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ABSTRACT We present a multiscale characterization of aqueous solutions of the bovine eye lens protein bH crystallin from
dilute conditions up to dynamical arrest, combining dynamic light scattering, small-angle x-ray scattering, tracer-based micro-
rheology, and neutron spin echo spectroscopy. We obtain a comprehensive explanation of the observed experimental signa-
tures from a model of polydisperse hard spheres with additional weak attraction. In particular, the model predictions
quantitatively describe the multiscale dynamical results from microscopic nanometer cage diffusion over mesoscopic micro-
meter gradient diffusion up to macroscopic viscosity. Based on a comparative discussion with results from other crystallin pro-
teins, we suggest an interesting common pathway for dynamical arrest in all crystallin proteins, with potential implications for the
understanding of crowding effects in the eye lens.
SIGNIFICANCE An increase in the concentration of protein solutions toward those found in living cells such as in the eye
lens is often accompanied by a nonequilibrium arrest transition. The existence of such liquid-solid transitions has been
linked with presbyopia, i.e., the eye lens’ loss of accommodative capability with age. Here, we present that solutions of the
multisubunit bH crystallin, representing one of the three major lens protein classes, show such an arrest consistent with
predictions for colloidal hard spheres. We uncover remarkably similar arrest scenarios for all crystallin classes, which is
particularly surprising because the individual crystallins considerably differ both in their structural properties as well as in
their equilibrium phase behavior. This observation will contribute to an improved understanding of presbyopia.
INTRODUCTION

The intracellular fluid within fiber cells in the eye lens is
composed of a dense solution of mainly proteins from the
crystallin family. This crowded solution with up to
400 mg/mL protein content has fascinating properties,
ensuring not only a large enough refractive index, transpar-
ency, and flexibility of the lens required for visual function
but also stability over the mammalian lifetime. Failure of
solubility (e.g., protein condensation) and loss of flexibility
result in conditions such as cataracts and presbyopia (1–3),
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which are leading causes for blindness and age-related
vision problems.

To understand how macromolecular crowding can cause
these very specific physicochemical properties of the eye
lens, a complete picture of structural, dynamical, and ther-
modynamical consequences of crowding in protein solu-
tions is required. Crowding affects a large range of
properties, including inter alia structural stability, reaction
equilibria, and long-range self-diffusion (4–6), but a conclu-
sive picture on underlying mechanisms could not yet be ob-
tained. This lack is linked to the necessity of obtaining a
comprehensive multiscale picture to relate macroscopic
phenomenology to microscopic mechanisms. In recent
years, microscopic mechanisms were studied in more detail
in model systems, outlining, e.g., the importance of self-as-
sociation for resulting dynamical properties (7,8), the rele-
vance of translational-rotational coupling (9), and the
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relevance of hydrodynamic interactions for a quantitative
understanding of protein diffusion (10–12). In this context,
the explanatory power of colloid model systems for short-
range diffusion in concentrated protein solutions proved
successful (13,14) for a large range of globular proteins,
including myoglobin (15), hemoglobin (16), ferritin (17),
lysozyme (18,19), crystallin proteins (20,21), bovine serum
albumin (11,22), and antibodies (7,8,12,23). However, only
a few of these studies attempted to link to macroscopic
dynamical and thermodynamical properties such as
compressibility, viscosity, and dynamical arrest. The full po-
tential of colloidal models has thus yet to be explored, in
particular in situations of biological relevance in which
the protein in question often shows a more complex
behavior than conventional model systems.

In this context, crystallin proteins from the eye lens pro-
vide a promising test case to evaluate how a colloidal model
can be used to mechanistically understand the uncommon
physicochemical properties related to the eye’s function.
Based on size-exclusion chromatography, the crystallin pro-
teins in the mammalian eye lens can be divided into three
main classes: a-, b-, and g-crystallin (Fig. 1; (24,25)). Pre-
vious publications focused on solutions of individual crys-
tallin classes of the bovine eye lens, resulting in consistent
colloidal pictures for both a- and gB crystallin, a subclass
of bovine g-crystallins. a-crystallin is known to occur in a
large variety of compact oligomers (26) and can still be
described by a polydisperse-hard-sphere system with
average diameter around 15 nm regarding, e.g., the protein
interaction, diffusion, and the repulsive glass transition
(21,27–29). gB crystallin shows a rich dynamic and phase
behavior with liquid-liquid phase separation, nonmonoto-
nously varying diffusion, and dynamical arrest and can be
understood as a slightly prolonged ellipsoid with a patchy
attraction (20,21,30–33).
FIGURE 1 Elution absorption spectrum of a size-exclusion chromatog-

raphy on the cortical extract of bovine lenses.
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A similar description of bovine b-crystallin has not been
obtained so far, as the complex structural properties present
additional challenges. b-crystallin occurs in a broad range of
smaller oligomers, observable as bH, bL1, and bL2 fractions
in size-exclusion chromatography. Seven monomers of
acidic (bA1–4) and basic (bB1–3) nature with molecular
weights of 23–28 kDa (34) show a rather specific pairing
interaction of monomers (35), resulting in a complex and
potentially successive oligomerization into dimers, tetra-
mers, and larger oligomers (25,36).

