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Charge-controlled metastable liquid-liquid phase separation in protein
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We demonstrate that a metastable liquid-liquid phase separation
(LLPS) in protein aqueous solutions can be induced by multivalent
metal ions at room temperature. We determine the salt and protein
partitioning in the two coexisting phases. The structure factor
obtained by small angle X-ray scattering provides direct evidence for
a short-ranged attraction, which leads to the metastability of the
LLPS. An extended phase diagram with three control parameters
(temperature, protein and salt concentration) provides a conclusive
physical picture consistent with a criterion for the second virial
coefficient. The presented isothermal control mechanism of the
phase behavior opens new perspectives for the understanding of
controlled phase behavior in nature. Furthermore, we discuss the
application of this framework in predicting and optimizing condi-
tions for protein crystallization.

Metastable liquid-liquid phase separation (LLPS) in protein solution
is a fundamental biophysical phenomenon and provides a mecha-
nism for biological structure formation'® such as a prerequisite for
the formation of crystals in cataracts** and fibers responsible for
sickle cell anemia and Alzheimer’s disease,> and changes on the
pathways of protein crystallization.”** Although claimed to be
universal, a metastable LLPS has so far been observed only in a few
protein systems due to the rather small accessible temperature
window in conventional approaches."*® Proteins, like colloids, in
solution often interact via effective interactions caused by other
components of the solution, ie. the solvent, salt, ezc. Changing the
solvent conditions alters the resulting interactions to a large extent.
Usually the range of the effective attraction for colloids or proteins in
solutions is shorter than the size of the particles, which leads to
a metastable LLPS (corresponding to the gas-liquid phase transition
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in one-component systems)."!*** Theory, simulations, and experi-
ments have predicted that density fluctuations near LLPS can
significantly reduce the energy barrier of protein condensation
including crystallization, ie. in addition to the classical nucleation
mechanism, a two-step nucleation mechanism has been
proposed.”* % Experimental and theoretical studies of colloid-
polymer systems provide insight into the phase behavior of a system
with short-ranged attractions, where the range and the strength of
attraction can be tuned by the molecular weight and concentration of
the polymer.'*'s While for conventional colloids it is relatively easy to
induce attractions with polymer, in protein solutions, where charge
effects are ubiquitous, it seems natural to employ charges to tune the
interactions. It is not obvious a priori, though, whether the predic-
tions for conventional colloids apply to proteins with their discrete
charge pattern, non-spherical shape and softness.

In this Letter, we demonstrate that trivalent salts can be used to
optimize crystallization conditions for globular proteins along general
physical arguments. We first present the phase diagram of human
serum albumin (HSA), a medium size globular protein very abundant
in blood with a molecular weight of 67 kDa, as a function of the
concentration of protein, c,, and the concentration of the trivalent
salt YCls, ¢,, at 20 °C (Fig. 1a). Trivalent counterions have been
demonstrated to be an efficient method for tuning interactions in
protein solutions by the binding of cations to acidic residues (Asp and
Glu) on the protein surface, causing a charge-inversion of the
protein,'®"” whereas mono- and divalent ions do not cause such phase
behavior in general. In the experimental range (3 to 80 mg mL "), the
(¢p, ¢) plane is divided into three regimes, with regime I and III
corresponding to a single-phase solution and regime II a two-phase
state.’® Here, we focus on the condensed phase in regime II, which is
initially turbid (Fig. 1a). Closer examination by optical microscopy
(Fig. 1b) reveals tiny droplets of the protein-rich phase suspended in
solution. These can merge and grow, indicating a LLPS. A similar
LLPS induced by YCl; is observed in bovine serum albumin (BSA)
and B-lactoglobulin solutions.” Thus, LLPS is not specific for HSA,
but a universal phenomenon for negatively charged proteins in the
presence of trivalent cations, which makes the approach discussed
here applicable to, in principle, 46% of the entire protein family."”

