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In colloidal systems, the interplay between the short range attrac-
tion and long-range repulsion can lead to a low density associated
state consisting of clusters of individual particles. Recently, such an
equilibrium cluster phase was also reported for concentrated
solutions of lysozyme at low ionic strength and close to the
physiological pH. Stradner et al. [(2004) Equilibrium cluster forma-
tion in concentrated protein solutions and colloids. Nature
432:492-495] found that the position of the low-angle interference
peak in small-angle x-ray and neutron scattering (SAXS and SANS)
patterns from lysozyme solutions was essentially independent of
the protein concentration and attributed these unexpected results
to the presence of equilibrium clusters. This work prompted a
series of experimental and theoretical investigations, but also
revealed some inconsistencies. We have repeated these experi-
ments following the protein preparation protocols of Stradner et
al. using several batches of lysozyme and exploring a broad range
of concentrations, temperature and other conditions. Our mea-
surements were done in multiple experimental sessions at three
different high-resolution SAXS and SANS instruments. The low-
ionic-strength lysozyme solutions displayed a clear shift in peak
positions with concentration, incompatible with the presence of
the cluster phase but consistent with the system of repulsively
interacting individual lysozyme molecules. Within the decoupling
approximation, the experimental data can be fitted using an
effective interparticle interaction potential involving short-range
attraction and long-range repulsion.
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he arrested dynamics of colloidal systems and protein solu-
tions interacting via short-range interactions have been
actively studied both theoretically and experimentally in recent
years (1-4). The mode coupling theory and molecular dynamics
(MD) simulations have successfully unified seemingly dissimilar
dynamical arrest scenarios in colloidal systems (4, 5). In addition
to the conventional glassy state induced by the packing con-
straints, the presence of short-range attraction leads to a differ-
ent glassy behavior. The apparently diverse type of dynamical
arrest, such as gelation, jamming, glassification or non-ergodicity
transition, etc., found in attractive systems can be unified in
terms of this attractive glass transition (3). As competing short-
range attraction and long-range repulsion are introduced, addi-
tional features are observed (5). In particular, at intermediate
volume fractions, the colloidal particles can form an equilibrium
cluster phase, which in turn stabilizes a low-density arrested state
(6). This type of particle clustering process at low volume
fractions has been observed for various colloidal systems (7-9).
Although the Derjaguin-Landau-Verwey—Overbeek
(DLVO) theory successfully describes the microstructure and
equilibrium phase behavior of charged colloidal systems over a
wide parameter space (10), concentrated protein solutions
present a more complicated case. First of all, the distinct
separation between electrostatic and dispersion forces is ques-
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tionable (12), and the matter is further complicated by the
asymmetric distribution of surface charges and patchy hydro-
phobic regions on a globular protein molecule (11). The elec-
trostatic repulsive interactions can be treated approximately by
a screened Coulomb potential, but the short-range attraction is
modified by the presence of other effects such as hydration forces
(10). The relative strength of these interactions can be tuned by
varying the salt concentration or pH or temperature (13). In
addition, the interaction potential between the globular proteins
is softer than the hard-sphere type interactions assumed in
model colloidal systems (10). As a result, protein solutions offer
a rich variety of conditions to test the predictions of computer
simulations (5), and, in particular, specific ion effects cannot be
explained by DLVO theory (11).

Small-angle scattering of X-rays and neutrons (SAXS and
SANS) is an effective method to study the structure and inter-
actions of macromolecular solutions (14). The scattering inten-
sity from an interacting suspension of globular particles mea-
sured as a function of momentum transfer [g = (4m/)) sin(0),
where 26 is the scattering angle and A is the wavelength] can be
written as (15, 16)

1(q) = NAp*VXP(@)Su(q). (1]