In this study, we focus on the main fraction of b-crystal-
lin—the so-called bH fraction—of larger polydisperse olig-
omers with molecular weights clearly beyond 100 kDa,
including rather nonspecific oligomers of five to eight
monomers with an open structure (24,36,37). We combine
small-angle x-ray scattering (SAXS), dynamic light scat-
tering (DLS), neutron spin echo (NSE), and tracer based mi-
crorheology with the final aim of obtaining a consistent
picture based on a colloidal model on structural and dynam-
ical properties of bH solutions up to high volume fractions.
With this combination of techniques, we obtain a multitech-
nique picture of dynamical arrest, which signifies the state
of a sample in which large-scale motions freeze, resulting
in solid-like, elastic properties of the sample, while small-
scale motions such as rattling in the cage are still possible.
Dynamical arrest should thus not be confused with an abso-
lutely stationary system.
MATERIALS AND METHODS

Purification and sample preparation of bH

crystallin

Crystallin proteins were purified from calf lenses (byproducts from a

slaughterhouse) using a well-established procedure (38,39). In this proced-

ure, the eye lenses are ground to break the cell walls, and the resulting sus-

pension is filtered and separated on a size-exclusion chromatography

column (Hi-load Superdex 200 prep grade; Fig. 1) using 52.4 mM phos-

phate buffer (pH 7.1) as eluent phase, containing 1 mM dithiothreitol to pre-

vent oxidation of the proteins and 0.02 wt% sodium azide to prevent

bacterial growth. The bH fraction was isolated and stored at low protein

concentration in the same buffer. Amicon Ultra 10 kDa centrifuge filters

were used for solvent exchange to the final measurement buffers and to

reach the desired elevated concentrations.

As the final solvent, 52.4 mM phosphate buffer in H2O and D2O with

20 mM dithiothreitol and 0.02 wt% sodium azide at pH 7.1 was used for

most experiments. Protein concentrations cp were determined by ultraviolet

absorption spectroscopy at a wavelength of l ¼ 280 nm using the specific

absorption coefficient of b-crystallin, E1%, 280 nm ¼ 2.3 mL mg�1/cm (32).

To characterize a potential dynamical equilibrium of the oligomerization,

we reanalyzed the collected bH fraction using size-exclusion chromatog-

raphy. Even after a waiting time of days, we obtain only a small amount

of bL oligomers in the collected bH fraction, which we assign to the finite

chromatographic resolution of the purification. Quantifying the mass ratios

by peak integration, we obtain a mass ratio of bL/bH that is five times

smaller than in the initial extract, which implies that the oligomerization

cannot be considered as a dynamical equilibrium. Considering that the mo-

lecular weight of bL oligomers is smaller by at least a factor of 2, the scat-

tering contribution of these bL oligomers is found to be below 3% of the
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total scattering. This clearly indicates that the observed polydispersity is a

generic property of bH crystallin and not caused by the additional contribu-

tions to the scattering signal caused by the presence of bL oligomers.
Dynamic light scattering

Dynamic light scattering (DLS) experiments of pure protein solutions were

performed on two laboratory instruments: a goniometer system from ALV

(Langen, Germany) and a home-built multiangle setup (40). All instruments

are equipped with hardware cross-correlators, providing as data the average

intensity I(q) and the intensity-intensity correlation function g2(q, t). Here,

q ¼ 4pn

l
sinðq = 2Þ (1)

denotes the scattering vector for the scattering angle q, the wavelength l,

and the refractive index n ¼ 1.33.

We used the Siegert relation

g2ðq; tÞ ¼ bþ ag1ðq; tÞ2 (2)

to convert the intensity-intensity correlation function g2(q, t) to the field-

field correlation function g1(q, t), which corresponds to the coherent inter-

mediate scattering function I(q, t). Here, b is a baseline term that usually

equals 1 but can be slightly larger because of experimental artifacts. a de-

notes the speckle contrast factor. We used fit functions for g1(q, t) for direct

fitting of g2(q, t) to be able to account for a and b in the same fitting step as

the other parameters (41). As outlined later on, we used in particular cumu-

lant analysis and double-decay functions with stretched exponential compo-

nents. We estimated the error bars of g2(q, t) necessary for error-weighted

fitting from the timewise standard deviation of three measured correlation

functions on each sample.
Small-angle x-ray scattering

Small-angle x-ray scattering (SAXS) measurements on concentration series

of the complete bH crystallin fraction were performed on a laboratory instru-

ment (Ganesha 300 XL SAXS System from SAXSLAB), which is a pinhole

camera with a high brilliancemicrofocus sealed tube, a Pilatus detector, and a

thermostatted sample stage. From the obtained two-dimensional detector im-

ages, an azimuthal average was performed, and the corresponding back-

ground was subtracted, resulting in the scattering profile I(q), which is

used to determine the form factor and experimental structure factor in this

manuscript.
Neutron spin echo spectroscopy

Experiments were carried out on the neutron spin echo (NSE) spectrometer

IN15 at the Institut Laue-Langevin in Grenoble, France. We used three

different neutron wavelengths l with three angles each to achieve the right

q-values and maximal relaxation times tmax: 1) l ¼ 12.2 Å at 11.14, 16.75,

and 22.39� with tmax ¼ 91 ns; 2) l ¼ 22.8 Å at 7.76, 10.87, and 15.55� with
tmax ¼ 248 ns; and 3) l ¼ 22.8 Å at 3, 6.24, and 10.41� with tmax ¼ 598 ns.

These settings allow for a broad q-range from 0.25 to 2.1 nm�1. After

normalizing the raw echo intensities by the instrument resolution, we obtain

the coherent intermediate scattering function I(q, t), which was then used

for further data analysis.
Microrheology

To measure the evolution of the zero-shear viscosity with increasing pro-

tein concentration, we performed microrheology based on DLS of tracer
beads in the protein solution. This method allows us to obtain reliable

results without using prohibitive amounts of concentrated protein solu-

tion (38). The basic idea of tracer-based microrheology based on DLS

is to choose tracers much larger than the proteins so that bulk quantities

of the protein solutions can be probed and the scattering signal is domi-

nated by the tracers. From the obtained diffusion coefficient of the

tracers, the viscosity of the surrounding protein solution can be calcu-

lated using the Stokes-Einstein formula. We used polystyrene particles

with a diameter of 300 nm, sterically stabilized by a polyethylene glycol

layer covalently bound to the particle surface, as characterized in detail

in a previous study (42). We used a commercial goniometer system

(three-dimensional DLS spectrometer from LS Instruments, Fribourg,

Switzerland) at scattering angle q ¼ 90�, allowing for suppression of

multiple scattering using the modulated three-dimensional cross-correla-

tion technology (43).
Molecular dynamics simulations

We used event-driven molecular dynamics simulations (44,45) to obtain a

theoretical expectation of the structure factor in polydisperse and attractive

hard spheres. At volume fractions ranging from 0.05 to 0.5, we used 2000

spheres with a discretized distribution of radii Riwith a polydispersity index

of 0.3.