For 31 mg mL~" HSA solutions at 20 °C, the LLPS occurs at a salt
concentration ¢, between 3 and 20 mM (Fig. 1a). The partitioning of
both protein and salt into two coexisting phases is determined by
X-ray and ultra-violet light absorption.”® In Fig. la, the pairs of
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Fig. 1 Tuning interactions in protein solutions towards controlled protein crystallization (all scale bars correspond to 0.1 mm): (a) Phase diagram of
HSA controlled by YCl; in the (¢, ¢,) plane. The open symbols with error bar represent the boundary between the regimes as determined by optical
transmission, while the solid symbols (red area) denote coexisting liquid phases. (b) A typical optical microscopy image of a freshly prepared sample with
31.0 mg mL~" HSA and 4.0 mM YCl; shows small droplets of protein-rich phases, which coalesce proving that a non-arrested LLPS occurs. (¢ + d)
Crystallization with different growth mechanisms is observed in the dilute coexisting phase (c) and in the region slighly below the LLPS boundary (¢, =
2.0 mM) (d). (e) Amorphous aggregation in the protein-rich coexisting phase after storage at 20 °C for two weeks indicates the general metastability of
the regime II to aggregation (pictures for initial HSA concentration 31.0 mg mL~" with 4, 6, 10 and 15 mM YCly). (f) Sketch of a phase diagram with
three control parameters: temperature, 7, protein and salt concentration, ¢, and c¢,. The phase behavior can be connected to the phase diagram
established in colloidal systems with a short-range attraction. Importantly, the two crystallization areas (c and d) at the same temperature are consistent
with predictions for optimized crystallization conditions around the LLPS critical point (d) and at the dilute coexisting phase at a suitable attraction
strength (c).”® The presented phase diagram with 7 and ¢ as control parameter in addition to ¢, thus proves the metastable LLPS to be a universal
pathway towards crystallization.

coexisting phases (cl(,l), APy and (cl(,z), ?) (connected by dotted tie- From the perspective of colloid theory, a metastable LLPS is
lines) define the coexistence region (red ellipsoidal area). The LLPS caused by a strong attractive potential with a range much smaller
occurs within a closed area in the ¢, ~ ¢, plane within Regime II. than the effective hard sphere particle diameter.>'*'* Regardless of
While inside the coexistence we find LLPS, the condensed phase of the precise origin of the short-ranged attraction between the proteins,
Regime II outside the area is populated with amorphous clusters. its presence is essential for the LLPS: the loss of entropy in the high
Also the stability of the L-L coexistence phase, which is controlled density phase, compared to the corresponding entropy in the low
by the effective attraction range, supports this picture as follows. The density phase, has to be compensated by the increase in internal
freshly prepared protein-rich phase is transparent with light yellow energy due to the attraction.
color. After several days up to weeks of storage at 20 °C, the dense Using the virial expansion of the osmotic pressure, one obtains the

liquid eventually becomes gel-like (Fig. le). For the protein-poor second viral coefficient B, as a measure of the integrated strength of
phase, crystals can grow from these solutions (Fig. 1c). These the interaction (8 = 1/(kgT)):

observations indicate that the LLPS is ultimately metastable: the free BP(p) = p+ Byp* + Bsp® + ... ()
energy of the dense liquid phase is lower than that of the initial

solution, whereas it is higher than that of the solid state (aggregates or 5

gel).” The metastabilitygof the LLPS induced by mulsivgaglzn% coun- By = 2m J drr [1 B exp(—ﬁVeff(r))]. @
terions is similar to the thermally-driven LLPS in concentrated 0

protein solutions, such as lysozyme, where the protein-rich phase Mechanical equilibrium at coexistence implies that the osmotic
decays into a solid phase over time.®*' These observations are pressure in the high density phase is equally low as in the low density
consistent with the theoretical predictions that short-ranged attrac- phase. This can only be achieved by a sufficiently negative value of
tions in protein solutions cause the L-L coexistence curve to move B-. In fact it was observed that a reduced second virial coefficient of
below the gas-solid curve and the LLPS becomes metastable.® B,/B," < —1.5 is required for the occurence of a LLPS.'822
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In order to further understand the multivalent cation induced
LLPS on the molecular level, the effective protein-protein interaction
has been investigated by SAXS.'22+26 Typical SAXS curves of the
protein-poor phase after the LLPS are shown in Fig. 2. Data fitting of
a series of sample solutions with ¢, = 6.0 mg mL~"' gives a form factor
of 1.7 x 5.3 x 5.3 nm*? resulting in an effective sphere diameter of
o = 8.1 nm. To further quantify the attractive potential, a short-
ranged square well structure factor was used to fit the data
(Fig. 2),%?*" accounting for steric and short-range interaction:

o O<r<o
BVerr(r) = ¢ In (12: ) c<r<o+A (3)
0 o+ g+ A<y

where A is the width of the attractive well. In the limit A — 0 the well-
known case of sticky hard spheres (SHS) is recovered and only the
stickiness parameter 7 is required to account for the attraction and
relates directly to the virial coefficient

2 - @)

Within the SHS model, the critical point of the LLPS occurs at
a stickiness parameter of t, = (2 — \/i) /6=0.0976,® which corre-
sponds to By(t = 7 )/B5S = —1.56 and thus satisfies the criterion for
the second virial coefficient.'®*

For the SAXS data fitting, A was fixed to 0.02 ¢ to prevent arte-
factial coupling with 7. The obtained 7 values (see inset of Fig. 2) are
generally below z. for YCl; concentrations between 3 and 20 mM,
which is consistent with the observed LLPS. The related interaction
potential has a depth of ~4 kzT. Approaching the upper and lower
LLPS boundary for the salt concentration, t increases towards ..,
reflecting the vicinity to a critical point as expected from Fig.1f.

