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ABSTRACT: Liquid—liquid phase separation (LLPS) in protein systems is
relevant for many phenomena, from protein condensation diseases to subcellular
organization to possible pathways toward protein crystallization. Understanding
and controlling LLPS in proteins is therefore highly relevant for various areas of
(biological) soft matter research. Solutions of the protein bovine serum albumin
(BSA) have been shown to have a lower critical solution temperature—LLPS
(LCST—LLPS) induceable by multivalent salts. Importantly, the nature of the
multivalent cation used influences the LCST—LLPS in such systems. Here, we
present a systematic ultrasmall-angle X-ray scattering investigation of the
kinetics of LCST—LLPS of BSA in the presence of different mixtures of HoCl,
and LaCl;, resulting in different effective interprotein attraction strengths. We
monitor the characteristic length scales &(t, Tj,) after inducing LLPS by
subjecting the respective systems to temperature jumps in their liquid—liquid
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coexistence regions. With increasing interprotein attraction and increasing T, we observe an increasing deviation from the
growth law of & ~ /% and an increased trend toward arrest. We thus establish a multidimensional method to tune phase
transitions in our systems. Our findings help shed light on general questions regarding LLPS and the tunability of its kinetics in

both proteins and colloidal systems.

B INTRODUCTION

Liquid—liquid phase separation (LLPS) is known to occur in a
variety of systems from mixtures of organic molecules to
colloidal matter with, in many cases, complex interaction
potentials. When occuring in protein systems, metastable LLPS
plays an important role in cellular organization, signaling, and
development.' ™ Furthermore, LLPS is related to the main
reason behind protein condensation diseases such as cataract®
and sickle cell anemia’ and can influence the properties of
protein-based therapeutics.” '’ In addition, several properties
of industrial food products are similarly governed by phase
separation phenomena.'"”'? Importantly, the density inhomo-
geneity associated with LLPS can be an important precursor
for protein crystallization."”~"> Understanding and rationally
manipulating LLPS in protein solutions is thus of strong
interest for several areas of biological and soft matter research.

The two main mechanisms leading to liquid—liquid phase
separation are nucleation and spinodal decomposition (SD),
which take place in the metastable and unstable regions of the
area inside the binodal of the phase diagram of the system in
question. Nucleation is often described via classical nucleation
theory (see, e.g., ref 16), whereas SD is commonly rationalized
using the Cahn—Hilliard theory relating the temporal variation

of concentration fluctuations %:‘t) to the changes in the free
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energy F of the system.'”™" In the late stages of SD,
coarsening according to Lifshitz and Slyozov'®***! and Binder
and Stauffer”> predicts a time-dependent growth of the
characteristic length & of the respective system according to
the power law & ~ t'/3,

LLPS, SD, and their interplays with phenomena such as
arrested phase transitions have been studied both theoretically
and experimentally in a variety of systems such as metal
32 26

alloys**** and polymer blends,”*° as well as colloidal systems
(see, e.g., refs 27—32 and 33 for a review).

It was found experimentally and established theoret-
ically’* ™ that a metastable LLPS in colloidal systems can
be traced back to short-ranged (i.e., much smaller than the
particle diameter’’) attractions between the colloids. Impor-
tantly, this concept established in colloid science is, within
certain approximations and limits, applicable to many protein
systems, since the latter typically also exhibit short-ranged
interparticle attraction.”> Under certain conditions, protein

40—-50

systems can also undergo a metastable LLPS, which can
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be described and rationalized using concepts from colloid
theory.

For example, Shah et al.*® observed a continuous transition
from metastable to unstable phase separation mechanisms in
aqueous lysozyme solutions with an upper critical solution
temperature (UCST) for varying temperature quench depths.
A further experimental study on lysozyme by Cardinaux et al.”’
reported that the quench depth into the coexisting region
determines whether the system undergoes complete LLPS or
whether glass formation interferes with the latter. These results
were later confirmed by Gibaud et al,*” who showed that the
arrested two-phase system obtained by Cardinaux et al.*’
consisted of a bicontinuous network in an arrested state. The
work by Gibaud et al.*” also clearly illustrates the change of the
growth exponent & of & ~ t* with increasing time. Although «
is equal to 1/3 in the initial stages of growth, there is a
substantial slowing down in the late stages of the experiment,
i.e., for large t. The network obtained for deep quenches is the
result of an arresting spinodal decomposition in the early
stages of critical quenches.