The basic distribution of the particle radius R is given by the so-called

Schulz distribution

PðRÞ ¼
�
R

b

�c�1
expð�R=bÞ

bGðcÞ ; (3)

where c¼ 1/s*2 is related to the normalized standard deviation s*, b¼ R/c
is related to the mean radius R, and G(,) denotes the gamma function. We

stress that we use the Schulz distribution as a distribution of particle radius

and not in the fundamentally different sense of polymer oligomerization.

The attraction between two particles i and j was represented by a square-

well potential with a range of 0.25(Ri þ Rj) and a depth of u ¼ 0.289kBT.

These parameters were chosen to have the same normalized second virial

coefficient as the experimental one (see Eq. 14 below). The effective struc-

ture factor S(q) was calculated directly from 300 independent configura-

tions, taking into account the different form factors of individual

particles. S(0) was estimated from S(q) using the average of the last five

points in the low-q limit at which the data are roughly constant.
RESULTS

As a brief outline, we first used DLS and SAXS on dilute
solutions to characterize the properties of an ensemble of
protein molecules in the weakly to noninteracting regime.
Second, we characterized the intermolecular interaction us-
ing DLS and SAXS. Third, we studied the emerging effects
on dynamics in crowded and nearly arrested solutions reach-
ing from the local level (NSE) over the density-gradient
scale (DLS) to macroscopic relaxation (microrheology).
DLS: hydrodynamic radius and polydispersity

We used DLS under dilute conditions to obtain general in-
formation about the hydrodynamic size and polydispersity
of the sample. To this end, we used the well-established sec-
ond-order cumulant analysis (46) by fitting
Biophysical Journal 119, 2483–2496, December 15, 2020 2485



Roosen-Runge et al.
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðq; tÞ � 1

p
¼ ag1ðq; tÞ ¼ aexp

�� t = t0 þmt2
�
2
�
(4)

Here, the prefactor a ¼ ffiffiffi
s

p
is related to the contrast s,

1/t0 as the first cumulant is the average relaxation rate,
and m is the second cumulant characterizing deviations
from single exponential behavior. From these parameters,
we obtain as a measure for the polydispersity the normalized
standard deviation s* ¼ ffiffiffi

m
p

t0.
Fig. 2 (top) displays the correlation function for a solution

with 2.26 mg/mL bH crystallin in D2O buffer (symbols)
along with a second-order cumulant fit. Because this anal-
ysis neglects higher cumulants, the fit range in time has to
be truncated at a suitable time. To allow a reasonable guess
on this time, we systematically varied the truncation time
and report the resulting parameters in Fig. 2 (bottom). As
obvious from the graph, we obtain reliable and robust pa-
rameters around a reasonable truncation time of 0.1 ms,
yielding a relaxation rate of 1/t0 ¼ 0.01592/s and a s* of
0.30. Given the scattering vector q ¼ 0.023 nm�1 with the
refractive index n ¼ 1.33, we obtain a diffusion coefficient
FIGURE 2 Cumulant analysis of g1(q, t) for a solution with 2.26 mg/mL conc

scattering angle 120� along with the chosen fit for a truncation time of 0.096 ms i

showing a clean plateau around 0.1 ms with a radius distribution with normalize

indicate a robust fitting of the overall profile, which allows us to focus on s*. T
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of D0 ¼ 1/(t0q
2) ¼ 3.04 � 10�11 m2/s for bH crystallin in

D2O phosphate buffer at T ¼ 25�C.
The obtained z-averaged hydrodynamic radius reads from

the Stokes-Einstein relation

Rh ¼ kBT

6phD0

¼ 6:5 nm; (5)

where kB is the Boltzmann constant, T is temperature, and h

is the solvent viscosity.
Form factor from SAXS: overall shape and
polydisperse modeling

The scattering intensity I0(q) measured in a dilute solution
of bH crystallin (c0 ¼ 11 mg/mL) provides access to the
overall shape of the protein via the form factor (Fig. 3).
Guinier analysis of the low-q data results in a radius of gy-
ration Rg ¼ 4.8 nm. As a first indicator of the overall shape,
we obtain the ratio Rh/Rg¼ 1.35 (cf. gray area in Fig. 4). We
remark that form factors at lower concentration both in H2O
and D2O buffer show similar results (cf. Supporting
entration of bH crystallin in D2O phosphate buffer at 25�C. Top: g1(q, t) for
s shown. Bottom: sensitivity analysis regarding the truncation time is given,

d standard deviation s* ¼ 0.3. We remark that the stable values for a and t0
o see this figure in color, go online.



FIGURE 3 Scattering intensity I0(q) for a bH crystallin solution at a

dilute concentration of 11 mg/mL (blue). The form factor fitted using a

polydisperse-hard-sphere system with radii distributed according to a

Schulz distribution (pHS, orange) agrees well with the experiments on

the fitted range up to 0.2 Å�1. Fit parameters are a normalized standard de-

viation s* of 0.48 and an average radius (number average) of R ¼ 2.51 nm,

which corresponds to an Rh¼ 5.35 nm and an Rg¼ 4.8 nm via Eq. 7. Exper-

imental error bars are smaller than the line thickness. To see this figure in

color, go online.
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Materials and Methods) but face larger systematic errors
due to background subtraction. For this reason, we used
the form factor from a concentration of 11 mg/mL for
further analysis.