Here, N is the number density of particles, Ap and V" are their
average scattering contrast and volume, respectively. The form-
factor, (P(q)), the averaged particle scattering over the ensemble
of sizes and orientations, is related to the particle structure. The
effective structure factor, Sy/(g), provides information about the
interparticle interactions in solution and for very dilute solutions
of noninteracting particles, Sy(gq) ~ 1. For a concentrated
system, Sy/(q = 0) is proportional to the osmotic compressibility
and it decreases with the concentration (c). In addition, Sx(q)
displays a peak at small angles, and the position of the peak g,,
is related to the average distance between the neighboring
particles, d ~ 2w/q,. In contrast, when particles attract each
other, they could form clusters or aggregates, which are mani-
fested by an increase of Sy (0), being proportional to the mean
cluster mass and number density (17). For a nonaggregating
system, ¢, increases with ¢ and the low angle peak in Sy(q)
moves to higher g values. SAXS and SANS are widely used to
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study interactions in protein solutions, e.g., at the onset of
crystallization (18-21).

Recent SAXS and SANS studies pointed to the presence of an
equilibrium cluster phase in salt-free concentrated solutions of
lysozyme at moderate pH (1). These solutions expectedly re-
vealed largely repulsive interactions showing an interaction peak
in Sum(q) but, unexpectedly, the position of this peak did not
appear to move with concentration. This result was interpreted
as aggregation of lysozyme molecules into small clusters with the
aggregation number (up to 10) increasing with concentration
such that the peak revealed the distance between the clusters,
and not individual molecules. This publication prompted a series
of related studies yielding interesting albeit sometimes conflict-
ing results (2, 16, 22, 23). SANS investigations of cytochrome ¢
and lysozyme solutions suggested not only cluster peak but also
indicated an intensity upturn near ¢ = 0 attributed to weak
long-range attraction (2). The corresponding static structure
factor was modeled by an effective potential involving two
Yukawa terms pertaining to intermediate range repulsion and a
long-range weak attraction (2, 16). The upturn near g = 0 was
subsequently shown to be caused by impurities in the sample
(22), and this issue was further discussed in ref. 23. Indications
of equilibrium clusters were also recently reported in insulin
solutions, even at low protein concentrations (24). The cluster
formation in lysozyme solutions was subsequently analyzed by
MD simulations using a Lennard-Jones (LJ) potential for short-
range attraction and Yukawa long-range repulsion, and the
results were correlated with the effective structure factor ob-
tained by the scattering experiments (25).

The experimental proof for the cluster phase relies on the
original SAXS/SANS finding (1) that the interference peak does
not shift with concentration. A thorough inspection of the
original data (1) reveals some inconsistencies. Most notably, the
1(0) values of the lysozyme solutions appear to significantly
decrease with increasing protein concentration. Given that 7(0)
is proportional to the coherently scattering volume, clustering
should have led to the opposite effect, namely an increase of 1(0)
(see also above discussion after Eq. 1). Although the observed
decrease might, in principle, be explained by repulsive interac-
tions between the clusters, such repulsion would have to be
unexpectedly strong, especially given the dynamic nature of the
clusters and the limited surface charge density of lysozyme near
physiological pH (26). Furthermore, for a system with clusters
and interactions between them, the structure factor in Eq. 1
should have been determined after appropriately taking into
account the form factor of these clusters and not just of the
individual lysozyme molecules, as has been done in refs. 1, 2, and
16. Also, the theoretical fits computed in ref. 27 reported the
volume fraction of the clusters in solution coinciding with that of
the protein itself. However, if proteins had aggregated into (even
densely packed) clusters, the latter should inevitably contain
significant amounts of solvent, and the apparent volume fraction
of the clusters should have been significantly different from that
of the protein. To resolve these controversial issues, we have
repeated the scattering experiments on lysozyme following the
procedures described in ref. 1. The measurements were per-
formed on state-of-the-art high brilliance and high-resolution
SAXS and SANS instruments to ensure reliable detection of the
peak position. A broad range of concentrations, temperatures,
and solvent conditions were explored, and several lysozyme
samples were prepared independently from material of different
suppliers. All SAXS and SANS experiments on low-salt ly-
sozyme solutions reproducibly yielded interference peaks shift-
ing to larger g with increasing protein concentrations. The
experimental data thus display no evidence of equilibrium
clusters and, instead, the scattering patterns are fitted by con-
sidering a system of individual lysozyme particles with an
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Fig. 1. Scattering intensities from salt-free lysozyme solutions at pH 7.8 for
different concentrations recorded on three SAXS/SANS instruments. Symbols,
experimental data; continuous lines, computed fits. Green lines, the form
factor; pink lines, crystallographic model, blue, red, and magenta lines, fits to
higher concentration data using Eq. 1 with parameters listed in Table 1. The
dashed line indicates the evolution of the interference peak. (Insets) The
computed structure factors indicating the position of the first low g peak.

