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We present a series of experimental results that disclose the crucial role of ionic strength and

partial volume fractions in the control of the phase behaviour of binary protein mixtures. Our

findings can be understood as that the ionic strength determines the relative contribution of the

entropy of the protein counter-ions to the overall thermodynamics of the system. Associative

phase separation and crystallization observed at, respectively, low and high ionic strength are

suppressed at intermediate salt concentrations, where the entropy gain upon releasing the

counter-ions from the double layer of the proteins is negligible and the entropy loss upon confining

the counter-ions within the protein crystal phase significant. Moreover, we find that the partial

volume fraction of the protein prone to crystallize determines the crystallization boundary and that

the presence of other proteins strongly delays crystallization, leading to temporarily stable mixtures.

These findings suggest that stability in more complex protein mixtures, such as the cytosol, relates

to the ionic strength and protein composition rather than to protein specific properties.

Introduction

Concentrated protein mixtures are highly susceptible to various

phase transitions, such as crystallization, liquid–liquid phase

separation, and associative phase separation; the latter referring

to the complexation of oppositely charged proteins resulting in

coexisting protein-rich and protein-poor phases.1–5 Despite this

tendency to phase separate, numerous examples of stable multi-

component protein mixtures exist in nature.6–8 The intracellular

fluid of living cells, also known as the cytosol, is perhaps the

most prominent example. It contains 200–350 mg ml�1 of

thousands of different proteins.9,10 The primary requirement

for its functionality is stability, i.e. the proteins remain dispersed.

Despite the obvious importance of this stability, there are

surprisingly few studies devoted to its origin, the existing work

calling upon diverse arguments.11–14 Indeed, while Doye and

Poon propose that proteins specifically evolved to expose

amino acids at their surface that disfavour the formation of

crystal contacts,13,14 Sear et al. argue that protein interactions

eventually cancel out if the number of components within the

mixture becomes large enough.11,12 Our work exposes pathways

to stability that require neither specific surface properties13,14 nor

multi-type interactions,11,12 denoting instead the ionic strength

and the partial volume fraction of a given protein species as the

key parameters controlling the stability of mixtures.

Experimental

Materials

The hen egg-white lysozyme used in this work is purchased

from Sigma (L6876, LOT 117K1547); a-lactalbumin is a kind

gift of Davisco Foods. Stock solutions of both proteins are

prepared by dissolution of the protein powders into a 20 mM

HEPES buffer at pH = 7.8 and varying sodium chloride

concentrations, cNaCl = 0, 100, 200, 300, 400, 500 mM. The

initial overall protein concentrations of Ci E 100 g l�1 are

determined by weight and correspond to an overall protein

volume fraction of j E 0.07, assuming a protein density of

r = 1.351 g cm�3. Undissolved material is removed by

filtration over a 0.22 mm Millex-GV filter, such that the actual

initial protein concentration ci0 is 8–15% lower than Ci, as

determined by UV-Vis spectroscopy. Mixtures are prepared by

mixing the stock solutions, equilibrated for one hour and

centrifuged for 1 h at 10 000 rpm. Subsequently they are left

to equilibrate at room temperature, T E 22 1C, and after a

given equilibration time again submitted to a 1 h centrifugation

step at 10 000 rpm; the protein concentration in the super-

natant is then determined by UV-Vis spectroscopy. Labelling

of lysozyme with rhodamine (RBITC) and a-lactalbumin

with fluorescein (FITC) is done following the procedure of

Gorbenko et al.15

a Institute for Complex Molecular Systems and Laboratory of
Macromolecular and Organic Chemistry, Eindhoven University of
Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands. E-mail: i.voets@tue.nl

b Adolphe Merkle Institute, University of Fribourg,
P.O. Box 209, CH-1723 Marly 1, Switzerland

cDepartment of Physics, University of Fribourg,
Chemin du Musée 3, CH-1700 Fribourg, Switzerland

dDivision of Physical Chemistry, Center for Chemistry and Chemical
Engineering, Lund University, SE-221 00 Lund, Sweden

w Electronic supplementary information (ESI) available: Saturation
limit of pure lysozyme solutions and mixtures with a-lactalbumin.

Published in 
which should be cited to refer to this work.

ht
tp

://
do

c.
re

ro
.c

h



UV-Vis spectroscopy

Protein concentrations are determined by UV-Vis experiments at

280 nm using mole fraction weighted extinction coefficients e. We

use emix = faea+ fLZeLZ for our a-lactalbumin/lysozyme mixtures

with, respectively, ea =28514 and eLZ = 37752 l mol�1 cm�1 for

pure a-lactalbumin and lysozyme solutions.