Throughout the past years, our group has established a
model system of proteins in aqueous solutions with a short-
range intel;protein attraction induced by multivalent cati-
ons.'**'7% Among other phenomena, this short-range
attraction leads to a metastable LLPS,”**® which can play an
active role in the nucleation and growth of protein
crystals.'#**3%3%% The short-range interprotein attraction
induced by multivalent cations has been rationalized by a
cation-activated patchy particle model.”>” Binding patches on
the surface of proteins are known not only for ions but also for
more complex ligands such as pharmaceuticals.”® Notably, the
LLPS in our systems is entropically driven and appears as
temperature increases, i.e., it features a lower critical solution
temperature (LCST—LLPS).”>~%* A recent study reported that
the type of multivalent cation used has a strong influence on
the phase behavior on the LCST—LLPS of bovine serum
albumin (BSA).”” We established that using HoCl; induces
strong a interprotein attraction, whereas the attraction is
relatively weak in the case of LaCl;. Importantly, phase
transitions of BSA can be fine-tuned by using different ratios of
weakly and strongly interacting multivalent salts at constant
ionic strength,”” as notably manifested in shifts of the
transition temperatures of phase-separating samples.

Having established the equilibrium phase diagrams of
systems consisting of BSA and multivalent cations, here we
study the kinetics of LLPS of BSA in the presence of
multivalent salts via ultrasmall-angle X-ray scattering (USAXS),
an experimental approach recently demonstrated in refs 64 and
70.

In particular, the present study focuses on the intriguing
possibility of rationally manipulating the kinetics of phase
separation in BSA-multivalent salt systems by changing their
salt composition. Importantly, the control of the phase
behavior of soft matter systems such as protein solutions
opens up pathways toward controlled induction and tuning of
different system properties such as phase separation and
associated density fluctuations. The latter have been shown to
facilitate the growth of protein crystals.,13 which has crucial
implications for crystallography and structural biology. In
addition, the manipulation of stimulus-responsive systems is of
fundamental interest for the design of the so-called smart
materials’' or drug delivery systems.”” Establishing the role
different factors play in controlling the phase behavior of soft
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matter is therefore of fundamental importance in a variety of
research areas. In the systems described in the present study,
we use different ratios of the two multivalent salts HoCl; and
LaCl; introducing strong and relatively weak interprotein
attractions, respectively, to rationally tune the phase behavior
of our systems. We find that with increasing HoCl;
concentration, i.e., increasingly attractive protein interactions,
the deviation from the & ~ (/3 growth law becomes
pronounced and allows the experimental systems to enter an
arrested state even in the case of small temperature jumps.

Exploiting the dependence our systems have on both the
type of multivalent cation used and temperature, we thus
establish a framework suitable for a multidimensional control
of phase transitions of experimental systems. Our results are of
general interest to areas of science concerned with fundamental
research on phase separation thermodynamics and their
mechanisms in colloids and proteins, and how these are
affected by changes in microscopic interactions.

B EXPERIMENTAL METHODS

Determination of Coexistence Regions of BSA-HoCl,/
LaCl; Mixtures. Binodals reflecting the liquid—liquid
coexistence regions of all samples were determined as follows.
Samples containing initial protein concentrations of 175 mg/
mL BSA and a total salt concentration of 40 mM consisting of
HoCl; and LaCl; with the ratios 22/18, 25/15, and 30/10 mM
were prepared in a water bath at temperatures from 12 to 45
°C by mixing appropriate amounts of protein and salt stock
solutions. The samples were left to equilibrate for 20 min and
subsequently centrifuged for 2 min at 21 000 rcf (Mikro 220R
centrifuge, Hettich, Tuttlingen, Germany) at preparation
temperature to facilitate separation into dense and dilute
phases. The samples were equilibrated for 15 more minutes in
the water bath at preparation temperature again, after which
the volumes of both dense and dilute phases were determined
by pipetting. The BSA concentrations of the dilute phases were
measured by UV absorbance at 1 = 280 nm.”” The
concentrations of the corresponding dense phases were
calculated based on mass conservation.

USAXS Sample Preparation. BSA (catalogue number
A7906, heat shock fraction) with a purity of >98%, as well as
HoCl; (catalogue number 450901) and LaCl; (449830) (the
respective purities were indicated as 99.9—99.99%), were
purchased from Sigma Aldrich (now Merck, Darmstadt,
Germany) and used as received. Protein and salt stock
solutions were prepared by dissolving appropriate amounts of
respective chemicals in degassed ultrapure (18.2 MQ) MilliQ
water (Merck Millipore, Darmstadt, Germany). The protein
concentration of the stock solution was then determined by
UV absorbance at 4 = 280 nm.”?