effective interaction potential consisting of short-range attrac-
tion and long-range repulsion terms.

Results

Multiple series of SAXS and SANS measurements were per-
formed at various conditions and Fig. 1 summarizes typical and
representative results for the salt-free solutions at pH 7.8. The
three concentration series were collected on different instru-
ments at different temperatures, in H,O (ESRF) and D,O
(EMBL, ILL) solutions. The scattering patterns at the lowest
concentrations exhibit negligible interference effects and are
adequately described by the computed scattering from the
atomic model of lysozyme (28), confirming that the protein is
monomeric at low concentrations. At elevated concentrations
(>15 mg/ml), interference peaks are observed close to g = 0.8
nm~!, which become more pronounced with decreasing tem-
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Table 1. Fit parameters for the scattering data from salt-free lysozyme solutions at pH 7.8

¢, mg/ml ) T, °C K4, keT K>, kT al/Z,, nm al/Z, nm k~1,* nm
ESRF

1.6 0.001 20

15 0.012 20 8.00 3.20 0.260 2.94 2.98
44 0.033 20 8.20 2.60 0.24 1.74 2.24
152 0.12 20 9.80 2.30 0.16 1.04 1.40
EMBL

4.2 0.003 10

29 0.022 10 13.00 4.00 0.36 1.92 2.49
119 0.090 10 14.00 3.50 0.16 1.42 1.50
246 0.186 10 16.00 3.10 0.15 1.14 1.09
ILL

4.5 0.0034 5

24 0.018 5 8.48 2.00 0.43 3.23 2.61
80 0.060 5 10.28 2.45 0.28 1.73 1.75
200 0.151 5 9.90 2.22 0.23 1.24 1.19

cand ¢, protein concentration and volume fraction, respectively; T, specimen temperature; K1, K3, 0/Z3, o/Z5,
k=1, and Z are parameters describing the interaction potentials (see Methods).

*Net charge Z = +8e.

perature. In all cases, the peak clearly and systematically moves
toward higher g values with increasing concentration. This, of
course, is also evident in the effective structure factors Si(q)
obtained after division of the experimental data by the com-
puted form factor from the fits to the low concentration data. We
deliberately present here the raw experimental data to demon-
strate that the peak shift is observed without any additional
operations. The data and the structure factors for the sets in Fig.
1 are also shown in double logarithmic scale in supporting
information (SI) Fig. 5.

The experimental data can be fitted within the decoupling
approximation by using an effective interaction potential be-
tween the individual lysozyme molecules consisting of short-
range attraction and long-range repulsion terms (see Materials
and Methods). The fits are displayed in Fig. 1, and the parameters
are given in Table 1. As expected, the effective attraction
increases with decreasing temperature, whereas the repulsive
parts remain nearly temperature-independent and the system
stays repulsive above 5°C. Over the concentration range studied,
lysozyme exhibits a liquid-liquid phase separation at lower
temperatures (13). This phase behavior could lead to a more
complicated scattering dependence than that described by Eq. 1.
The data sets taken at 20°C, well above the liquid-liquid
coexistence region, are thus adequately fitted. Close to the
critical concentration (~240 g/liter), additional contributions to
I(q) arise from the critical fluctuations for the temperatures
approaching the liquid-liquid phase separation. The higher
concentration fits at 10°C and especially at 5°C display therefore
some systematic deviations at higher angles (but, notably, not in
the range of the first maximum corresponding to the average
nearest neighbor distance). The computed structure factors of
the best fits displayed as insets in Fig. 1 and also in SI Fig. 5
unambiguously reveal a pronounced shift of the first maximum
toward higher g with increasing concentration.

