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Hard-sphere-like dynamics in highly concentrated alpha-crystallin suspensions
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The dynamics of concentrated suspensions of the eye-lens protein alpha crystallin have been measured using
x-ray photon correlation spectroscopy. Measurements were made at wave vectors corresponding to the first peak
in the hard-sphere structure factor and volume fractions close to the critical volume fraction for the glass transition.
Langevin dynamics simulations were also performed in parallel to the experiments. The intermediate scattering
function f (q,τ ) could be fit using a stretched exponential decay for both experiments and numerical simulations.
The measured relaxation times show good agreement with simulations for polydisperse hard-sphere colloids.
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Significant progress has been made in understanding the
glass transition in simple colloidal fluids, both from the study of
model systems, such as latex [1] or silica [2] spheres and from
comparison with theoretical models and molecular dynamics
simulations, in particular, for hard-sphere fluids [3,4]. An
important question is, to what extent do idealized hard-sphere
systems represent real-world colloids? A system of particular
relevance to biology is a concentrated protein suspension. The
effect of high protein concentration on molecular dynamics,
which has come to be termed “molecular crowding,” is also
a topic of particular interest in biophysics since crowding
modifies reaction rates within a cell [5]. In the cytoplasm of
the eye lens the concentration of proteins, called crystallins,
can approach 70% [6,7]. There are three major mammalian
crystallins, denoted alpha, beta, and gamma, of which alpha is
both the largest and comprises ∼60% of the protein content by
weight in humans.

Here we examine the dynamics of highly concentrated
suspensions of alpha crystallin using x-ray photon correla-
tion spectroscopy (XPCS) [8,9], small-angle x-ray scattering
(SAXS), and Langevin dynamics (LD) simulations. XPCS is
the x-ray analog of dynamic light scattering (DLS), but due
to the shorter wavelength, XPCS probes much smaller length
scales. Parallel use of LD allows us to test our microscopic
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interpretation of the XPCS and facilitates comparisons with
existing DLS and neutron spin echo (NSE) results.

While many proteins isolated from living organisms are
monodisperse, previous studies [10] have found polydisper-
sities near 20% for the multisubunit alpha crystallins. As
monodisperse colloids can more easily crystallize, alpha crys-
tallin’s polydispersity could reflect evolutionary pressures to
avoid crystallization and the consequent scattering of light
within the eye lens. Polydisperse hard-sphere models yield
excellent descriptions of the static structure factor of alpha-
crystallin suspensions. Foffi et al. [10] examined the structure
and the dynamics of alpha-crystallin suspensions as a function
of protein volume fraction φ, combining viscometry, small-
angle neutron scattering, and dynamic light scattering. They
found that the viscosity of concentrated suspensions could be
described by mode coupling theory and molecular dynamics
(MD) simulations of polydisperse hard-sphere colloids in the
vicinity of a hard-sphere glass transition. Using DLS they
measured the intermediate scattering function (ISF), which
provides a measure of the characteristic relaxation time,
τ , for density fluctuations at length scale 1/q. Here q =
4πn sin(θ/2)/λ is the scattering wave vector withn the index of
refraction, λ the wavelength, and θ the scattering angle. Their
DLS measurements were limited to length scales ∼2π/q =
2.7 × 102 nm, approximately 15 times the alpha-crystallin
diameter [10]. This complicated comparison with MD, which
could not simulate such large length scales. Furthermore,
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deviations from Fickian diffusion are expected to be strongest
at wave vectors that probe the separation of protein neighbor
centers [4,11]. These are accessible to XPCS, but not DLS.

Bucciarelli et al. probed alpha-crystallin dynamics at wave
vectors comparable to the present experiments using NSE, and
found good agreement between hard-sphere dynamics and the
initial, fast β decay of the ISF [12]. These measurements could
not access the long-time α decay of the ISF which reflects
important aspects of the approach to the glass transition [4,13].
Here, in complementary fashion, XPCS probes the α decay, but
not the β decay.

Alpha-crystallin suspensions were prepared by homoge-
nizing the lens cortex of 1- to 2-week-old calf eye lenses
and then isolating the alpha crystallins via size exclusion
chromatography, as described previously [14]. Proteins were
suspended in 0.1 molar sodium phosphate buffer, pH 7.1,
that contained 20 mM dithiothreitol (DTT) as an antioxidant.
Suspensions of varying concentration were prepared from a
stock solution at 100 mg/ml assayed via ultraviolet absorbance
[15] and concentrated via centrifugation. Mass fractions were
determined from changes to the weight of the solution upon
removal of solvent. More accurate volume fractions were
obtained from fitting to the static structure factors using a poly-
disperse hard-sphere model. Suspensions with concentrations
up to 401 mg/ml were prepared in this manner.