As comparison, we calculated the theoretical values for
polydisperse and hard ellipsoids of revolution (Fig. 4). To
this end, we used the analytical expressions for Rh (47) and

Rg ¼ b

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ p2

5

r
(6)

as a function of the aspect ratio p, here defined as the polar
axis a over the equatorial axis b.

From this model calculations, we obtain two qualitative
results: first, nonsphericity induces smaller ratios compared
to the maximum of Rh/Rg ¼
ffiffiffiffiffiffiffiffi
5=3

p
z 1.29 for hard spheres

with aspect ratio 1. Second, polydispersity with a s* beyond
0.1 also causes a significant decrease of the ratio.

We remark that we calculate the intensity-averaged radii
to obtain the correct weighting for experimental observables
from scattering:

Rh ¼
�
R6
	��

R5
	 ¼ hRiðs�Þ2

�
5þ 1

s�2

�
(7)

and

Rg ¼
ffiffiffiffiffiffiffiffiffiffiffi
3hR8i
5hR6i

s
¼ hRiðs�Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

5

�
7þ 1

s�2

��
6þ 1

s�2

�s
; (8)

where we used the fact that the nth moment of the Schulz
size distribution reads

hRni ¼ hRinðs�Þ2nG½nþ 1=s�2�
G½1=s�2� (9)

From this analysis, we can conclude that an additional
structural property of bH crystallin causes a larger hydrody-
namic size as expected for compact, smooth objects. Given
the multisubunit character of bH crystallin, a corrugated sur-
face is likely and might be the cause of this signature. We
remark that a protein assembly with a dense shell and
more open core, as reported for other multisubunit proteins
such as viruses and also aB crystallin (26), would result in
opposite effects and is thus not consistent with the ratio
Rh/Rg of bH crystallin.

From DLS, we have clear indications for a polydisperse
nature with a large s* around 0.3, which implies a ratio
below 1.2 for assumed smooth particles. Although a definite
conclusion is not possible from this analysis, a further sig-
nificant decrease due to nonsphericity seems unlikely
because it would have to be compensated by an even stron-
ger corrugation profile.
FIGURE 4 Ratio of hydrodynamic radius Rh

over radius of gyration Rg for polydisperse spheres

and polydisperse ellipsoids of revolution (lines)

compared with the experimentally determined

value (gray area). The aspect ratio p is the ratio

of polar versus equatorial axis, i.e., p > 1 are pro-

late and p < 1 are oblate spheroids. For the poly-

dispersity, we assumed a Schulz distribution for

the half-axes with average radius 1 and varying

normalized standard deviation s*. To see this

figure in color, go online.
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As a first check for a potential descriptive model based on
polydisperse spheres, we fitted the form factor with a poly-
disperse-hard-sphere system with Schulz-distributed radii.
To make the fit more robust, we constrained the fit parame-
ters of the Schulz distribution to the experimentally
observed Rg ¼ 4.8 nm, i.e., we set the number-average
radius via Eq. 8, and only fitted s*, a constant background,
and a scalar prefactor. The fit result is in good agreement
with the experimental form factor on the fitted q-range up
to 0.2 Å�1 (Fig. 3).

As with the fitted s*, we obtain again a relatively large
value of s* ¼ 0.475 5 0.003, which supports our picture
of a highly polydisperse system. We remark that the features
at larger q-values are related to the internal structures of bH
crystallin, which are not the focus of this study.

Further model fits are shown in the Supporting Material.
We remark that reasonable model fits can also be obtained
by monodisperse ellipsoids, but elongated and oblate shapes
would induce a large discrepancy in the ratio Rh/Rg (Fig. 4).
DLS: constant gradient diffusion at intermediate
concentrations

Fig. 5 shows normalized diffusion coefficients of concentra-
tion series of bH crystallin in D2O and H2O phosphate buffer
at three temperatures. A set of correlation functions is
shown in the Supporting Material. To obtain a robust mea-
sure, we used single exponential fits to g2(q, t):

g2ðq; tÞ ¼ bþ aexpð�2t = t1Þ; (10)
where a is the intercept, b is a constant background, and t1 is
the relaxation time, which is related to the diffusion coeffi-
cient D by
2488 Biophysical Journal 119, 2483–2496, December 15, 2020
1

t1
¼ Dq2 (11)
Interestingly, the diffusion coefficients are remarkably
constant, implying that an increased protein concentration
does not vary the relaxation of large-scale concentration
gradients. In terms of conventional light scattering notation
(48),

D ¼ D0ð1þKdcÞ; (12)
we obtain a diffusion parameter Kd z 0.
This behavior points toward a partial compensation of

attraction and repulsion: purely repulsive particles generally
experience an enhanced gradient diffusion at higher concen-
tration with Kd > 0, whereas attraction induces a slowing-
down of gradient diffusion with increasing concentration,
resulting in Kd < 0 for sufficient attraction strength.

This general consideration can be quantified based on
theoretical calculations. For gradient diffusion of sticky
hard spheres including hydrodynamic interactions, one ob-
tains (49)

Kd ¼ ð1:454� 1:125 = tÞneff ; (13)
with the effective voluminosity neff of the protein and the
stickiness parameter t. The finding Kd z 0 has two impor-
tant consequences: first, we can obtain an estimate on the
interaction without assuming a voluminosity neff because
of the factorization of the right-hand term. Second, the cor-
responding stickiness t z 0.774 can be translated to a
normalized second virial coefficient B

ðSHSÞ
2 with (50,51)

B
ðSHSÞ
2

.
B
ðHSÞ
2 ¼ 1� 1

4t
z0:677; (14)
FIGURE 5 Gradient diffusion coefficients for a

concentration series of bH crystallin. No significant

deviation from a constant value is observed up to

relatively large concentrations. We remark that D

and D0 depend on the temperature and viscosity in

the same way, and the ratio D/D0 thus is indicative

of effects beyond those expected because of changes

of temperature or solvent isotope. Experimental er-

ror bars are shown, but mostly smaller than the sym-

bol size. To see this figure in color, go online.