All of the fitted parameters in Table 1 describing the behavior
of the system have physically reasonable values. Thus, the
interaction peak is described by the known volume fraction of the
proteins in solution. The apparent range of repulsive interaction
decreases with concentration, which can be attributed to the
elongated shape of the protein molecule (higher probability of
side-by-side type interactions at elevated concentrations). The
value of the screening length corresponds to the net buffer ionic
strength of 6 mM, is in agreement with the net charge of the
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protein known from titration experiments to be about +8e (26)
at the pH used.

Some scattering patterns in Fig. 1 display an intensity upturn
at low g region pointing to the presence of large aggregates, as
also been observed in earlier SANS studies (2, 23). In agreement
with ref. 22, these aggregates were removed by centrifugation
(9,500 X g for 30 min), without noticeable alterations of the
scattering at high g values, and, accordingly, without significant
change in the fit parameters (Fig. 2 and SI Table 2). The intensity
upturn is less pronounced at lower pH when the system becomes
more repulsive (Fig. 2), further confirming that this excess
intensity arises due to permanent aggregates. The main inter-
action peak at pH 7.8 is less pronounced as compared at pH 4.8
due to decreasing protein surface charge weakening the elec-
trostatic potential (SI Table 2).

Further SAXS and SANS measurements were performed to
study the influence of the ionic strength of the buffer and
temperature on the interaction peak. Addition of NaCl, as
expected for an electrostatically stabilized system, diminishes the
magnitude of the interaction peak (Fig. 3). The computed fit
parameters display decreased repulsive interactions, whereas the

b

¥ After centrifugation
4| Before centrifugation

10 o 3.9/, pH=4.8
F ESRF o ralmits
r T=20°C & 229/l pH=7.8
10
10" 10° 10" 10°
q[nm’] q[nm’]

Fig.2. Effectof centrifugation on the low g excess intensity for two different
lysozyme concentrations and pH values. The continuous lines display the
calculated fits using Eq. 1 (parameters are listed in S| Table 2). (a) Before
centrifugation. (b) After centrifugation.
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Fig.3. Effect of the NaCl addition on the scattered intensities at pH 7.8 and
¢ = 22 g/liter. (Inset) The fitted structure factors indicating the position of the
interference peak. Continuous lines indicate calculated fits using Eq. 1 (pa-
rameters in Sl Table 3).

attractive interactions show a small increase, which can be
attributed to a specific counterion effect (SI Table 3). For the
given protein concentration in a salt-free buffer, the interaction
peak moves to lower g values with decreasing temperature (SI
Fig. 6). The main cause of the shift is an increase in the attraction
while the repulsive part remains nearly unchanged (SI Table 4).
At sufficiently strong attraction, the system would show phase
separation (13, 29).

To illustrate a typical scattering signature of a system con-
taining clusters of colloidal particles, Fig. 4 presents the scat-
tering from a suspension of polystyrene latex particles (volume
fraction ¢ ~ 0.009) in a quasi-binary mixture of 3-methyl
pyridine (3MP), H,O and D,O above its aggregation tempera-
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Fig.4. SAXS intensity from a suspension of polystyrene latex particles in the
binary mixture of 3-methyl pyridine with H,O/D,0 revealing the fingerprint of
equilibrium clusters. The form factor (P(q)) is the scattering from a system of
spheres with radius 52.6 nm and polydispersity 4% (green line). Red line, the
computed fit using Eq. 1 with parameters o = 109 nm, ¢ = 0.46, Z; = 8, and
K1 = 1.2 kgT. The structure factor Sy(q) is displayed in the Inset.
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ture. This system is known to exhibit a thermally reversible
aggregation near the phase separation temperature of the sol-
vent mixture (7), which, in this case, is >52°C. The evolution of
the interparticle attraction near this aggregation temperature
can be modeled in terms of a short-range attractive potential
alone (30). Interestingly, the obtained value of ¢ = 0.46 corre-
sponds to an effective volume fraction of the latex particles
within the clusters, which is much higher than the bulk value of
¢ (~0.009). In addition, the low g region shows the power law
scattering, a typical feature of scattering by these aggregates (30).
In contrast, the interaction peak in lysozyme samples (Fig. 1) is
fully described by the bulk volume fraction of protein and the
data do not display any power-law scattering signature of the
clusters. The excess scattering at low g region, as demonstrated
in Fig. 2, is due to the permanent aggregates, which are not
directly related to the interaction peak (the latter stays un-
changed also after the removal of these aggregates).

