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A B S T R A C T

Protein interactions in solution and the question of cluster formation are of paramount
importance to a wide range of research fields and industrial applications. Protein clustering
can arise due to a delicate interplay between the short-range attraction and the long-range
repulsion in the interaction potential. This study employs small angle X-ray scattering (SAXS)
to examine the clustering behavior of three protein systems in solution: bovine serum albumin
(BSA), bovine 𝛽-lactoglobulin (BLG) and lysozyme (LYZ) under varying protein concentrations,
ionic strengths and temperatures. The goal is to elucidate the influence of the attractive
potential’s nature on clustering behavior. BSA serves as a reference system, where electrostatic
repulsions dominate the effective interactions, resulting in a mean protein–protein distance as
a function of protein concentration which follows the 1/3 power law and precludes protein
cluster formation. In contrast, BLG and LYZ solutions exhibit exponents less than 1/3, indicating
concentration-dependent cluster formation. The effective interactions are well described using
a two-Yukawa type potential comprising a long-ranged repulsion and a short-ranged attraction.
While increasing ionic strength by adding NaCl reduced repulsion and correlation in all three
systems, the response of protein solutions to ionic strength differed for clustering systems of BLG
and LYZ. BLG solutions exhibited a reduced attraction with increasing ionic strength, leading
to cluster dissolution, while LYZ solutions experienced enhanced attraction, favoring larger
cluster formation. Notably, BLG solutions showed minimal temperature dependence, while
LYZ solutions exhibited increased attraction with decreasing temperature, further promoting
cluster formation. These results demonstrate the crucial role of short-ranged attractions of
specific nature in determining protein clustering behavior. A thorough understanding of protein
interactions is essential for predicting protein clustering and phase behavior.

1. Introduction

The intricate phase behavior of biological systems is crucial to our understanding of, inter alia, protein crystallization [1–6],
protein condensation related diseases [1,2,6–10], as well as the phase behavior of cytoplasm within cells [11–14]. These phenomena,
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from the perspective of soft matter physics, are analogous to phase transitions, which are governed by the effective interactions
between macromolecules in solution [1,2,6,10,15,16]. Protein interactions in aqueous solutions are typically complex and influenced
by various environmental parameters including concentration, ionic strength, salt type, pH, and temperature [4–10,16–28].

Globular proteins with net charges are frequently modeled as a system of small charged colloids [8,10,16]. The effective
nteractions between proteins can be quantitatively determined using small angle X-ray scattering (SAXS) [10,29]. Scattering
ntensity distributions from a charged particle solution, such as charged colloids, proteins, DNA, or polyelectrolytes, often exhibit a
ronounced peak at a finite 𝑞 value. This indicates the existence of time-averaged ordered structure in these systems. The underlying
rinciple of this phenomenon is primarily attributed to the electrostatic repulsion between charged particles, which is aptly described
y the DLVO theory, encompassing Coulombic repulsion and van der Waals attraction.

A simple geometry argument leads to the dependence of the average inter-particle distance, 𝑑, on the concentration, 𝑐, in a
harged colloidal solution (or protein solutions) follows a relation of 𝑑 ∝ c−1∕3. This ordering phenomenon has been extensively
tudied in various protein systems, revealing a wide range of exponent values. For example, BSA [30–33], apoferritin [34,35],
valbumin [36] and Cytochrome C at high pH [37] typically exhibit exponents close to 1/3. In contrast, lysozyme displays a
ignificantly weaker dependence with an exponent far below 1/3. [9] This observation prompted a series of investigations into
ynamic protein clustering [9,24,38–44]. The reduced exponents in these cases are attributed to the formation of protein clusters
s concentration increases. Further studies have revealed that the formation of protein clusters arises from the interplay of long-range
epulsion and short-range attraction forces [45–50]. Theoretical models and simulations suggest that in such systems, the structure
actor exhibits a peak due to intermediate-range ordering, which plays a dominant role in the scattering intensity maximum [43,51].
herefore, the concentration-dependent shift of the peak position may not be a definitive indicator of protein clustering [43].