FIGURE 6 Correlation functions g1(q, t) for different concentrations of

bH crystallin in D2O buffer at q ¼ 0.22 nm�1. Solid lines correspond to

fits with double stretched exponentials to the correlation functions for pro-

tein concentrations of 88, 184, and 280 mg/mL measured with the multian-

gle DLS instrument (angle 90�). The dashed line denotes a cumulant fit,

indicating a contribution of further decays already at comparably low con-

centrations. To see this figure in color, go online.
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where B
ðHSÞ
2 ¼ 4V denotes the virial coefficient of hard

spheres with volume V. The ratio B
ðSHSÞ
2 =B

ðHSÞ
2 in rough

terms indicates that one-third of the hard-core repulsion is
compensated by weak attraction.

We stress that Kd, in particular for Kd z 0, is a very sen-
sitive measure of protein interaction and thus provides a reli-
able test for changes of interaction due to temperature and
isotopes. The finding of a nonobservable effect of tempera-
ture and solvent isotopes on the interaction, as visible from
Fig. 5, is an important finding for bH crystallin and not gener-
ally expected. Other protein systems often show clear isotope
effects on phase behavior and protein interactions when
exchanging H2O to D2O (51–53). The missing isotope effect
in bH crystallin demonstrates that the attractive interaction is
generic for the protein, and not induced by a specific solvent
condition. Importantly, this finding also suggests that the
similarly observed characteristics in H2O and D2O phosphate
buffer are also relevant for physiological conditions.

We remark that a constant D/D0 over a broad concentra-
tion range could, in principle, be induced by an equilibrium
between different oligomeric species. We judge that this pic-
ture is unlikely for three main reasons: first, for an equilib-
rium, a Boltzmann factor should govern the oligomer ratios,
and one would thus expect an effect of temperature, at least
for enthalpic contributions. The absence of a temperature
effect thus implies no significant association enthalpy.
Second, a potential entropic contribution would usually
be linked to water-mediated interaction. The absence of a
solvent isotope effect thus implies a negligible association
entropy. Third, such a constant profile would be very coin-
cidental because mass action involves different terms with
different concentration dependence that would need to
cancel completely.
FIGURE 7 Relative viscosity hr of bH crystallin in H2O (downwards tri-

angles) and D2O (sidewards triangles) phosphate buffer and normalized

relaxation time t/t0 from the slow relaxation mode in DLS (circles) agree

well with a power-law scaling (dashed line). The dash-dotted line indicates

a sample with a nonergodic signature in the observed relaxation, indicating

proximity to dynamical arrest. The viscosity data of bH crystallin in H2O

buffer are reproduced from (42). To see this figure in color, go online.
Slow relaxation: microrheology and slow mode
from DLS

When moving toward concentrations higher than 50 mg/
mL, the correlation function picture becomes more complex
(Fig. 6). With increasing concentration, a significant second
relaxation mode is observed. Using a fit model with two
stretched exponentials

g2ðq; tÞ ¼ b

þ aðcexp½ � ðt=t1Þa1 � þ ð1� cÞexp½ � ðt=t2Þa2 �Þ2; (15)

we quantify the average relaxation time of the slow
stretched exponential as

t ¼ t2
a2

G



1

a2

�
(16)

After normalization with the relaxation time of an imagi-
nary dilute system t0 ¼ 1/D0q

2, we show the resulting re-
scaled t/t0 in Fig. 7 (orange circles). The corresponding
stretching exponents a2 are 0.59, 0.75, and 0.66 for the sam-
ples with 88, 184, and 280 mg/mL protein concentration,
whereas the fits yield a1 very close to 1 in all cases.

We remark that for the highest measured concentration of
360 mg/mL in D2O buffer, both the low intercept and the un-
defined baseline suggest a potentially nonergodic sample
because of the onset of dynamical arrest (see Fig. S5). We
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thus indicate this concentration as a concentration close to
arrest with a red vertical dash-dotted line.

As a second technique exploring the slow relaxation in
concentrated solutions of bH crystallin, we use DLS-tracer
microrheology to obtain the relative viscosity

hr ¼
h0

hs

; (17)

where h0 is the zero-shear viscosity of the sample and hs is
the solvent viscosity.

We obtain good agreement of the viscosity with t/t0,
implying that the slow relaxation of gradient diffusion gov-
erns the viscosity property of bH crystallin solutions. The
broken line represents a power-law scaling for the relative
viscosity:

hr ¼
�
1� c

c�


�g

; (18)

with c* ¼ 360 mg/mL and g ¼ 2.8. Compared with mode-
coupling theory and computer simulations, the scaling expo-
nent g ¼ 2.8 is consistent with a system close to hard
spheres, whereas for significantly increased attraction, one
would expect a larger exponent g >3 (54,55).
Voluminosity of bH crystallin

Before moving on to a more detailed characterization of in-
teractions and local dynamics, it is worth discussing the
choice of an appropriate concentration variable that will
allow us to explore analogies with colloids. So far, we
have discussed all our findings as a function of the weight
concentration of the protein. However, when using colloid
theory, we need to switch to volume fractions as the relevant
control parameter. The link between weight concentration
and volume fraction is commonly made by using an effec-
tive voluminosity neff. In contrast to the specific volume
of the protein, which is typically on the order of
0.7–0.75 mL/g and basically determined by the volume of
the individual amino acids in the protein, neff corresponds
to the volume from which other proteins are excluded. It
thus corresponds to the volume of the structure defined by
the surface encompassing the three-dimensional protein
structure. Voids within a multisubunit protein or corrugated
surfaces will thus lead to a value that can be significantly
larger than the specific volume of the protein. Here, we
have employed two different approaches to obtain a reliable
estimate of neff.