Discussion

The presence of an equilibrium cluster phase in concentrated
protein solutions would have had important biological signifi-
cance, especially in protein stability and aggregation, as well as
related diseases. Indeed, controllable short-range attraction and
long-range repulsion is central to self-assembly processes in
biological systems, in particular, protein crystallization occurring
in the attractive regime of interparticle interactions (31-33).
Aggregation-prone proteins seem to exhibit a similar very deep
attractive potential (=50 kgT) as opposed to stable globular
proteins (24). A recent SAXS study on amyloidogenic insulin
(24) suggests that an equilibrium cluster phase may exist in such
proteins, though the concentration and angular range of the
experimental data are limited.

A natural question arises: why was the shift of the interference
peak not observed in the publications reporting the equilibrium
cluster phase in lysozyme? First, we must state that the differ-
ences cannot be attributed to the sample preparation proce-
dures. We have precisely followed the protocols described in the
original publications (1, 22) and used a total of six different
lysozyme batches from four commercial product codes, including
the same one (Sigma/Fluka lysozyme code L7651) used in refs.
1 and 22. The solutions were repeatedly washed and filtered to
remove ionic impurities, and control measurements on other
purchased proteins and differently prepared samples reproduc-
ibly yielded very similar results. Multiple series of experiments
were performed specifically to compare the samples prepared
with and without pH adjustment after the sample preparation,
with and without repeated washing and/or dialysis of the protein
solutions, and conductivity was measured to independently
monitor the ionic strength. All these measurements displayed
the same peak shifts with concentration (see examples in SI Figs.
7 and 8). Secondly, one might ask whether the resolution of the
SAXS/SANS instruments played a role. The previous studies (1,
2, 22) were done either on x-ray sources or neutron instruments
with relatively low flux and resolution, whereas we present the
x-ray and neutron data from high resolution experimental
stations. The smearing of the data in the previous work might
have made the shift in peak position less detectable. In our
opinion, however, this shift should have been observed also on
low resolution instruments. In fact, visual inspection of the x-ray
data from lysozyme at 30°C given in figure 2b of ref. 22 reveals
a noticeable peak shift toward higher g values with increasing
concentration, similar to that presented in Fig. 1, which was not
commented in ref. 22.

It should also be noted that most of the measurements in refs.
1 and 22 were apparently performed at conditions close to the
liquid-liquid phase separation. Although these conditions (low
temperature and high concentration) lead to most pronounced
interference peaks, the scattering from the critical fluctuations
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may complicate the interpretation, because Eq. 1 is not fully
adequate in these cases. However, our results demonstrate that
clear peak shifts are observed both far from and close to the
liquid-liquid phase separation conditions.

Conclusion

We have repeated the SAXS and SANS experiments on concen-
trated lysozyme solutions at exactly the same conditions as those
reported in recent publications (1, 22). In contrast to the latter
results, the interference peak due to the repulsive interactions
displayed a clear trend toward higher g values with increasing
protein concentration. Several experimental sessions were per-
formed in H,O and D,O buffers using different protein batches,
different high resolution instruments and under varying experi-
mental conditions (temperature, concentration, ionic strength,
pH). In all cases, the appearance and behavior of the interference
peak is adequately and consistently described by the form and
structure factors of individual lysozyme particles using an interac-
tion potential involving short-range attraction and long-range re-
pulsion. Therefore, our data did not reveal any equilibrium clusters,
but instead are fully compatible with a system of largely repulsive
individual lysozyme molecules in solution. We are far from making
a claim that the equilibrium cluster phase does not exist in con-
centrated protein solutions, but this phase has been absent in
lysozyme solutions under the experimental conditions used in the
present study. Based on these results, we believe that some of the
recent work on lysozyme and other proteins related to the equi-
librium cluster phase behavior needs to be revisited, perhaps
requiring further experimental evidence.