The absolute scattering at low ¢, 1(0), adds to this consistent
physical picture in a model-free way. 1(0) is determined by the
compressibility x 7, since S(¢g—0) = kgTp x7*° The compressibility
xr diverges at the spinodal line. Thus, the closer the coexisting
densities are, the closer binodal and spinodal lines are, and the larger
is xand hence S(¢ — 0) in the coexisting phases. The experimental
results on the microscopic interactions thus reflect the phase

Intensity (cm™)

-
q (nm")
Fig. 2 SAXS data with model fitting for the protein-poor phases from
sample solutions with initial ¢, of 31.0 mg mL~" after LLPS. Only every

second data point is plotted for clarity. The insets show t and /(0) as
a function of ¢,.

behavior, as can be seen easily by comparing the SAXS intensity for
small values of ¢ (Fig. 2, Inset) with the LLPS phase behavior shown
in Fig. 1. As the YCl; concentration, for a fixed ¢, of 31.0 mgmL", is
increased up to 3 mM, the system phase-separates. For this ¢, the
system is close to the lower critical point of the LLPS, which results in
large values of x7 and S(g — 0). As the YCl3 concentration is
increased further up to 10 mM, the coexistence region broadens,
causing x7 and S(g — 0) to decrease. In the range between 10 to 30
mM of YCl; the trend is reversed: x7and S(¢ — 0) increase again,
until the system mixes for YCl; concentrations above 30 mM.

The phase behavior shown in Fig. 1a can now be understood along
the usual phase diagram for colloids with short-range attraction,
when taking into account that protein and bound Y** ions build
effective complexes with a tunable (short-range) attraction. Impor-
tantly, this binding mechanism is generally present in protein systems,
rendering the presented approach a universal pathway towards
controlling phase behavior in protein solutions.

In Fig. 1f, the black lines present a typical phase diagram in the
(T, c,) plane for such a protein-ion complex. By changing the ratio
between protein and bound Y?** ions, the interaction strength varies,
which is reflected in a shift of the critical point of the LLPS (visualized
for selected complexes by the yellow points). Regarding an isothermal
plane (c,, c,) leads back to the phase diagram presented in Fig. la.
Note that the two coexistence lines for the solid-fluid transition at the
dilute limit should merge and for high protein concentration, the
phase behavior becomes more complex.*

The critical points of LLPS can be nicely described using the
thermodynamic criterion based on B,, which has been used as
a predictor in protein crystallization. George and Wilson observed
that B, falls in a narrow range for protein crystallization.** Subse-
quent theoretical work by Vliegenthart and Lekkerkerker demon-
strated that B, has a nearly constant value at the critical point and
indeed can be used as a predictor for protein crystallization, Ze. the
optimal conditions for crystal growth are either near the critical point
where the density fluctuation enhances the nucleation rate,® or below
the critical point but near the protein-poor phase boundary where
crystals grow via a two-step procedure.’®

The growth of high quality protein single crystals (Fig. 1c and d)
supports these theoretical predictions. Importantly, by using multi-
valent ions, both mechanisms can be observed at the same temper-
ature: Fig. 1c corresponds to the case of a two-step nucleation and
Fig. 1d represents nucleation close to the LLPS critical point. By
varying temperature, crystallization conditions can be further opti-
mized. While a detailed crystallographic study is beyond the scope of
this Letter, several proteins have been previously crystallized using
YCl; as a crucial additive without clarifying its exact role.***® Fig. 1
now provides a context for the physical understanding.

The exact physical origin of the short-range attraction remains to
be identified — van der Waals, solvation and structural forces, which
have a range in the order of 1.1 ¢ (ref. 11), can contribute to the short-
range attraction. Effective spheres as representation of proteins has
proved successful for data modeling and the description of the
dynamics of protein solutions.?**¢ However, protein-Y>" complexes
with a non-spherical shape, nonhomogeneous surface charge pattern
and complex hydration properties are expected to show highly
directional, short-ranged interactions. Thus, a more detailed theo-
retical analysis of this system could be achieved within the framework
of patchy particles,”* which could also explain the rather low
volume fractions at the LLPS critical point below 10%.%
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However, even without the precise knowledge of the microscopic
mechanism, multivalent metal ions can be successfully used to control
the macroscopic phase behavior of globular proteins. The observed
phase behavior can be understood and described even quantitatively
based on fundamental thermodynamic principles and colloid theory.
In summary, we have presented a theoretically consistent and
comprehensive understanding of the controlled optimization of
protein crystallization around the metastable LLPS in protein solu-
tions solely induced by multivalent ions. The results suggest
a universal applicability of the approach and open the field for further
systematic studies of protein phase behavior.
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