Protein clusters formed under the influence of competing interaction potentials exhibit a short lifetime, rendering them highly
ynamic and transient in nature. [40,42,43] It is crucial to distinguish these dynamic clusters from mesoscopic protein clusters,
hich can serve as precursors for protein crystallization [9,25,40–44,52,53]. These dynamic clusters are small, typically about
0 nm or smaller. [42,44] Their lifetime is normally much shorter than the one of mesoscopic clusters. [40,42] Dynamic clusters
onstitute a substantial portion of the total protein in solution, significantly impacting the scattering correlation peak. [9,41,44]
n contrast, mesoscopic clusters occupy a very small volume fraction and only contribute primarily to the increase of scattering
ntensity in the low 𝑞 region in small angle scattering profiles. These clusters can also be partially removed through filtration. [41]
ue to their short lifetime and loose structure, dynamic clusters are not considered viable precursors for crystal nucleation. [54]

Extensive studies on various proteins have unveiled the hallmarks of protein clustering, including the characteristically weak
oncentration dependence of the correlation peak in SAXS/SANS profiles [9,38,40,43,44]. These observations suggest that the
ffective interactions between proteins can be effectively described by a two-Yukawa type potential, encompassing both short-
ange attraction and long-range repulsion. Additionally, dynamic studies have demonstrated that protein clusters may exhibit
imited lifetimes, determined by the delicate balance between these opposing potentials [40,42,43,55]. The origin of the long-range
epulsion is typically attributed to electrostatic interactions arising from protein surface charges. However, the source or nature of
he attraction potential remains unclear in many cases, even for well-established systems like lysozyme. We propose that the precise
rigin of attraction may vary from protein to protein, leading to diverse clustering behaviors.

In this study, we conducted SAXS experiments on three distinct protein solutions, varying concentration, ionic strength, and
emperatures. Employing appropriate models, we fitted the SAXS data to obtain quantitative insights into the interaction potentials
overning these protein systems. Our primary objective was to compare the clustering behavior exhibited by these protein systems
nd elucidate the impact of the attraction potential’s nature on clustering behavior.

. Experimental

.1. Materials and sample preparation

Bovine serum albumin (BSA) (product No. A7906), bovine 𝛽-lactoglobulin (BLG) (product No. L3908 with a 90% purity) and salt
NaCl) were purchased from Sigma-Aldrich. BSA was lyophilized powder, essentially globulin free, essentially protease free, ≥98%
agarose gel electrophoresis) Hen egg white Lysozyme was purchased from Fluka (L7651, three times crystallized, dialyzed, and
yophilized).

All samples were prepared by mixing the required amount of salt stock solution, deionized (18.2 M𝛺) degassed Millipore water
nd protein stock solution. Stock solutions were prepared by dissolving the protein powder or salt in deionized degassed Millipore
ater. The concentration of proteins in solutions was determined by UV absorption measurements using the extinction coefficients
f 0.96, 0.667 and 2.64 L g−1 cm−1 at a wavelength of 278 nm for BLG, BSA and LYZ, respectively [56]. A Seven Easy pH instrument
rom Mettler Toledo was used to monitor the pH of the solutions.

.2. Small angle X-ray scattering (SAXS) and data analysis

SAXS measurements were performed at the ESRF, Grenoble, France, at beamline ID02. The samples were measured using a
low-through capillary cell with a diameter of 1.0 mm and a thickness of about 10 μm at sample-to-detector distances of 1 and 5 m
or BLG and 2 m for BSA and LYZ. The sample in the scattering volume was exchanged for every exposure. For each sample, 10
xposures of 0.1 s or 20 exposures of 0.05 s each were measured. The 2D intensity pattern was corrected to an absolute scale and
2

zimuthally averaged to obtain the intensity profiles. Afterwards, the solvent background was subtracted. More detailed information



Physica A: Statistical Mechanics and its Applications 650 (2024) 129995F. Zhang et al.

s
p

i

m
𝑉

on data reduction and 𝑞-resolution calibration can be found in the literature [36,57,58]. Additional SAXS data were collected at
tation 6.2 of the Synchrotron Radiation Source (SRS) at the Daresbury Laboratory, Warrington, U.K., details can be found in our
revious publication [59].