Materials and Methods

Sample Preparation. For the measurements at EMBL Hamburg and ILL Grenoble,
three commercial hen egg white lysozyme powders were used (product codes
62970 and 62971 from Fluka and L7651 from Sigma) and the solutions were
prepared following the procedure described in refs. 1 and 22. Approximately 40
mg of protein were dissolved per 1 ml of a 20 mM Hepes buffer in DO (Sigma
product code 613444) or deionized H,O. The pH value (as read by a pH meter) was
adjusted to 7.8 by adding NaOH both for H,O and D,0 solutions. Control mea-
surements performed with and without adjusting the pH of the final protein
solution, and also with adjusting the pD value of the D,O samples to 7.4 (which
would correspond to pD 7.8) yielded practically no differences in the scattering
patterns of the resulting samples. The solution was washed several times with
excess buffer using a Sartorius Vivaspin centrifugal concentrator with 5-kDa
cutoff, which was further used to concentrate the protein solution. At different
steps of the concentration process, aliquots were removed, giving a range of
concentrations from ~4 to 300 mg/ml (as determined by the absorption at 280
nm). The samples with 50 mM NaCl were also prepared by diluting a concentrated
sample with buffer containing the appropriate amount of NaCl at the same pH.

For the ESRF measurements, the lysozyme from Sigma (L-6867, Lot
57H7045, three times recrystallized and dialyzed) was dissolved in Hepes (pH
7.8) and acetate buffer (pH 4.8). Control experiments performed on the
samples with further dialysis yielded similar scattering curves to those pre-
sented. Lower protein concentrations were prepared by diluting the stock
solution with the corresponding buffer. Samples with different salt contents
(10, 25, and 50 mM NaCl) were obtained by dissolving the concentrated
protein sample with buffer containing the appropriate amount of NaCl at pH
7.8. The effective concentration of the protein was also validated by using
absolute scattered intensity and the reported density of lysozyme (21).

For the colloidal sample, polystyrene latex spheres (radius, ~53 nm; poly-
dispersity, ~4%) were suspended in a density-matched quasi-binary mixture
solvent composed of 25 wt % of 3MP with 1:1 H,O to D,0 by volume. This
system exhibits a thermally reversible aggregation of colloids near the binary
mixture liquid-liquid phase separation (7). The bulk colloid volume fraction
was 0.009, and the sample was kept in sealed flat capillaries.

SAXS and SANS Experiments. Synchrotron x-ray scattering data at the EMBL
were collected on the X33 beamline (storage ring DORIS-IIl, Hamburg, Ger-
many) (14) using a MAR345 image plate detector and a Pilatus 500K pixel
detector. The scattering patterns were obtained with 2-min exposure time for
all concentrations at temperatures ranging from 10°C to 25°C. To monitor for
radiation damage, two successive protein exposures were compared, and no
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changes were found. The measurements were performed using vacuum and
in-air mica sample cells at the x-ray wavelength of 0.15 nm and at sample-
detector distance of 2.7 m, covering the range 0.09 < g < 5 nm ~'. The data
were normalized by the intensity of the transmitted beam, azimuthally aver-
aged and the solvent scattering was subtracted using PRIMUS (34).