Samples containing initial concentrations of 175 mg/mL
BSA and different HoCl;/LaCl, ratios were prepared by mixing
appropriate amounts of protein and salt stock solutions at
room temperature (21 °C). The samples were centrifuged for
2 min at 21 000 rcf to facilitate the macroscopic separation of
the dense and dilute phases. The samples were then stored at
21 °C overnight, after which the dilute phases were removed.
The dense phases were stored at 5 °C for several hours until
they became clear and were subsequently filled into quartz
capillaries with a diameter of 1 mm using a syringe (Norm-Ject,
Henke-Sass Wolf GmbH, Tuttlingen, Germany). Prolonged
centrifugation at low speed and at 5 °C was then applied to
remove air bubbles from the capillaries.
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USAXS Measurements. The USAXS measurements were
performed at beamline ID02”*”> (ESRF, Grenoble, France)

4sin O
A
range from 1.1 X 1073 to 7.2 X 1072 nm™! was covered. The

wavelength 4 used was 0.995 A, corresponding to an energy of
12.46 keV. The signal was recorded using a FReLoN Kodak
CCD detector.

Every measurement was performed by subjecting the
respective sample to a temperature jump to a final temperature
Tg, between 30 and 50 °C using a heating rate of 80 K/min.
The starting temperature was 10 °C. Throughout the
experiment, the temperature was controlled using a temper-
ature stage (Linkam Scientific Instruments, Surrey, U.K.). The
USAXS measurements were divided into three distinct steps
covering different stages of phase separation at the respective
Ty In steps 1, 2, and 3, exposures were taken every 0.7 s,
every 4 s, and every 30 s, respectively, as described in detail in
ref 64. At every step, the X-ray beam was focussed onto a
different spot of the capillary to minimize radiation effects.’*
We note that the temperature jumps (i.e., heating) we use for
our LCST systems correspond to the temperatures quenches
(i.e, cooling) commonly described for colloidal and protein
systems with a UCST (see, e.g., refs 47 and 49).

Prior to data analysis, the first featureless curve of each data
set obtained at 10 °C before the temperature jump was
subtracted from the following curves. The g value correspond-
ing to the maximum intensity (qn,,) was determined for each
spectrum, and the characteristic length scale £ was calculated as
& =27/ o

Very Small-Angle Neutron Scattering (VSANS) Meas-
urements. VSANS measurements were performed at beam-

line KWS-3 (FRM-II, Garching, Germany).”” A q = 4L;n9
range from 1.2 X 107> to 1.1 X 107> A™! was covered. Samples
with composition and preparation identical to those that used
for USAXS measurements were filled into quartz cuvettes
(type 404-QX, Hellma Optics, Jena, Germany) with a
thickness of 1 mm and a total volume of 0.7 mL on ice and
centrifuged extensively at 4 °C at very low speed (max. 20g) to
remove air bubbles. Prior to the measurement, the samples
were kept on ice. To start the measurement, the samples were
then placed onto a sample holder preheated to the desired T,
via a circulating water bath (Julabo, Seelbach, Germany).
VSANS profiles were recorded at intervals of S—10 min at
respective Ty, for a total time of up to 2 h. Background
correction was performed by subtracting the scattering profile
of an empty sample cell The correlation length & was
calculated as 27/q,,,.

using the 30 m sample detector distance setup. A g =

B RESULTS AND DISCUSSION

Binodals of BSA-HoCl;/LaCl; Systems. To understand
the influence different HoCly/LaCl; ratios have on the
coexistence regions of the respective samples, the binodals of
the samples with an initial BSA concentration of 175 mg/mL
and varying initial salt ratios were measured by UV—vis
spectroscopy. The binodals are displayed in Figure 1.