Small-angle X-ray scattering data can be used to obtain information on the pair interaction potential [60–62]. The scattering
ntensity, 𝐼(𝑞), for a non-spherical system, can be expressed by

𝐼(𝑞) = 𝑁(𝛥𝜌)2𝑉 2𝑃 (𝑞)𝑆̄(𝑞). (1)

where 𝑞 = 4𝜋
𝜆 sin(𝜃∕2) is the scattering vector, 𝜃 is the scattering angle, 𝜆 is the X-ray wavelength, 𝑁 is the number of protein

olecules per unit volume in the solution, 𝛥𝜌 = 𝜌p − 𝜌s is the electron density difference between the solvent and the solute, and
is the volume of a single protein. 𝑃 (𝑞) is the form factor of a given protein, i.e. the scattering from a single protein molecule

after orientation averaging. A form factor of an oblate ellipsoid with semi-axes 𝑎 and 𝑏 is used to model the proteins. The structure
factor 𝑆̄(𝑞) is calculated using the average structure factor approximation from a monodisperse spherical system [63], with an
effective sphere diameter which is calculated from a virtual sphere with the same second virial coefficient as the ellipsoid [64,65].
In the following parts, for simplicity, we use 𝑆(𝑞) to denote 𝑆̄(𝑞). To describe the effective interactions in protein solution, structure
factors derived from model potentials were used for data analysis. Data fitting for the determination of the interaction potential was
preformed on IGOR Pro with macros developed at NIST [66]. More details of data analysis could be found in previous work [36,59].

3. Results and discussion

3.1. Concentration dependent protein clustering and interactions

3.1.1. Concentration dependent ordering and cluster formation
BSA has been used as a model system for understanding the interactions using small angle scattering techniques [30,31,59,67].

BSA has a molecular weight of 66.7 kDa, 583 amino acids and an isoelectric point (pI) of 4.6 [28,59]. SAXS profiles for BSA solutions
without added salt are shown in Fig. 1a. In agreement with the literature, a pronounced correlation peak is visible from the lowest
concentration (10 mg/ml), the peak position shifts to higher 𝑞 values with increasing concentration. The peak intensity, however,
first increases and decreases after reaching a maximum around 200 mg/ml. This is because of the strong decay of intensity from
the form factor, i.e. the scattering of individual proteins.

SAXS data for protein BLG solutions with various concentrations are shown in Fig. 1b. Without added salt, BLG solutions have a
constant pH of 6.8. A BLG monomer consists of 162 amino acids and has a molecular mass of about 18.3 kDa. Under physiological
conditions, it is found predominantly as a dimer [68]. With a pI of 5.2, it is acidic and carries a net charge of −10 e at neutral pH [69].
The negative net charge of BLG dimers dominates the interactions between proteins in solution. Across a wide range of protein
concentrations, from 14 to 200 mg/ml, SAXS profiles consistently reveal a prominent correlation peak, indicative of electrostatic
repulsion between BLG molecules. However, the peak positions, representing the average inter-protein distance in solution, exhibit a
very weak concentration dependence, increasing slightly with increasing protein concentration. This observation is consistent with
our previous work. [44] By employing a combination of SAXS, neutron spin echo (NSE) and neutron back scattering (NBS), we
confirm that BLG in solutions form compact clusters that are static on the observation time scale of several nanoseconds. [44]

SAXS data for protein LYZ solutions with various concentrations are shown in Fig. 1c. LYZ has a molecular weight of 14.3 kDa,
129 amino acids and a pI of 10.8. The clustering effect in LYZ solutions has been well-documented [7,9,38,40,41,43,70,71]. The
peak position in SAXS/SANS profiles is very sensitive to protein concentration, ionic strength, pH and temperature. For instance, a
systematic study by Stradner et al. [38] revealed that for LYZ solutions at pH 7.8 in HEPES buffer, the cluster–cluster peaks remain
nearly constant in the concentration range from 169 to 317 mg/ml. In a broader range of protein concentration, as demonstrated
in the study by Shukla et al. [41], the peak position does shift towards higher 𝑞 values with increasing concentration, but this shift
is much slower than the 1/3 power law as discussed further below.