The SAXS measurements at the ESRF (Grenoble, France) were performed on
the beamline ID02 (17) at two sample-detector distances (1 and 5 m) to cover
the g range from 0.02 to 6 nm~". The x-ray wavelength was 0.1 nm and the
data were collected by a high sensitivity fiber-optic coupled CCD (FReLoN)
detector placed in an evacuated flight tube. The solutions were loaded in a
flow-through quartz capillary cell (diameter, ~2 mm; wall thickness, ~10 um)
temperature controlled at 20°C. The radiation damage was checked with 10
successive exposures of 0.1 s. The incident and transmitted beam intensities
were simultaneously recorded with each SAXS pattern with exposure of 0.3 s.
The patterns were normalized to an absolute scale and azimuthally averaged
to obtain the intensity profiles, and the solvent background was subtracted.

The SANS data were collected on the D22 instrument (14) at the ILL
(Grenoble, France) at sample-detector distances of 8.0 and 1.4 m and the
neutron wavelength of 0.8 nm (with a wavelength spread of 10% FWHM) to
cover the g range from 0.07 to 4.4 nm~'. Samples were thermostated at 5°Cin
1 mm path-length quartz cuvettes (Hellma, France). The scattering patterns
were averaged about the incident beam, normalized by the water scattering,
contributions from buffer and empty cell were subtracted, and the difference
curves were appropriately scaled using standard routines.

Modeling. The scattering from the models was computed based on Eq. 1 and the
orientation-averaged form factor (P(q)) = (|F(q)?, where F(q) is the scattering
amplitude of an isolated particle and the averaging is performed over different
orientations. Experimentally, the form factor is provided by the lowest concen-
trations for each series in Fig. 1, which agree with the calculated curves from the
atomic coordinates of lysozyme (28). However, for the combined form and
structure factor analysis, lysozyme scattering was approximated by the radially
averaged scattering function of a prolate ellipsoid (16) with the major semi-axis
of ry = 2.39 nm and the axial ratio ra/r, = 1.5. From the volume of the ellipsoid,
V= 4/37r(ralf,) = 25 nm?, the electron density of lysozyme (426 e/nm3) and its
partial specific volume (0.756 cm3/g) (21), Ap in water is calculated to be ~2.6 X
1074 nm~2. The analytic (P(q)) calculated by this method is in good agreement
with that calculated from CRYSOL (27), except that a small additive constant
background (0.011 X (P(q))q = o) Was necessary to describe the high q data.

Because of the asymmetric shape of the lysozyme molecules, their form and
structure factors are coupled (16). For the concentration range investigated
here, the effective structure factor, Su(q), can be related to individual struc-
ture factor, 5(q), and (P(q)) by the decoupling approximation (15, 16),

Su(@) =1+ B(@lS(g) — 1]. [2]

The coupling factor, B, is given by B(g) = |(F(g))|%/(|F(q)|?.

S(g) isrelated to the effective interparticle potential U(r) through the direct
correlation function, C(r) (15). S(g) = 1/(1 — N C(q)), where C(q) is the Fourier
transform of C(r) and N is related to ¢ =wNd3/6, with o an effective hard-
sphere diameter. In terms of the ellipsoid parameters, o = 2(rar2)".

The effective interprotein potential used in the analysis has the following
general form,

o r=o

U(r) - {UTY r>o. [3]

The short-range attraction and long-range repulsion can be simulated by
two Yukawa terms in Ury (16),

exp[—Z(r/o — 1)] .

expl —Z,(r/o — 1)]
rlo ’

rlo

Ury=-K, 2

(4]

The solution for C(r) using the above potential is available within the mean
spherical approximation (16). In the modeling of interactions, parameters K;, Z;,
K>, and Z, are made free and the remaining shape parameters have already been
obtained from the form factor analysis. The range of repulsive interaction Z, = ok,
is compared with the Debye-Hueckel screening length, k~' (10). The parameters
of the best fits to the experimental data obtained by nonlinear minimization are
presented in Table 1 and SI Tables 2-4. Slight improvements in the fits can be
obtained by increasing the axial ratio of the approximating ellipsoid ra/rb up to
1.8 for higher lysozyme concentrations.
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Note Added in Proof. After receiving a number of comments from the authors of
ref. 1, we added SIFig. 9 displayinig a SAXS series measured in salt-free D,O buffer
at 10°C atssix concentrations ranging from 20 to 250 mg/ml. The series does diplay
asystematic peak shift with concentration, but also reveals that the shift at higher
concentrations is much less pronounced than that at lower concentrations. The
trend in the interaction parameters points to gelation effects at higher concen-
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trations (above 200 mg/ml) leading to a reduced peak movement, which could
have been difficult to detect with low-resolution instruments.