First, we focused on the packing at large protein concen-
trations. The arrest for systems of spheres with only mild
attraction should occur at a volume fraction around 0.64,
which in combination with an estimated experimental arrest
concentration around 360 mg/mL amounts to a first estima-
tion for the voluminosity of 0.64/(360 mg/mL)¼ 1.78 mL/g.
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Second, we used the hydrodynamic radius, i.e., a measure
based on the dilute concentration range. The hydrodynamic
radius in a polydisperse system denotes the z-average, i.e.,
Rh ¼ hR6i=hR5i. Using a Schulz distribution with s* ¼
0.3, one obtains a corresponding average volume of the
polydisperse spheres of V ¼ 4phR3i/3 ¼ 489.8 nm3. Con-
ventional estimates for the average molecular weight of
bH crystallin are around Mw ¼ 180 kDa (36,37). Dividing
both values, we obtain as a second estimation a volumi-
nosity of 1.64 mL/g.

We stress that the discrepancy between the two values
does not imply an inconsistent data set but is caused by
the different physical quantity used for the estimation.
The first estimation is based on dense packing and gov-
erned by steric interaction, whereas the second estima-
tion employs the hydrodynamic friction at low
concentrations.

For the further analysis, we thus opt for an intermediate
value for the effective voluminosity of neff ¼ 1.7 mL/g to
compare experimental results on a broad concentration
range to theoretical predictions and simulations. We remark
that this value is much larger than the specific volume of
proteins around 0.71–0.74 mL/g, which implies that the
formed oligomeric structures incorporate a considerable
volume of water, which is accounted for in the effective
voluminosity neff.

Although water in the inside of oligomers affects the
static and dynamic estimation of the voluminosity simi-
larly, the amount of water at the outer surface of the
oligomer is different; whereas the static picture accounts
for additional water filling the gaps between irregular
oligomer surfaces in dense packings, the dynamic esti-
mation is based on the water that is dragged along
with the oligomers in dilute conditions. Within this pic-
ture, it is interesting to see that the extra amount of water
in dense packing is larger than the water dragged along
with the oligomer, and thus, some part of the water in
dense packings might be less affected by movements of
oligomers.
Forward scattering: isothermal compressibility

To characterize the overall thermodynamics of the protein
solution, we measure the forward scattering intensity
I(q / 0). Practically, we used the experimental structure
factor

SðqÞ ¼ IðqÞ
I0ðqÞ

c0
cp
; (19)

where c0 and cp are the protein concentrations in the nonin-
teracting solution (form factor) and interacting solutions.
The low-q limit S(q / 0) was calculated as an average
over the lowest points in q and is linked to the isothermal
compressibility.



FIGURE 8 Forward scattering intensity S(0) from SAXS. For compari-

son, the theoretical predictions for monodisperse hard spheres (mHSs)

and polydisperse hard spheres (pHSs) are shown. Furthermore, simulation

results for polydisperse hard spheres with an additional square-well attrac-

tion of u/kBT ¼ 0.289 (pSW) are shown. The size distribution for the simu-

lation and theory correspond to a Schulz distribution with s* ¼ 0.3. The

theoretical values are scaled according to an effective voluminosity of

neff ¼ 1.7 mL/g. To see this figure in color, go online.
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Fig. 8 shows the data obtained from SAXS (symbols). As
expected for an overall repulsive system, S(0) decreases
with increasing concentration, as also reported and dis-
cussed previously (32).

To compare this decrease to theoretical predictions, we
calculated S(0) for different model systems, always using
an effective voluminosity neff ¼ 1.7 mL/g. First, we
compared results with monodisperse spheres based on the
Carnahan-Starling prediction (monodisperse hard spheres,
orange line):

Sð0Þ ¼ ð1� fÞ4
ð1þ 2fÞ2 þ f3ðf� 4Þ (20)

Second, we used the theoretical solution for polydisperse
hard spheres with Schulz-distributed radii (56) with a s* of
0.3 to account for effects of polydispersity (polydisperse
hard spheres (pHSs), red dashed line). Finally, we used mo-
lecular dynamics simulations of polydisperse hard spheres
with an additional square-well attraction (pSW, purple
dash-dotted line). As general trends, polydispersity mildly
increases the S(0)-values, whereas attraction causes signifi-
cant increase.

With the voluminosity of neff ¼ 1.7 mL/g, we obtain
agreement with the data for polydisperse hard spheres
without attraction. We remark that one would need to use
a very high voluminosity beyond 2 mL/g to reproduce the
S(0) profile with the pSW simulation. This implies that we
cannot fully reproduce the trend of isothermal compress-
ibility because this appears to be closer to the hard-sphere
limit than to the expected curve with the mild attraction.
This discrepancy requires more investigation using a struc-
turally more refined model.
Structure factor

Having characterized the protein interactions from the
perspective of density relaxations from DLS and isothermal
compressibility from forward scattering, we complemented
the long-range picture with local information from the
experimental structure factor inspired by colloids (see
Eq. 19).

Fig. 9 a summarizes the experimental structure factors.
Whereas the low-q intensity evidences an overall repulsive
system, the correlation peak at intermediate q-values is
only weakly established and rather broad even for the high
concentrations.

Fig. 9 b shows effective structure factors from a molec-
ular dynamics simulation for a polydisperse system of
hard spheres with additional attractive square-well poten-
tial (solid lines). For comparison, we also plot the theoret-
ical structure factor for monodisperse hard spheres with
attraction for volume fractions 0.05, 0.2, and 0.5 (dashed
lines) (57). We have furthermore obtained similar results
for different size distributions and attraction (cf. Support-
ing Materials and Methods). As a general result, polydis-
persity significantly reduces the peak height of the
principal peak compared with pure hard spheres, which
can be understood as polydisperse systems do not have a
single preferred neighbor distance. We remark that poly-
dispersity at the same time only mildly affects the low q
(cf. previous section on forward scattering). In contrast,
short-range attraction only has a minor effect on the
peak height but significantly increases the low-q region.
Although we obtained a strong and systematic decrease
of the peak value for polydisperse systems compared
with monodisperse hard spheres in simulations and theo-
retical predictions, the experimental absolute peak values
are not reached for physically reasonable parameters
within this model.