During LYZ sample preparation, no buffer was employed, causing the dissolution of proteins to release protons into the solution.
Consequently, the pH of the solution decreases with increasing protein concentration. Above 20 mg/mL, the pH stabilizes around
4.6. Since the pI of LYZ is about 10.8, the decreasing pH intensifies the surface charge, leading to a stronger repulsion. The SAXS
results in Fig. 1c clearly demonstrate a shift of the peak position towards higher 𝑞 with increasing protein concentration.

As discussed in the introduction, under typical colloid conditions, when charged particles are well dispersed in solution, the
average inter-particle distance follows a power law of 𝑑 ∝ c−1∕3. In the current cases, SAXS data for both BSA and LYZ display
a clear shift of the correlation peak with increasing concentration, whereas for BLG the shift is rather weak. We determine the
inter-particle distance directly from the peak position and plot it as a function of protein concentration in Fig. 2. In all cases, a good
linear relationship is observed on a logarithmic scale. The exponents are obtained from the slope, which are 0.34, 0.12 and 0.24
for BSA, BLG and LYZ, respectively.

The position of the peak in the SAXS pattern represents the average inter-protein distance, and its concentration-dependent
variation provides insights into the ordering behavior of the protein solution. The results of the plots reveal striking differences
between the three protein systems. For BSA, the exponent is 0.34 nearly 1/3, in good agreement with the ordering effect of
charged particles in solution. It is worth noting that for higher protein concentration above 200 mg/ml, the exponent increases
to 0.4, as reported previously. [33] This deviation from the 1/3 power law is likely attributed to the ellipsoidal shape of BSA and
its deformation at high packing densities. In contrast, for BLG, the exponent is only 0.12, suggesting the presence of additional
attractive interactions that could promote cluster formation. For LYZ, which is known to form clusters even in unbuffered solutions,
the exponent is 0.24, indicating a weak clustering. The pH is responsible for this, as described earlier, the pH of LYZ solutions
decreases from around 7 to 4.6 upon dissolution. This decrease in pH leads to a higher surface charge of the proteins as the pI is
larger than 7. As a result, the strength of repulsion is enhanced, which partially weakens the cluster formation.
3
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Fig. 1. SAXS profiles for three protein systems at different concentrations and the corresponding structure factor from model fitting: (a) BSA. (b) BLG and (c)
LYZ. The solid black lines are the corresponding data fits.
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Fig. 2. Plot of peak position as a function of protein concentration in log scale. The slope gives the exponent of concentration dependent.

3.1.2. Effective protein–protein interactions characterized by SAXS
The effective interactions between proteins can be quantitatively determined from SAXS measurements. The interaction potential

is closely related to the structure factor contribution in SAXS. For globular proteins carrying net charges and interact mainly via a
screened Coulomb (SC) potential, the corresponding structure factor has been calculated by Hayter, Penfold and Hansen using the
(rescaled) mean-spherical approximation [72,73]. This potential is described at low ionic strength as:

𝑢(𝑟) =

⎧

⎪

⎨

⎪

⎩

∞ 𝑟 ≤ 𝜎
𝑧2

𝜋𝜖𝜖0(2+𝜅𝜎)2
⋅ 𝑒−𝜅(𝑟−𝜎)

𝑟 𝑟 > 𝜎.
(2)

𝑧 is the charge of the macroions, 𝜖0 is the dielectric constant in vacuum and 𝜖 is the reduced dielectric constant of the solvent. 𝜎 is
the diameter of the macroions and 𝜅 is the inverse Debye screening length [74],

𝜅 =

√

∑

𝑖 𝑛𝑖𝑧
2
𝑖

𝜖𝜖0𝑘𝐵𝑇
. (3)

where 𝑛𝑖 is concentration of 𝑖th component and 𝑘𝐵 is Boltzmann constant. In addition to the long-ranged repulsion, when the
effective attractions between proteins are not negligible, a two-Yukawa potential is very useful for describing these systems:

𝑢(𝑟) =

{

∞ 𝑟 ≤ 𝜎

−𝐾1
𝑒−𝑍1(𝑟−𝜎)

𝑟 −𝐾2
𝑒−𝑍2(𝑟−𝜎)

𝑟 𝑟 > 𝜎.
(4)

Here, the first Yukawa term is used to describe the short-range attraction, Z1 and K1 correspond to the range and strength,
respectively. The second term is used to describe the screened Coulomb repulsion. Thus, Z2 and K2 are related to the ionic strength
and the net charge of the protein, respectively [43,75].