SAXS and XPCS measurements were performed at sector
8-ID-I of the Advanced Photon Source. Crystallin suspensions
were filled into 1-mm-diameter glass capillaries via centrifuga-
tion, and scattering was measured in transmission through the
capillaries. The 7.34 keV x-ray beam was focused vertically
using a Be compound refractive lens to 5.24 μm (FWHM), in
order to increase the signal-to-noise ratio for XPCS [16]. Slits
fixed the horizontal beam size to 20 μm. The incident x-ray flux
within the illuminated volume was 6 × 1010 photons/s. XPCS
measurements were performed using a custom pixel array de-
tector called UFXC32k with 256(vertical) × 128(horizontal)
75 μm × 75 μm pixels capable of a frame rate of 11 000 fps
[17,18].

Since globular proteins are known to aggregate under
radiation exposure [19], we studied the effect of radiation
dose on dynamics and concluded that the total dose, in the
presence of 20 mM DTT, must be kept below 104 Gy [20].
Consequently, samples were translated through the beam with a
vertical velocity of 0.025 mm/s, chosen to keep the dose below
this value. This sample motion limited the longest correlation
times that could be measured to ∼0.2 s. XPCS measurement
times were limited by the total available sample since the
sample was used up as it was damaged by the beam. Typical
measurements were of order 10 min of integrated exposure.

Figure 1 shows normalized small-angle scattering intensity,
I (q). As the concentration is increased, a peak develops at
larger q due to the structure factor consequences of the protein-
protein nearest-neighbor peak. Simultaneously, the intensity
at small q decreases due to the reduction in the osmotic
compressibility. In order to extract the volume fractions, the
SAXS data were fit to a polydisperse hard-sphere model I (q)
given by Vrij [21], employing analytic integrals obtained by
Griffith et al. [22]. Representative fits are shown in Fig. 1. The
polydispersity needed to fit the data was 18.3 ± 1.3%. Two
separate average sphere radii were used in the model; one for

FIG. 1. Fits to SAXS from alpha-crystallin suspensions vs con-
centration. Data are normalized by their volume fractions. In order
of largest to smallest intensity at low q, 44.5, 89, 250, 290, 300, 310,
320, 324, 325, 340, 347, 375, 379, 393, and 401 mg/ml.

the form factor of the proteins was found to be 6.3 ± 0.1 nm.
A second describing the hard-sphere interaction radius came
out to be 7.8 ± 0.3 nm. The polydispersity was taken to be the
same for both radii.

The difference between the radius of the hard-sphere form
factor and the radius of the hard-sphere structure factor implies
that this is not an exact, but instead an effective hard-sphere
system. Indeed, while it is convenient that the form factors of
the spheres can be well fit using a polydisperse hard-sphere
model, it is not expected that the exact shape of the proteins
is spherical. Alpha crystallin is a multisubunit protein whose
structure remains not known in detail and includes size, shape,
and subunit-type heterogeneity [23–25], and it also includes
intrinsically disordered segments that are believed to protrude
into the solvent [26–28]. We take the radius obtained from the
structure factor, not the form factor, as the appropriate radius.
This radius is also compatible with what was found by Foffi
et al. [10]. Similarly, we use volume fraction obtained from
the hard-sphere structure factor fits as the appropriate volume
fraction for the analysis of dynamics. Volume fractions were
refined by using the results from the hard-sphere fits to calibrate
the experimentally measured weight fractions. This resulted in
a partial volume fraction of 1.47 ± 0.11 × 10−3 ml/mg, which
differs significantly from that obtained by Foffi et al. of 1.7 ×
10−3 ml/mg [10]. The relatively large (∼10%) uncertainty
in the absolute values of the volume fractions is due to the
uncertainty in the partial volume fraction. Since all the samples
were obtained from a single initial batch of crystallin via
successive removal of solvent, the relative volume fractions of
the samples are known to have significantly higher accuracy,
comparable to the accuracy by which the change in mass of
water could be measured (∼0.1%).

Time correlation functions were calculated from the se-
quence of detected frames via

g2(q,t) = 〈I (t,q)I (t ′ + t,q)〉t ′/〈I 〉2. (1)

g2 can be related to the intermediate scattering function f (q,t)
via the Siegert relation g2(q,t) = 1 + βf (q,t)2. Here β is the
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(a)

(b)

FIG. 2. Results of molecular dynamics simulations. (a) Simulated
g2 functions for 20% polydispersity at varying φ compared with
XPCS. (b) t∗

q vs ε = (φc − φ)/φc for experiments and simulations.
The dashed line is the theoretically expected scaling form close to the
glass transition: t∗

q ∼ ε−γ with γ = 2.8.

optical contrast factor. Correlation functions were measured at
a wave vector q centered on the peak of the measured struc-
ture factor. The correlation functions were calculated within
individual detector pixels and then averaged over all pixels
within �q/q ≈ 20% comprising all the available camera area.
Correlation functions for longer delay times were binned using
a multi-tau algorithm [29]. g2(t) for protein suspensions with
φ � 0.49 were indistinguishable from unity, presumably due
to dynamics faster than the time resolution of the camera.
Figure 2(a) shows g2(t) for the three most concentrated
suspensions with 375, 393, and 401 mg/ml corresponding to
volume fractions of 0.55 ± 0.04,0.58 ± 0.05,0.59 ± 0.05 all
in close vicinity of the theoretical hard-sphere critical volume
fraction of φ = 0.579.