Optical and confocal microscopy

Bright field images are taken with a Leica DM IRB inverted

microscope. Fluorescence resolved images are taken with a

Leica TCS SP5 confocal set-up consisting of an inverted DMI

6000 B microscope and motorized stage. Fluorescence is

excited at 488 nm (FITC) and 543 (RBITC) and observed at

537–551 nm (FITC) and 660–700 nm (RBITC).

Results and discussion

Aiming to rigorously test the stability of concentrated protein

mixtures with respect to phase separation, we chose a system that

is particularly prone to exhibit associative phase separation and

crystallization: a-lactalbumin/lysozyme mixtures. These secretory

proteins are similar in mass and size and at the pH of 7.8 � 0.1

used in our experiments they carry a net charge of equal

magnitude but opposite sign.16,17 These conditions facilitate

associative phase separation. The means to also stringently

test stability with respect to crystallization is given by the

strong tendency of lysozyme to crystallize. We investigate the

phase behaviour of these mixtures at varying sodium chloride

concentrations, 0 r cNaCl r 500 mM, and varying protein

compositions, while maintaining the overall protein concen-

tration fixed at ci0 = 88 � 4 g l�1 (see the Experimental

section). After a given equilibration time teq at a temperature

of T E 22 1C the mixtures are centrifuged, where we find that

some mixtures phase separated in a turbid protein-rich phase

that sedimented to the bottom of the container, while the

protein-poor phase remained in the supernatant. We quantify

the amount of protein in the supernatant csn using UV-Vis

spectroscopy, where csn = ci0 for systems, which did not

exhibit any phase separation.

As shown for systems after teq B2 months in Fig. 1a, the

dependence of csn on the lysozyme mole fraction fLZ exhibits

characteristics that distinctly depend on salt concentration.

For cNaCl = 0 and 100 mM, we observe a fairly symmetric

‘‘dip’’. This feature is a typical characteristic of associative

phase separation that occurs stoichiometrically in mixtures of

oppositely charged polymers, colloids and proteins at low

ionic strength.18,19 The magnitude of the minimum decreases

as the salt concentration increases, which implies that the

driving force for associative phase separation becomes less

effective as the ionic strength increases. Indeed, for cNaCl =

200 mM we find that csn is essentially identical to ci0, which

indicates that at this salt concentration phase separation is at least

temporarily suppressed. Upon increasing the salt concentration

even further, we find that csn exhibits again a dependence on the

protein composition. However, in contrast to the behaviour

observed at low salt concentrations, the dependence of csn on

fLZ exhibits here a monotonic trend; csn decreases with increasing

fLZ beyond some critical value of fLZ. A comparison of

the behaviour for cNaCl = 300 mM and cNaCl = 400, 500 mM

reveals that this critical value shifts to lower fLZ as the salt

content is increased.

To evaluate the differences in the mechanisms leading to

phase separation at, respectively, low and high ionic strength

we compare the supernatant concentrations obtained after teq
B2 months and teq = 1 day in Fig. 1b. This analysis reveals

that while the final states are essentially reached after teq = 1

day for systems with salt concentrations of up to 200 mM, the

phase separation process continuous to evolve beyond 1 day at

higher salt concentrations. This strongly suggests that the

phase separation process observed under these conditions is

a crystallization process.

To test this we examine the optical appearance of the

precipitates in bright field microscopy. As typical examples

for precipitates formed at, respectively, low and high ionic

strength, we show the micrographs obtained for fLZ = 0.7

with cNaCl = 0 mM and cNaCl = 500 mM in Fig. 2a and b.

Clearly, while the precipitates obtained at low ionic strength

appear amorphous, the precipitates obtained at high ionic

strength are crystalline. To assess the composition of both we

perform additional experiments using fluorescently labelled

proteins, where a-lactalbumin is labelled with fluorescein

(FITC green) and lysozyme with rhodamine (RBITC red).