The model fits to the SAXS data are presented in Fig. 1. The model curves describes the scattering intensity as a function of 𝑞 in
the intermediate 𝑞 range reasonably well. In the very low 𝑞 region, the deviation from the experimental data is most likely due to the
large clusters in the solution, whereas in the high 𝑞 region, the scattering is mainly contributed from the individual proteins which
are sensitive to the exact size and shape of the protein. While a simple ellipsoid as a form factor cannot fully capture the details of
the protein, it does not significantly impact the data analysis on the protein interactions, namely the structure factor derived from
data fitting. The corresponding structure factor and key parameters are presented in Fig. 3.

For BSA, Fig. 3a shows that S(q) in the low 𝑞 region is below 0.2, while a strong correlation peak shifts towards higher 𝑞 and
increases in absolute value with increasing protein concentration. Increasing protein concentration from 20 mg/ml to 100 mg/ml,
the fitted ionic strength (monovalent salt) in Fig. 3b increases first from about 3 mM to 30 mM, then reaches a plateau, which
can be explained as the dissociation of ions from the residue groups on the protein surface and the dissociation rate decreases
with increasing protein concentration. This value then decreases slightly above 200 mg/ml, suggesting that ion dissociation reaches
equilibrium and that further increasing protein concentration reduces ion dissociation, which also explains the trends of surface
charge in Fig. 3b. Using the experimentally determined volume fraction, the fitted surface charge decreases from 20 e to 12 e.
Overall, the SC potential provides a reasonable description of the interactions, suggesting that long-range electrostatic repulsion
induced by surface charge dominates the effective protein–protein interactions. It is worth noting that in our previous work [59],
we employed the SC potential to fit SAXS data, with the volume fraction as a free parameter. The results indicated slightly larger
fitted volume fractions compared to the experimentally determined values, but the resulting surface charge was around 10–15 e,
lower than the present results.

For BLG, Fig. 3c reveals that S(q) from the two-Yukawa model increases in the low 𝑞 region with increasing protein concentration,
indicating enhanced attraction. In the meantime, a cluster–cluster correlation peak emerges above 13.2 mg/ml and shifts towards
5
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Fig. 3. Structure factor and the main control parameters from model fitting: (a,b) BSA. (c,d) BLG and (e,f) LYZ. The solid gray lines in (b,d,f) are the guide to
the eye. Note the error bars for the fitting parameters from the fitting procedure are smaller than the symbol size, but we estimate the systematic error around
10%.
6



Physica A: Statistical Mechanics and its Applications 650 (2024) 129995F. Zhang et al.

a
p
i
2
l
b
p
e
c

lower 𝑞 values with increasing protein concentration, consistent with the reported results for LYZ under strong clustering
conditions [43]. In the two-Yukawa model, the range of short-range attraction, Z1 was fixed to 10, and the net charge of protein, K2,
was fixed to −2.5 for BLG and −5 for LYZ, respectively. The fitting parameter K1 represents the strength of short-range attraction and
Z2 is related to the ionic strength of the solution. These parameters, determined from the fits, (Fig. 3d) are plotted as a function of
protein concentration, indicating that increasing concentration initially leads to a stronger attraction (increases in K1), followed by a
slight decrease above 50 mg/ml due to the cluster formation at higher protein concentrations. The steady increase of Z2 corresponds
to an increase in ionic strength and a reduction of the Debye length.

For LYZ in Fig. 3e, S(q) profiles are similar to BSA with the peak position shifting towards higher 𝑞 values. The fitting parameter
of the two-Yukawa model (Fig. 3f) reveal a similar trend for Z2 as observed for BLG, but K1 shows an opposite trend, decreasing
initially and then increasing. This trend can be explained by the pH change of the solution. The strength of attraction initially
decreases due to the increase of surface charge, followed by an increase due to screening and stabilized surface charge (and pH).