The continuous translation of the sample through the beam
will lead to a reduction in contrast with delay time. If r is the
fractional overlap of the illuminated sample area between time
t ′ and time t ′ + t , then the contrast will be reduced by a factor
of r2. If we assume a Gaussian beam profile characterized by
a second moment σ , then this overlap factor can be computed

TABLE I. Relaxation times obtained from exponential fits to g2

functions.

mg/ml VF t∗
q [s]

401 0.59 0.135 ± 0.014
393 0.58 0.073 ± 0.012
375 0.55 0.0009 ± 0.0006

analytically. The experimentally measured g2(t) is then given
by

g2(t) = 1 + βf (q,t)2e−(t/tM )2
. (2)

Here tM = 2σ/vz = 0.18 s, with vz the sample velocity. A
derivation of Eq. (2) is given in the Supplemental Material [30].
We expect that only data at delay times longer than ∼0.1 s will
be significantly distorted by sample motion.

A measure of the α relaxation is the time, t∗q , when
f (q,t∗q ) = 0.25. We fit the intermediate scattering function

to a stretched exponential of the form f (q,t) = fqe
−(t/tαq )β

from which t∗q could be extracted via t∗q = tαq ln(4fq)1/β . The
quality of the data was not high enough, however, to obtain
the stretching exponent independent of t∗q as there was too
much correlation between β and tαq . Best-fit values for t∗q are
displayed in Table I.

We have also used LD to calculate f (q,t) using an effec-
tive hard-sphere system with the same polydispersity as the
experimental system, p = 0.183. Simulations were performed
following the usual formulation with no hydrodynamic inter-
actions:

mi r̈i =
∑

j

Fij − νṙi + ηi(t). (3)

Here Fij is the conservative force between the particles,
ν is the friction coefficient, and ηi is a white-noise term
whose prefactor is chosen to guarantee equilibrium following
the fluctuation-dissipation theorem [31]. All the simulations
were performed using LAMMPS [32]. Protein interactions were
modeled by a power-law repulsive potential:

V (rij ) = ε

(
σij

rij

)n

. (4)

Here σij = (σi + σj )/2 is derived from the i-particle diameter
σi , n is positive integer, and ε is an energy scale that has
been set to unity. Particle sizes were sampled from a Schulz
distribution with polydispersity p and mean 〈σi〉 = 1. The
masses of the particles were chosen to be proportional to
their volumes, i.e., m = m0σ

3, where m0 fixes the units of
mass. The temperature was fixed to kBT = 1. With this choice
of parameters the reduced time units were derived from the

thermal velocity vth =
√

kBT
m0

. This can be converted into real
units by comparing the results to the experiments. It has been
shown that if the parameter n is large enough, this model does
a good job of reproducing the hard-sphere model [33,34]. In
previous studies, it was claimed that n = 36 was sufficient
to guarantee a good approximation for the steep hard-core
repulsion. For the large polydispersity tested here, we found
that n = 72 is a better choice even if this requires a quite
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FIG. 3. Comparison of the q dependence of the simulations with
the experimental data at φ = 0.59 (see text). Upper (α relaxation)
and lower (β relaxation) dashed lines are proportional to q−2. The
long-time DLS are taken from Ref. [10] (blue full circle) and the
short-time DLS (blue full triangle) and NSE (magenta full square)
are taken from Ref. [12].

short integration step for Eq. (3). With this choice, once the
temperature is fixed to unity, the spheres behave as hard spheres
of diameters σi and this permits a direct calculation of the

packing fraction via φ = π
6

∑
i Niσ

3
i

L3 . Here Ni is the number of
particles of the i species and L is the size of the simulation box.
For all the simulations presented here, we used N = 5000. The
particles were placed in a cubic box having periodic boundary
conditions. At short times, Eq. (3) guarantees ballistic motion
but after a relaxation time τL = m/ν the diffusive regime is
reached. Here, we have chosen τL = 0.01 which guarantees
that the inertial effects are present only at short time.

