 491-505.

18 S. Jehle, P. Rajagopal, B. Bardiaux, S. Markovic, R. Kiihne,
J. R. Stout, V. A. Higman, R. E. Klevit, B.-J. Van Rossum and
H. Oschkinat, Nat. Struct. Mol. Biol., 2010, 17, 1037-1042.

19 N. Braun, M. Zacharias, J. Peschek, A. Kastenmidiller, J. Zou,
M. Hanzlik, M. Haslbeck, J. Rappsilber, J. Buchner and
S. Weinkauf, Proc. Natl. Acad. Sci. U. S. A., 2011, 108,
20491-20496.

20 A. J. Baldwin, G. R. Hilton, H. Lioe, C. Bagnéris,
J. L. Benesch and L. E. Kay, J. Mol. Biol., 2011, 413, 310-320.

21 A. J. Baldwin, H. Lioe, G. R. Hilton, L. A. Baker,
J. L. Rubinstein, L. E. Kay and J. L. Benesch, Structure,
2011, 19, 1855-1863.

22 A. J. Baldwin, H. Lioe, C. V. Robinson, L. E. Kay and
J. L. Benesch, J. Mol. Biol., 2011, 413, 297-309.

23 J. A. Aquilina, J. L. Benesch, L. L. Ding, O. Yaron, J. Horwitz
and C. V. Robinson, J. Biol. Chem., 2004, 279, 28675-28680.

24 S. P. Delbecq, J. C. Rosenbaum and R. E. Klevit, Biochem-
istry, 2015, 54, 4276-4284.

25 J. Peschek, N. Braun, T. M. Franzmann, Y. Georgalis,
M. Haslbeck, S. Weinkauf and J. Buchner, Proc. Natl. Acad.
Sci. U. S. A., 2009, 106, 13272-13277.

26 D. A. Haley, J. Horwitz and P. L. Stewart, J. Mol. Biol., 1998,
277, 2-357.

27 J. A. Aquilina, J. L. P. Benesch, O. A. Bateman, C. Slingsby
and C. V. Robinson, Proc. Natl. Acad. Sci. U. S. A., 2003, 100,
10611-10616.

28 A. Laganowsky, J. L. P. Benesch, M. Landau, L. Ding,
M. R. Sawaya, D. Cascio, Q. Huang, C. V. Robinson,
J. Horwitz and D. Eisenberg, Protein Sci., 2010, 19, 1031-1043.

29 M. A. Wright, F. S. Ruggeri, K. L. Saar, P. K. Challa,
J. L. P. Benesch and T. P. J. Knowles, Analyst, 2019, 144,
4413-4424.

30 J. L. Benesch, M. Ayoub, C. V. Robinson and J. A. Aquilina,
J. Biol. Chem., 2008, 283, 28513-28517.

31 O. Glatter, Scattering Methods and Their Application in Col-
loid and Interface Science, Elsevier, Amsterdam, Netherland,
2018.

32 A. Carlsson, U. Olsson and S. Linse, QRB discovery, 2023,
4, e6.

33 E. V. Yates, T. Miiller, L. Rajah, E. J. De Genst, P. Arosio,
S. Linse, M. Vendruscoloob C. M. Dobson and
T. P. J. Knowles, Nat. Chem., 2015, 7, 802-809.

34 A. Rohou and N. Grigorieff, J. Struct. Biol., 2015, 192, 216-221.

35 D. Kimanius, L. Dong, G. Sharov, T. Nakane and
S. H. W. Scheres, Biochem. J., 2021, 478, 4169-4185.

36 T. Bepler, A. Morin, M. Rapp, J. Brasch, L. Shapiro,
A. J. Noble and B. Berger, Nat. Methods, 2019, 16, 1153-
1160.

37 H. Zhao, P. H. Brown, M. T. Magone and P. Schuck, J. Mol.
Biol., 2011, 411, 680-699.

38 J. S. Pedersen, Adv. Colloid Interface Sci., 1997, 70, 171-210.

39 R. Inoue, T. Takata, N. Fujii, K. Ishii, S. Uchiyama, N. Sato,
Y. Oba, K. Wood, K. Kato, N. Fujii and M. Sugiyama, Sci.
Rep., 2016, 6, 29208.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00684h

Open Access Article. Published on 25 August 2025. Downloaded on 4/11/2026 12:20:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

40 M. Sugiyama, N. Fujii, Y. Morimoto, T. Otomo, S. Takata,
M. Misawa, M. Annaka, K. Itoh, K. Mori, T. Sato,
S. Kurabayashi and T. Fukunaga, J. Appl. Crystallogr.,
2007, 40, s200-s204.

41 H. Fischer, I. Polikarpov and A. F. Craievich, Protein Sci.,
2004, 13, 2825-2828.

42 D. F. Evans and H. Wennerstrom, The Colloidal
Domain: Where Physics, Chemistry, Biology, and Tech-
nology, Wiley-VCH, United States, 2nd edn, 1999,
pp. 157-163.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

43 V. Lattanzi, K. Bernfur, E. Sparr, U. Olsson and S. Linse,
JCIS Open, 2021, 4, 100024.

44 M. Lindberg, E. Axell, E. Sparr and S. Linse, Biophys. Chem.,
2024, 307, 107165.

45 E. Hellstrand, B. Boland, D. M. Walsh and S. Linse,
ACS Chem. Neuroscl., 2010, 1, 13-18.

46 R. Waszkiewicz, A. Michas, M. K. Bialobrzewski, B. P.
Klepka, M. K. Cieplak-Rotowska, Z. Staszalek, B. Cichocki,
M. Lisicki, P. Szymczak and A. Niedzwiecka, J. Phys. Chem.
Lett., 2024, 15, 5024-5033.

Soft Matter, 2025, 21, 7308-7317 | 7317


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00684h