3.2. Effect of ionic strength of added nacl on protein clustering and interactions

In this section, we investigate the effect of ionic strength on protein interactions and clustering behavior. For that we used the
same three protein systems with a constant protein concentration while varying the concentration of added NaCl. SAXS results along
with model fitting are presented in Fig. 4.

For BSA in Fig. 4a, the high 𝑞 intensity remains unchanged as it is solely determined by the form factor. The lower 𝑞 intensity
increases with increasing ionic strength, leading to the broadening of the correlation peak. The resulting SC structure factor plots
(Fig. 4d) exhibit a significant increase of S(q=0) and a slight shift of primary peak towards higher 𝑞. The results reveals that with
increasing ionic strength enhances the surface net charge and slightly reduces the fitted volume fraction (Fig. 4d,g). Consequently,
the strong reduction of the Debye length leads to the reduced the repulsion. This overall picture is consistent with the screening
effect of added salt on charged proteins in solution [59].

For the BLG salt series in Fig. 4b, while the high 𝑞 data remain unchanged with increasing ionic strength, the low 𝑞 data show
different behavior: without added salt, a pronounced correlation peak is visible. With increasing ionic strength, a similar trend
to BSA is observed, i.e. the peak broadens and the low 𝑞 intensity increases. However, above 100 mM, the intensity decreases,
indicating the dissolution of protein clusters. The resulting two-Yukawa structure factor plots (Fig. 4e) reveal a cluster peak around
𝑞 = 0.05Å−1, which reduces its intensity with increasing ionic strength and eventually disappears above 100 mM. Model fitting
results (Fig. 4h) demonstrate that increasing the ionic strength leads to a reduced strength of attraction (𝐾1), which explains the
dissociation of the clusters (Fig. 4h).

In contrast to BSA and BLG, LYZ exhibits a distinct behavior with increasing ionic strength (Fig. 4c). Initially, for low ionic
strength, increasing the salt concentration increases the scattering intensity in the low 𝑞 region, similar to the other proteins,
consistent with the overall screening effect of added salt on surface charges. However, upon further increasing the ionic strength
above 100 mM, the low 𝑞 intensity increases further, indicating an enhanced attraction. Model fitting using the two-Yukawa potential
reveals that, contrary to BLG, increasing ionic strength in LYZ solutions leads to a stronger attraction, as evidenced by the increasing
of 𝐾1 (Fig. 4f,i). This enhanced attraction has been previously reported in LYZ solutions upon adding salts [7,38,70,71]. Tardieu and
co-workers reported that a combination of a short-ranged attractive potential, such as the van der Waals potential, and a Coulombic
repulsive correctly describe the phase behavior of LYZ solutions at different salt concentrations. Adding salt screens the electrostatic
charges, reduces the repulsive strength, thus the effective interactions become more attractive. Furthermore, they found that at high
ionic strength, the effective interactions show the ion specificities associated with the ‘‘Hofmeister series’’. [7]

3.3. Temperature dependence

Studies on lysozyme show a temperature dependent phase transition, and the interaction (attraction) is sensitive to temperature.
The study by Stradner et al. [38] found that while the cluster peak positions are nearly constant in the concentration series, they shift
to lower 𝑞 and the total scattering intensity increases as the temperature decreases, meaning the effective attractions are enhanced.
The consequence of the enhanced attraction is the formation of larger protein clusters. Increasing salt concentration screens the
electrostatic charges, also favoring larger clusters. Similar temperature enhanced attraction in LYZ solutions has been reported by
other studies. [41,70]