We scaled the arbitrary time units from the simulation to
match the highest experimentally measured relaxation time
obtained at a concentration of φ = 0.59. The theoretically
calculated relaxation times t∗q are then compared with the re-
maining two experimentally measured data points in Fig. 2(b).
Both simulation and experimental data are plotted using
reduced volume fraction assuming φc = 0.62 obtained from
the simulations. The figure also shows the expected scaling
law close to the glass transition of t∗q ∼ [(φc − φ)/φc]−γ with
exponent γ = 2.8 predicted by mode coupling theory [13]. A
comparison of the experimental and numerical time correlation
functions g2(t) is displayed in Fig. 2(a). Our model does a
reasonable job of describing both the shape of the intermediate
scattering function and the volume fraction dependence of the
relaxation times.

The q dependence of the LD α-relaxation time tαq is
presented in Fig. 3. The XPCS data are also plotted, with t∗q
converted to tαq using the same stretching exponent as obtained
from the fits to the LD ISF. Since the simulations could not
be extended all the way to low enough q to overlap with
previously measured DLS data [10], a power-law extrapolation
of the simulation data was performed. A power law of q−2 was
chosen based on the shape of the scaling of the LD data. This
extrapolation shows that the scaling of the LD time units using

the XPCS data also yields reasonable agreement for the time
scale of the DLS data.

To obtain a more complete picture of the system we must
combine results from a variety of techniques. Such a compar-
ison is done in Fig. 3 which displays DLS [10], NSE [12],
and XPCS measurements of alpha-crystallin dynamics along
with our LD simulations. It can be seen that the beta relaxation
rate of the correlation function from NSE is around four times
slower than for Fickian diffusion, shown as the lower dashed
line. This deviation is consistent with hydrodynamic effects
and de Gennes narrowing as discussed by Bucciarelli et al.
[12]. The alpha relaxation measured using both DLS and XPCS
is of order 105 times slower than the β relaxation time found by
NSE. We studied whether LD could also be used to interpolate
between the NSE and XPCS measurements by comparing the
β and α relaxation rates. The short-time limit of the LD is also
shown in Fig. 3 and does not agree with the NSE data.

The main reason for the disagreement between the NSE
and the short-time LD simulations is to be ascribed to the
small value of the friction coefficient, ν, chosen in Eq. (3).
This choice limits the computation time, and this is expected
to decrease the gap between the α and β relaxations. This
is a limiting factor, particularly in glassy systems where
the density relaxation can be observed at very long times,
which affects all such coarse-grained simulations [35]. Another
source of discrepancy, although less severe than the former, is
the absence of hydrodynamic interactions in the LD model as
formulated in Eq. (3). Gleim et al. have shown for Lennard-
Jones liquids that while the β relaxation dynamics depend on
the choice of microscopic dynamics used in the simulation, the
α relaxation dynamics near the glass transition are independent
of that choice [36]. Thus, we do not believe that our choice of
ν will affect the alpha relaxation dynamics.

Our results have extended measurements of the long-time
dynamic structure factor of concentrated suspensions of alpha
crystallin out to a factor of 20 times larger wave vectors
than previously studied, and in particular to wave vectors
corresponding to the peak in the static structure factor, where
LD simulation results are much more reliable. We find
relaxation times of order 1000 faster than obtained by DLS,
which is consistent with the large q values and the predictions
of LD. We also find a decay consistent with LD simulations
and a dependence on reduced volume fraction that is consistent
with mode coupling theory. When all three complementary
techniques (DLS, XPCS, and NSE) are combined they cover
wave vectors from 107 to 109 m−1 and time scales from
10−7 to 102 s. NSE shows good agreement with short-time
large q data and theoretical models [37], and XPCS shows
good agreement between long-time large q data and LD
simulations [10]. DLS covers both short and long time scales
and shows agreement with both short- time and long-time
theory at small q. The combined agreement lends support
to the hard-sphere colloid model as a good description of
concentrated suspensions of alpha crystallin.

The good agreement with hard-sphere colloid LD simula-
tions indicates that the technical difficulties associated with
radiation damage, fast relaxation times, and extremely small
signal-to-noise ratios can be overcome. With the opening and
planning of x-ray sources which promise orders of magnitude
increases in coherent flux and with the advent of detectors
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with submillisecond readout times of megapixel arrays, future
experiments on protein dynamics will have the ability to
measure faster dynamics with better signal to noise and from
lower scattering cross-section materials. These results indicate
that XPCS has the potential to become a valuable tool for
characterizing protein dynamics in macromolecularly crowded
environments. In particular, it is becoming clear that through
a combination of different techniques such as DLS, XPCS,
and NSE it is now possible to access the dynamics of proteins
over a wide range of length scales and time scales providing
a much more complete picture of their motion in crowded
conditions and a stringent test of theoretical models of their
dynamics.
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