As an additional unusual feature, the shape of the exper-
imental S(q) has the feature of a moving shoulder at low q,
whereas the simulations rather suggest a quasi-isosbestic
point.

The colloidal model of polydisperse mildly attractive
hard spheres with Schulz size distribution thus cannot fully
reproduce the obtained local structure in crowded solutions
of bH crystallin. Given the likely rather corrugated multisu-
bunit structure of bH crystallin, these results can be linked to
a broader range of nearest neighbor distances, which inevi-
tably will decrease the peak height and increase the width of
the principal peak that characterizes the regularity of the
Biophysical Journal 119, 2483–2496, December 15, 2020 2491



a b FIGURE 9 (a) Experimental structure factors

from SAXSmeasurements for a concentration series

ofbHcrystallin inD2Ophosphatebuffer. (b)Effective

structure factors from simulations for a volume frac-

tion series (as specified in the legend) of polydisperse

sphereswith short-ranged square-well attractionwith

depth u ¼ 0.289kBT and diameter d are shown. With

the voluminosity n ¼ 1.7 mL/g, the volume fraction

range corresponds to a concentration range from

29.4 mg/mL (f ¼ 0.05) over 118 mg/mL (f ¼ 0.2)

to 294 mg/mL (f ¼ 0.5). The dashed lines indicate

the structure factor for monodisperse spheres with

the same square-well interaction at volume fractions

0.05, 0.2, and 0.5. To see this figure in color, go

online.
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local packing. We remark that a complete quantitative
agreement on this local scale cannot be expected with
such a simple model but that the good agreement of the
overall qualitative picture is consistent.
FIGURE 10 Correlation functions from NSE at q ¼ 0.0566 Å�1 for a

concentration series of bH crystallin in D2O phosphate buffer. The lines

represent single exponential fits, and the solid line indicates the fit range

t < 50 ns for the initial slope. To see this figure in color, go online.
NSE: short-time self- and cage diffusion

NSE spectroscopy provides access to diffusive motions on
the local scale of the macromolecules, i.e., few nanometers.
On these macromolecular scales, different types of diffusion
occur simultaneously in the sample. First, proteins perform
translational self-diffusion, i.e., Brownian motion. Second,
proteins have rotational and internal degrees of motional
freedom, resulting in contributions of rotational diffusion
and interdomainmotion. Third, density relaxations ofmacro-
molecules on length scales of 2p/q defined by the scattering
vector q are often represented by the diffusion functionD(q).
This q-dependent diffusion coefficient can directly be related
to the structural correlations in the system, as the additional
q2 dependence of the relaxation time characteristic for diffu-
sive motion is removed. Importantly, D(q) roughly scales as
1/S(q) (58), which implies that strong spatial correlations
relax more slowly because of the structural underpinnings.
In this context, the principal peak q* of the structure factor
S(q) represents an important case, being referred to as cage
diffusion D(q*). Cage diffusion characterizes the escape of
proteins from local arrangements of a neighbor cage in
more concentrated solutions.

Fig. 10 shows the intermediate scattering functions for a
concentration series of bH crystallin at q ¼ 0.0566 Å�1,
evidencing excellent statistics for all concentrations (for a
data set with varying q, cf. Supporting Materials and
Methods). To obtain a robust measure of the relaxation
times ts, we fitted the initial slope (correlation time <
50 ns) of the obtained intermediate scattering functions.
From this, the diffusion function D(q) ¼ 1/(tsq

2) can be
calculated.

Fig. 11 displays D(q) for a concentration series of bH
crystallin. As expected, the diffusion coefficients decrease
with increasing protein concentration. Furthermore, the
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diffusion function is constant at scattering vectors larger
than 0.05 Å�1 for higher concentrations. The observed in-
crease at lower concentrations might be due to rotational
diffusion and internal dynamics, which add their contribu-
tion to the underlying translational diffusion at larger q
(13,59).

The contribution of internal and rotational diffusion
indeed becomes apparent, when extracting the crowding
dependence from the diffusion coefficients (Fig. 12). An
extrapolation of both diffusion profiles to dilute concentra-
tion exceeds the dilute limit from DLS, which consistent
with earlier results (11,13,59) suggests that, on top of the
translational self-diffusion, additional contributions from
rotational and internal motions are present. The cage diffu-
sion was extracted around the principal peak q* observed in
S(q) (the q*-range used is indicated as a blue bar in Fig. 11).
The cage diffusion shows slightly smaller diffusion coeffi-
cients, which most likely is due to the lower amount of rota-
tional and internal contributions at q* because no significant
modulation of D(q) is expected because of the weak corre-
lation peak in S(q).



FIGURE 11 Diffusion function D(q) obtained from NSE from the initial

decay of the intermediate scattering function I(q, t). The colored boxes indi-

cate the q-ranges used to calculate the cage diffusion coefficient D(q*)

around the principal peak position q* of the structure factor and the high-

q limit of D(q), as reported in Fig. 12. To see this figure in color, go online.
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The short-time self-diffusion of sticky hard spheres has
also been predicted to be (49)

Ds=D0 ¼ 1� ð1:8315þ 0:295 = tÞf ¼ 1� 2:213f (21)

using the stickiness parameter t ¼ 0.774. In Fig. 12, we
display this relation with an effective volume fraction of
f ¼ cneff with the voluminosity neff ¼ 1.7 mL/g and obtain
reasonable agreement when considering the additional con-
tributions of rotations and internal motions. We have
restricted the theoretical prediction to volume fractions
below 0.3 because the prediction only covers the linear
term of the series expansion.
DISCUSSION