The images obtained in confocal microscopy reveal that the

amorphous phases contain both proteins; as shown for fLZ =

0.5 and cNaCl = 0 in Fig. 2c, the colour of the precipitates is a

mix of red and green in the superimposed images. By contrast,

the crystalline precipitate obtained for fLZ = 0.5 and cNaCl =

500 mM is predominantly red, which indicates that the crystals

are essentially composed of pure lysozyme (Fig. 2d). These

findings unambiguously demonstrate that phase separation is

associative at low ionic strength and segregative at high ionic

strength. The prism-like shape of the lysozyme crystals shown

in Fig. 2b suggests that lysozyme crystallizes in the tetragonal

form, consistent with the lysozyme crystal form found in other

experiments.21–23 This would imply that the volume fraction of

the condensed phase is jLZ= 0.605 at high ionic strength. At low

ionic strength, determination of the density of the condensed

phase jp is somewhat hampered due to the very small amount of

the precipitate obtained. For fLZ= 0.5 and cNaCl= 0mM, where

Fig. 1 (a) Protein concentration in the supernatant normalized by the

protein concentration of the initial mixture, csn/ci0, as a function of

lysozyme mole fraction, fLZ. Results are obtained after an equilibration

time of B2 months. (b) Ratio of the protein concentrations in the

supernatants after an equilibration time of B2 months and 1 day. The

salt concentrations are: cNaCl = 0 mM (blackJ), 100 mM (purple&),

200 mM (blue n), 300 mM (greenB), 400 mM (red �), and 500 mM

(orange +). The lines are guides to the eye.
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we obtain the largest amount of precipitate, we estimate jp to

be approximately 0.41, based on the fraction of the volume

occupied by the precipitate. However, it appears likely that

this density will here vary depending on the conditions used, as

associative phase separation leads to amorphous aggregates

with internal densities that most probably will depend on the

kinetics of the aggregation process.

To gain a general overview of the phase behaviour observed

after teq B2 months, we report our findings in the phase

diagram shown in Fig. 3. Here we define a sample as stable

(closed symbols) when csn/ci0 Z 0.9 and as unstable (open

symbols) when csn/ci0 o 0.9, and we distinguish between the

unstable samples where phase separation is the result of

associative phase separation (open squares) and crystallization

(open triangles). The phase space of instability is clearly delimited

and exhibits a gap at intermediate salt concentrations. Though

a-lactalbumin and lysozyme are both secretory proteins and thus

presumably only marginally model the behaviour of cytosolic

proteins, it is worth noticing that the range of salt concentrations

guaranteeing maximum stability is near to the physiological salt

conditions in mammals.6 This suggests that the intracellular salt

concentration may be a key parameter for the stability of

intracellular fluids.

We can qualitatively account for the observed behaviour

considering the entropic contributions of the protein counter-ions to

the overall thermodynamics of the system, as recently proposed for

the modelling of the thermodynamics of protein crystallization.24–26

Upon associative phase separation the counter-ions are released

from the double layer of the proteins, while they are confined

within the crystal phase upon crystallization.18,19,27–29 The

release and confinement entail, respectively, a gain and loss in

the entropy of the counter-ions. However, while the gain is

significant enough at low ionic strength to considerably contribute

to the free energy of the system, the loss is negligible enough at high

ionic strength to allow for crystallization. In between these two

extremes, where neither the entropy gain upon release is significant

enough nor the entropy loss upon confinement is small enough, the

system is stable. Alternatively we can express this relation in terms

of effective interactions that are controlled by the ionic strength.

While at low ionic strength the mutual interactions are dominant,

the like–like attraction becomes dominant at high ionic strength.

Varying the ionic strength in a continuous manner will thus lead to

a switch frommutual to like–like attraction, which implies a regime

at intermediate ionic strength where neither of both is significant

enough to lead to phase separation. Maintaining this intermediate

ionic strength will thus guarantee stability.

To further explore the origin of stability we compare the

crystallization behaviour of lysozyme in our mixtures to that

of equivalent systems containing lysozyme only. For this

purpose we evaluate the position of the saturation limit SLZ

of systems that contain only lysozyme under the conditions

used in our experiments (see ESIw 20). This boundary shown as

a dashed line in Fig. 3 closely matches the onset of crystal-

lization in the mixtures at salt concentrations exceeding

200 mM. Indeed, assuming that the lysozyme concentration in

the supernatant of the mixtures cmix
sn,LZ at high ionic strength can

be evaluated as the difference of the protein concentration in the

supernatant and the overall concentration of a-lactalbumin,

cmix
sn;LZ ¼ cmix

sn � cmix
i0a , we find that cmix

sn,LZ is in good agreement

with that expected for pure lysozyme. This effectively implies that

the presence of a-lactalbumin hardly affects the crystallization of

lysozyme, these systems behaving like quasi-ideal mixtures of two

proteins that do not interact with one another. Note that typical

protein mixtures encountered in nature contain significantly

more than only two protein species, such that the likelihood of

exceeding the saturation limit of any of the species is very low.