The binodals show a clear trend toward a higher difference
in protein concentration (c,) between dense and dilute phases
with increasing HoCl; concentration, as indicated by the
broadening of the coexistence regions with an increasing
HoCl;/LaCl; ratio. The samples used for the USAXS
measurements (whose analysis is described below) are located
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Figure 1. Binodals of corresponding dense and dilute phases obtained
after LCST—LLPS of samples with ¢, ;i = 175 mg/mL and varying
initial salt ratios as shown in the legend. Dashed lines are guides to the
eye. The gray dotted line indicates the preparation temperature of the
samples. The samples used for the USAXS experiments described
later on are located on the dense branches of the respective
coexistences curves.

on the dense branch of the binodal. As seen in Figure 1, their
protein concentrations (volume fractions) increase with
increasing HoCl; concentration. The differences in phase
behavior of the systems under investigation are therefore
traced back to the salt composition itself, as well as to the salt
composition-induced differences in their respective protein
concentrations. This is discussed in more detail below.

In addition, the only sample composition in which an
experimental approach toward the lower critical point above 0
°C is possible is the one with the lowest HoCl; concentration.
A stronger overall interprotein attraction brought about by
higher HoCl; concentrations presumably shifts the critical
point toward lower temperatures, which cannot be reached
within the temperature window accessible experimentally (i.e.,
above 0 °C). This is consistent with cloud temperature data®’
where high HoCl; concentrations led to phase separation
below the temperature window experimentally accessible.

Obtaining &(t, Tg,) from USAXS Profiles. A typical
USAXS I(q) plot obtained using a dense phase of an initial
BSA concentration of 175 mg/mL and a HoCl;/LaCl; ratio of
25/15 (Tg, = 45 °C) is shown in Figure 2.

From the raw USAXS data, £ = 27/q,, values were
extracted and plotted as functions of time. Data sets of £(f,
T;,) for each sample composition and at different jumps to Tg,
are shown in Figure 3.

In the case of the lowest HoCl; concentration (Figure 3a),
&(t, T) follows the power law growth of & ~ /3 to a good
approximation for all Tg,. Interestingly, the power law and its
temperature dependence can be strongly influenced by
different HoCl;/LaCl; ratios as becomes apparent from a
comparison of Figure 3a—c. With increasing Ty, and HoCl;
concentration, the growth of £(t, Tj,) slows down, potentially
approaching an apparently arrested state or strongly delayed
kinetics of transformation at the highest T, and the highest
concentrations of HoCl,.

A possible scenario to rationalize the slowdown observed in
the growth of £ with increasing HoCl; concentrations would
be as follows. First, a higher HoCl;/LaCl; ratio widens the
BSA-HoCl;/LaCl; binodal and therefore influences the volume
fraction of the USAXS samples that are located on the dense
branch of the binodal (cf. Figure 1). In addition, multivalent
salt has been shown to partition preferentially into the dense
coexisting phase upon LLPS.>* Moreover, the affinity of Ho>*
cations to BSA appears to be higher than that of La>* cations.”
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Figure 2. Typical raw USAXS data (initial BSA concentration = 175
mg/mL, HoCl;/LaCl; ratio = 25/15, Ty, = 45 °C). Data were
smoothed by binning every 5 points. The first curve corresponds to t
= 60 s after the T jump, the last to t = 510 s. The characteristic length
scale of the respective systems was calculated as & = 27/q,,,,. The
curves shown here were taken in time intervals of 30 s. See text for
details.

Finally, Ho®" cations induce a stronger interprotein attraction
than La* cations.”” It is therefore reasonable to assume that
our samples are enriched with Ho', which enhances the
interprotein attraction. Thus, it seems likely that the
combination of a higher protein volume fraction (which is
more prone to arrest) and a stronger protein—protein
attraction gives rise to the observed stronger tendency for
arrest in the samples with more HoCl; and therefore deviates
from the & ~ /* behavior.

We note that for systems with the highest HoCl,
concentrations and the highest Ty, the corresponding
intensities I(g,,) feature a nonmonotonous behavior. In the
present publication, however, we focus on the behavior of £(%,
Ts,) and do not intend to analyze the behavior of the intensity.
We note that although some of the samples appear kinetically
hindered in some form for long observation times, we cannot
rule out that under certain conditions, a slight coarsening of
the structure might still occur for substantially longer times.
Furthermore, we note that £(t, Tj,) saturates for very long
time scales, as expected and as independently confirmed using
very small-angle neutron scattering (VSANS)’*7® (see the
Supporting Information).