ACKNOWLEDGMENTS. We thank Prof. S.-H. Chen and Y. Liu (MIT) for provid-
ing the Matlab code for two Yukawa structure factors and Prof. S. Larsen for
comments on the manuscript.

19. Finet S, Bonneté F, Frouin J, Provost K, Tardieu A (1998) Lysozyme crystal growth, as
observed by small angle X-ray scattering, proceeds without crystallization intermedi-
ates. Eur Biophys J 27:263-271.

20. Hamiaux C, Perez J, Prange T, Veesler S, Ries-Kautt M, Vachette P (2000) The BPTI
decamer observed in acidic pH crystal forms pre-exists as a stable species in solution. J
Mol Biol 297:697-712.

21. Narayanan J, Liu XY (2003) Protein Interactions in undersaturated and supersaturated
solutions: A study using light and X-ray scattering. Biophys J 84:523-532.

22. Stradner A, Cardinaux F, Schurtenberger P (2006) A small-angle scattering study on
equilibrium clusters in lysozyme solutions. J Phys Chem B 110:21222-21231.

23. LiuY, Fratini E, Baglioni P, Chen W-R, Porcar L, Chen S-H (2006) Reply to comment on
"'Effective Long-Range Attraction between Protein Molecules in Solution Studied by
Small Angle Neutron Scattering.” Phys Rev Lett 96:219802.

24. Javid N, Vogtt K, Krywka C, Tolan M, Winter R (2007) Capturing the interaction
potential of amyloidogenic proteins. Phys Rev Lett 99:028101.

25. Cardinaux F, Stradner A, Schurtenberger P, Sciortino F, Zaccarelli E (2007) Modeling
equilibrium clusters in lysozyme solutions. Europhys Lett 77:48004.

26. Tanford C, Roxby R (1972) Interpretation of protein titration curves. App/ Lysozyme
Biochem 11:2192-2198.

27. Svergun DI, Barberato C, Koch MHJ (1995) CRYSOL: A program to evaluate X-ray
solution scattering of biological macromolecules from atomic coordinates. J App/
Crystallogr 28:768-773.

28. Diamond R (1974) Real-space refinement of the structure of hen egg-white lysozyme.
J Mol Biol 82:371-391.

29. Tardieu A, Finet S, Bonneté F (2001) Structure of the macromolecular solutions that
generate crystals. J Cryst Growth 232:1-9.

30. Pontoni D, Narayanan T, Petit J-M, Grubel G, Beysens D (2003) Microstructure and
dynamics near an attractive colloidal glass transition. Phys Rev Lett 90:188301.

31. Kulkarni AM, Dixit NM, Zukoski CF (2003) Ergodic and non-ergodic phase transitions in
globular protein suspensions. Faraday Discuss 123:37-50.

32. Foffi G, McCullagh GV, Lawlor A, Zaccarelli E, Dawson KA, Sciortino F, Tartaglia P, Pini
D, Stell G (2002) Phase equilibria and glass transition in colloidal systems with short-
ranged attractive interactions: Application to protein crystallization. Phys Rev E
65:031407.

33. Filobelo LF, Galkin O, Vekilov PG (2005) Spinodal for the solution-to-crystal phase
transformation. J Chem Phys 123:014904.

34. Konarev PV, Volkov VV, Sokolova AV, Koch MHJ, Svergun DI (2003) PRIMUS: A
Windows-PC based system for small-angle scattering data analysis. J App/
Crystallogr 36:1277-1282.

Shukla et al.


http://www.pnas.org/cgi/content/full/0711928105/DC1