At cNaCl = 100 and 200 mM, we find that none of the samples

with lysozyme concentrations exceeding SLZ crystallized during

Fig. 2 (a) Optical micrographs of amorphous precipitates from

a-lactalbumin/lysozyme mixtures at fLZ = 0.7 and cNaCl = 100 mM.

(b) Optical micrographs of crystalline precipitates from mixtures at

fLZ = 0.7 and cNaCl = 500 mM. (c and d) Confocal microscopy images

of (c) amorphous phases at fLZ = 0.5 and cNaCl = 0 mM, and (d)

crystalline phases at fLZ = 0.5 and cNaCl = 500 mM using fluorescently

labelled proteins, RBITC-lysozyme (red) and FITC-a-lactalbumin (green).

The red and green images of the disordered structures observed at low

ionic strength (c) nearly superimpose, indicating that the amorphous

phases are composed of both, lysozyme and a-lactalbumin. The crystalline

phases obtained at high salt concentration (d) are predominantly red,

indicating that the crystals essentially contain pure lysozyme.

Fig. 3 Phase diagram displaying the phase behaviour of a-lactalbumin/

lysozyme mixtures at pH = 7.8 and T E 22 1C as a function of salt

concentration and protein composition. The overall concentration of

protein is ci0 = 88 � 4 g l�1. The data are obtained after an equilibration

time of B2 months. The stable states (K) are defined by csn/ci0 Z 0.9.

Conditions for associative phase separation are marked by (&) and the

formation of lysozyme crystals by (n). The dashed line corresponds to the

saturation limit of a pure lysozyme system (see ESIw20).
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the equilibration time of B2 months; this includes the systems

containing only lysozyme at fLZ = 1. We can account for this

considering that the nucleation rate of lysozyme decreases with

decreasing salt concentration and the degree of supersaturation.30–35

Thus, even if not in equilibrium, systems with lysozyme

concentrations exceeding SLZ can be regarded as temporarily

stable when the crystallization process is slow enough. To

further explore this aspect we perform a series of experiments,

where we compare the crystallization kinetics of a pure

lysozyme system with that of the corresponding mixture. As

a typical example we show the temporal evolution of the

lysozyme concentration in the low density phase for the

systems with cpurei0;LZ ¼ cmix
i0;LZ ¼ 55 g l�1 and cNaCl = 400 mM

in Fig. 4. At long enough equilibration times the supernatant

concentration of lysozyme of both systems corresponds to the

saturation limit, cmix
sn,LZ(teq - N) = cpuresn,LZ > (teq - N) =

SLZ, which demonstrates that crystallization of lysozyme is

ultimately not affected by the presence of a-lactalbumin.

However, while for the pure lysozyme system cpuresn,LZ = SLZ

is reached within B230 hours, the crystallization of lysozyme

in the mixtures is significantly delayed, the saturation limit

reached at teq E 1600 hours. Such delay may also determine

stability in biological systems, where the proteins are con-

stantly exchanged, the mixtures remaining homogeneous over

any relevant life time of the system.

Conclusions

Our findings expose several generic pathways to stability of con-

centrated protein mixtures. At high ionic strength segregative phase

separation is suppressed when the partial volume fraction of the

component prone to phase separate becomes too small to exceed

the critical conditions for phase separation, in addition to being

significantly delayed by the presence of the other component.

Most importantly, our work denotes the key role of the salt

concentration in governing stability. The boundaries to associa-

tive phase separation and crystallization delineate the narrow

range of ionic strength at which the counter-ions are neither

released from the protein double layer nor confined within the

protein crystal phase. This can be understood as ionic strength

determines the relative contribution of the entropy of the protein

counter-ions to the overall thermodynamics of the system.

Our experiments with mixtures of proteins of opposite charge

effectively probe this contribution in a twofold manner. While the

gain in counter-ion entropy drives associative phase separation at

low ionic strength, the loss of counter-ion entropy upon confining

the counter-ion within the crystal phase becomes small

enough at high ionic strength to allow for crystallization. Both

observables—the successive suppression of associative phase

separation and the onset of crystallization upon increase of the

ionic strength—are measures of the decreasing importance of the

counter-ion entropy term to the free energy of the overall system.

We believe that such combined measures will serve as a valuable

benchmark to develop a thermodynamic description that includes

the entropy of the counter-ions as a key parameter in the control

of the phase behaviour of protein mixtures.
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