In summary, our comprehensive characterization of crowd-
ing effects in bH crystallin solutions using light, neutron,
and x-ray scattering techniques, as well as tracer-based mi-
crorheology, supports the basic model picture of a solution
of polydisperse hard spheres with additional mild attractive
interactions and a corrugated surface. Although structural
aspects could not be reproduced in full quantitative detail
but follow the expected trends, we obtain a very good
description of dynamics from the local nanometer scale
of cage diffusion to a mesoscopic micrometer scale of
gradient diffusion to the macroscopic scale of viscosity.
Cumulant analysis of DLS data in the dilute limit evi-
dences a considerable polydispersity, with a z-averaged hy-
drodynamic radius of 6.5 nm. No changes in the gradient
diffusion via DLS were observed in the virial regime,
which implies a weak additional attraction to excluded vol-
ume with an overall reduced virial coefficient of B2/B

ðHSÞ
2

z 0.677. The viscosity from microrheology and the slow
relaxation mode in DLS at higher concentrations point to-
ward a power-law-like divergence of the viscosity due to
dynamical arrest at a protein concentration around
360 mg/mL. The form factor from SAXS on dilute solu-
tions is consistent with the model. The experimental struc-
ture factors obtained from SAXS show a surprisingly low
and broad correlation peak, which could be qualitatively
reproduced in simulations of polydisperse spheres with
mild attraction. Based on dynamical arrest and hydrody-
namic radius, we estimate the effective voluminosity of
bH crystallin as neff ¼ 1.7 mL/g. Finally, the cage diffusion
and local diffusion at high q from NSE characterizing mo-
tions on the scale of individual proteins are consistent with
a theoretical prediction for weakly attractive hard spheres
with B2/B

ðHSÞ
2 z 0.677.
FIGURE 12 Crowding dependence of the diffu-

sion coefficient extracted at high q z 0.18–

0.22 Å�1 (orange) and around the principal peak po-

sition q* (cage diffusion, blue). We further show the

theoretical prediction for short-time self-diffusion

for a sticky hard sphere (SHS, red dashed) with

D0 ¼ 3.03 � 10�11 m2/s and stickiness parameter

t ¼ 0.774 as obtained from the previous DLS re-

sults, assuming a voluminosity of n ¼ 1.7 mL/g.

The values for both self- and cage diffusion clearly

exceed the theoretical prediction, pointing toward

contributions of internal and rotational dynamics,

at least at lower concentrations. Experimental error

bars are smaller than the symbol size. To see this

figure in color, go online.
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The good agreement of a simple colloidal model with
experimental results on a complex multisubunit protein sup-
ports the concept to exploit colloid theory to understand
crowding effects in biological systems. Comparing the ob-
tained results on bH crystallin with results on other crystallin
proteins, we observe a comparable pathway toward dynam-
ical arrest, which is a promising topic for future investiga-
tions both regarding their physicochemical causes and
their potential implications for the biological function of
the eye.

Regarding the physical picture behind the slow relaxation
times and increase in viscosity (Fig. 7), it is important to
stress that these observations are not linked to the formation
of large aggregates, as is visible in the significant and mono-
tonic decay of the structure factor toward low q (Figs. 8 and
9 a) and the macroscopic observation that none of the sam-
ples were turbid.

We remark that the colloidal model used in this study fol-
lows a clear multiscale strategy to study and understand ef-
fects on a thermodynamic and structurally coarse level by
coarse-grained models such as a polydisperse colloid system
for a more complex multisubunit protein. On the one hand,
small disagreements in the structure factor and compress-
ibility are thus not surprising. On the other hand, the good
agreement of dynamics for such a complex protein is partic-
ularly promising in light of characterization of cellular pro-
cesses in which diffusion and density relaxations play
important roles for kinetics and assembly.

This approach does not imply that other effects of more
molecular detail are not relevant, but rather opens future op-
portunities to link molecular details from a more biochem-
ical characterization to the overall physicochemical
behavior of protein solutions in a bottom-up way by, e.g.,
identifying the fundamental determinants governing the
parameter of the successful coarse-grained model.

In the context of linking model parameters back to the
molecular details, the only mild attraction appears surpris-
ing at first sight; monomers of b- and gB crystallins share
an overall similar structure, and gB crystallin shows signif-
icant attractions that lead to liquid-liquid phase separation.
Reconsidering the situation, b-crystallin monomers have
in fact most likely even more attractive interaction but satu-
rate this attraction via the formation of stable oligomeric
states. These multisubunit complexes, the bH crystallin,
consequentially do not show strong remaining interparticle
attraction. Thus, the very comparable molecular details
lead to vastly different macroscopic thermodynamic phase
behavior; g-crystallin shows liquid-liquid phase separation
that governs the dynamics in the sample over a broad con-
centration and temperature range, and b-crystallin assem-
bles into comparably inert complexes that show the simple
phase behavior of hard spheres.

Despite this deviation in thermodynamic properties, a
strikingly similar behavior is obtained for the dynamical ar-
rest for crystallin proteins. a- and bH crystallin consist of
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multisubunit complexes and show dynamical arrest consis-
tent with hard-sphere predictions (28). Even for gB crystal-
lin, the arrest line is temperature independent (20,60)
and thus not driven by the attraction. The most probable
explanation is the formation of transient clusters that—anal-
ogously to the multisubunit complexes of bH crystallin—
saturate the intermonomer attraction and then arrest as
hard-sphere-like particles. Thus, dynamical arrest in crystal-
lin solutions appears to be driven by multisubunit complexes
that are stable for a- and bH crystallin and transient for gB
crystallin. Strikingly, even the protein concentrations of
dynamical arrest are similar around 340–380 mg/mL, which
implies similar voluminosity values for all crystallin com-
plexes around 1.7 mL/g. Given the specific volume of
0.71–0.74 mL/g, all crystallin proteins occur in complexes
that contain clearly more water than amino acid material.
Whether or not this remarkably similar behavior is recov-
ered in crystallin mixtures and thus is of importance for
the eye lens fluid is an important question for future studies.
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