Both LYZ and BLG solutions with and without salt at two temperatures (10 and 25 ◦C) were studied by SAXS. BSA solutions
re not sensitive in this temperature range. [76] Fig. 5(a) shows the results of BLG solutions and it is clear to see that the SAXS
rofiles for two temperatures nearly overlap, indicating that changing temperature from 10 to 25 ◦C does not change the effective
nteractions. In contrast, SAXS profiles for LYZ show a salt concentration dependence in Fig. 5(b). Without added salt or with only
0 mM NaCl, the SAXS profiles have the same shape, but careful comparison indicates the intensity at the peak position (and the
ow 𝑞-region) increases when the temperature decreases from 25 to 10 ◦C, indicating the enhanced attraction. This enhancement
ecomes even stronger for LYZ solutions with higher salt concentration. With 100 and 200 mM NaCl, the Screened Coulombic
otential is strongly reduced, and the scattering intensity at 𝑞 = 0.1Å−1 are significantly enhanced. While lysozyme solutions show
xactly the same behavior as reported in literature,[38,40,41] i.e. enhanced attraction on decreasing the temperature, no visible
7
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Fig. 4. Effects of ionic strength on the effective interactions: SAXS profiles (a) 93 mg/ml BSA (b) 66 mg/ml BLG (c) Lysozyme 93 mg/ml. The solid black lines
are the corresponding data fits. Corresponding structure factors S(q) in (d), (e), (f) and the fitting parameters in (g), (h), (i). Note the error bars for the fitting
parameters from the fitting procedure are smaller than the symbol size, but we estimate the systematic error around 10%.

4. Discussion and conclusions

We now summarize and compare the three protein systems. For non-clustering BSA in solution, the effective interactions are
dominated by the surface charge, which overwhelms the possible attraction, such as van der Waals interaction. This is well-captured
by the screened Coulomb structure factor, which accurately describes the SAXS data. Increasing ionic strength by adding NaCl
reduces the Debye length, diminishing the strength and range of electrostatic interactions. Additionally, the absence of clustering
ensures that the average inter-protein distance conforms to the 1/3 power law. All three proteins are globular proteins and carry
net charges in neutral solutions. BSA and BLG have pI values below 7, resulting in net negative charges, while LYZ has a pI of
10.8, bearing positive charges. These surface charges engender a long-range electrostatic repulsion between proteins, evident in the
strong correlation peaks observed in SAXS profiles.

Protein clustering is often attributed to the delicate balance between long-range electrostatic repulsion and an additional short-
range attraction. While the long-range repulsion is predominantly driven by protein surface charges in all three systems, the nature
of the short-range attraction may vary significantly. Our study reveals distinct responses of these three systems to changes in
8
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Fig. 5. Temperature dependent SAXS profiles at 25 and 10 ◦C for (a) BLG 144 mg/ml, 72 mg/ml with 20 and 200 mM NaCl, and (b) LYZ 93 mg/mL with 0,
20 and 200 mM NaCl.

ionic strength and temperature, particularly for BLG and LYZ. These differences suggest diverse underlying attraction mechanisms.
Quantitative fitting of SAXS data reveals that the attraction for LYZ is enhanced with increasing ionic strength or decreasing
temperature, indicating the non-Coulombic nature of the attraction. Literature suggests that this attraction arises predominantly
from van der Waals interactions. [7,70,71]

For BLG, the attraction reduces with increasing ionic strength but exhibits insensitivity to temperature fluctuations, suggesting
that the attractions between proteins are more specific, possibly arising from complementary charge patterns on the protein surface.
These specific interactions can be reduced by ion screening but remain unaffected by temperature changes. A systematic study by
Piazza and co-workers on one of the two variants of BLG, i.e. BLGA, has provided valuable insights into protein interactions and
cluster formation [77,78]. Their findings revealed that BLGA molecules in solution exhibit strong attractions, leading to the formation
of transient clusters. However, this clustering effect can be fully suppressed by adding electrolytes, which is in good agreement with
our observation that BLG clustering is reduced by increasing ionic strength (Fig. 4). Additionally, they found that the absolute
9
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values of the surface charges of BLGA molecules are similar but have opposite signs under the experimental conditions employed.
This observation implies that the effective interactions between proteins depend on the specific distribution of surface charges.

The results of this study provide compelling evidence that protein clustering is highly sensitive to the nature of the short-range
ttraction, suggesting that it can be manipulated to fine-tune the clustering properties of proteins. The strikingly contrasting behav-
ors of these proteins in solution also emphasize the need for a deeper understanding of interactions of charged macromolecules,
hich are crucial for predicting protein clustering and phase behavior.
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