Interestingly, the plateau value of £(t, T,) in the samples
containing the highest HoCl;/LaCl; ratio shows a lower &(f,
Tg,) for higher Tj, (Figure 4). This observation aligns well
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Figure 4. £(t, Tj,) at long times (t ~ 870 s) obtained from the late-

stage data of the samples with the highest HoCly/LaCl; ratio (cf.
Figure 3¢).

with a study conducted by Gibaud et al.* on a lysozyme
system with an upper critical solution temperature. Gibaud et
al. trace back their findings to the fact that arrest occurs in the
early stage of spinodal decomposition. Given this explanation
and our observation that, in the samples with the highest
HoCl; concentration, £ does not grow with time (Figure 3c),
we therefore tentatively assume that in this sample arrest can
indeed occur at an early stage of phase separation. In addition,
the data shown in Figure 4 indicate that even in the arrested
state approached at long times for all temperatures in the
samples with the highest HoCl;/LaCl, ratio, &(t, Tg,) is still
tunable by choosing different Ty, which is of potential interest
for the fabrication of protein-based materials with temperature-
responsive structures.

Considering that both Ho®* and La** used here are trivalent
and part of the lanthanide series, it is remarkable how strong
the differences in the kinetics are, induced by only a small
change in their relative initial concentrations. Thus, even small
changes in the composition of the samples lead to substantial
changes in the phase transition kinetics. This is qualitatively
consistent with the observation of strong differences in the
phase transition temperatures of BSA (cf. Figure 1 and ref 69)
upon small changes of the multivalent salt ratios. In the
experiments described in ref 69, it was found that Ho®" cations
have the strongest affinity to BSA and also induce the strongest
BSA—BSA interactions. La>* cations are the weakest agents in
both respects. In addition, protein—protein interactions were
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Figure 3. £(t, Tj,) profiles of different HoCl;/LaCl; mixing ratios. The legends indicate Ty, (°C). We note that for long observation times ¢, £(%,
Tg,) reaches a plateau as confirmed by very small-angle neutron scattering data (see the Supporting Information).
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found to be fine-tunable by varying cation mixture ratios.
These results underline the importance and strength of ion-
specific effects also for trivalent ions, similar to the famous
Hofmeister series (established mostly for monovalent ions).””

By controlling the protein—protein interactions of our
systems, we are able to tune the effective depth of the
temperature jump%’47 into the coexisting regions of our
samples by varying the ratio of a salt inducing strong and weak
protein—protein interactions (HoCl; and LaCl,, respectively).

Moreover, we are able to influence the onset of arrested
states via both strength of the cation-induced protein—protein
interaction and temperature. This manifests itself in the
increasing deviation from the power law growth of & ~ /3
with increasingly attractive overall interactions. This observa-
tion can potentially be explained via the formation of clusters
via cation-induced protein bridging.”® The fact that arrest
occurs at high Ty, and at high HoCl; concentrations can also
be tentatively attributed to the fact that the high protein
concentration and the strong interprotein attraction induced
by Ho* cations®” can lead to the formation of an attractive
glass.”” Importantly, the present study shows how subtle
differences in sample composition, brought about by different
salt ratios, can lead to large macroscopic differences in sample
behavior and, intriguingly, allow for tuning of the phase
behavior in a rational way.

B CONCLUSIONS

We have established that the growth of the characteristic
length scale £(t, Tj,) of our systems consisting of BSA with
different mixing ratios of trivalent salts slows down with
increasing temperature and increasing concentrations of the
salt HoCl; inducing strongly attractive interactions up to the
point that the system appears to be in a locked-in or arrested
state. Intriguingly, we are able to influence the onset of arrested
states by varying the ratios of different multivalent salts. We
note that the specific behavior and the specific differences of
(multi)valent ions and in particular their mixtures and
interactions with proteins appears to not lend itself to simple
explanation. In particular, effects of inhomogeneous cation
distribution and their different affinities to proteins®”’*™* can
play a role. Considering that the Hofmeister series for the
seemingly simple monovalent ions was established more than
100 years ago but is still in need of investigation, it is probably
not surprising that for the more complex lanthanides a simple
explanation appears elusive at present. Nevertheless, the data
presented in this publication demonstrate that we can combine
two control parameters—temperature and ratio of multivalent
salts introducing strong and weak interprotein attraction—to
obtain multidimensional control of the phase behavior of the
system.

With this paper, we hope to have provided new and
interesting data on cation-induced liquid—liquid phase
separation and its kinetics in proteins and to stimulate further
theoretical work on these highly complex systems. Our results
open new opportunities to tune phase transitions not only in
proteins but also in colloidal or polymer systems sensitive to
external stimuli such as temperature or ionic strength. This is
of particular interest for the design and development of smart
materials such as gels used to purify water.”"
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