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Phase transitions of protein aqueous solutions are important for protein crystallization and biomaterials science
in general. One source of thermodynamic complexity in protein solutions and their phase transitions is the
required presence of additives such as polyethylene glycol (PEG). To investigate the effects of PEG on the
thermodynamic behavior of protein solutions, we report measurements on the-liquid phase separation
(LLPS) of aqueous bovine serum albumin (BSA) in the presence of relatively small amounts of PEG with an
average molecular weight of 1450 g/mol (PEG1450) as a model system. We experimentally characterize two
thermodynamically independent properties of the phase boundary: (1) the effect of PEG1450 concentration
on the LLPS temperature, (2) BSA/PEG1450 partitioning in the two liquid coexisting phases. We then use
a thermodynamic perturbation theory to relate the first property to the effect of PEG concentration onprotein
protein interactions and the second property to pretBiBG interactions. As criteria to determine the accuracy

of a microscopic model, we examine the model's ability to describe both experimental thermodynamic
properties. We believe that the parallel examination of these two properties is a valuable tool for verifying
the validity of existing models and for developing more accurate ones. For our system, we have found that
a depletion-interaction model satisfactorily explains both protePEG interactions and the effect of PEG
concentration on proteifprotein interactions. Finally, due to the general importance of LLPS, we will
experimentally show that proteitPEG—buffer mixtures can exhibit two distinct types of liquitiquid phase
transitions.

Introduction thermodynamic state of the individual protein molecules. This
can be described by the protein-chemical-potential derivative
with respect to the additive concentration. Second, the additive
can modify proteir-protein net interactions, i.e., the collective
behavior of the protein molecules. This can be described by
the effect of the additive on the protein-chemical-potential
derivative with respect to protein concentration. These two
separate thermodynamic properties may be related to each other
only if a microscopic model is introduced. Thus, a microscopic

of novel cross-linked enzyme particles for catalysis in aqueous model may be. r.ellable iFit accura.tely describes bgth of j[hem.
and nonaqueous medi&However, a sound scientific basis of Protein-additive aqueous solutions have been investigated
the thermodynamic behavior of protein agueous solutions is still USing several experimental techniques. Ligtliduid partition-

missing. This is needed for understanding phase transformationdnd,° equilibrium dialysis? and terary diffusiot? are examples
and optimizing the above applications. of techniques that have been used to determine protelditive

interactions. However, light scatteridX-ray scatterind? and

Understanding the mechanism of phase transformations of
protein aqueous solutions is important for several applications
in materials science and biotechnology. In protein crystal-
lography, it is important for the production of protein crystals,
the bottleneck to the determination of the molecular structure
of a protein!2 In pharmaceutical science, it is important for
the preparation of protein microspheres relevant to drug
delivery34 In enzymology, it is important for the preparation

One source of thermodynamic complexity in protein aqueous i i h | ¢ tochni
solutions and their phase transformations is the presence ofSelf-interaction chromatographyare examples of techniques

additives such as salts and polymers. These additives are cruciatSually used to determine the effect of additive on protein
for inducing phase separati®nThus protein systems are protein interactions, mainly through second-virial-coefficient

invariably multicomponent in nature. Understanding and con- data. The corresponding experimental results have been inter-
trolling how the concentration of an additive affects the Preteéd by using microscopic models based on preferential
thermodynamic behavior of a protein solution is not only hydration (or bindingy,DLVO (Derjaguin-Landau-Verwey—

important for phase transformations but also for determining Overbeek) interactions,depletion interactions (or crowding),
the roles of additives in enzymatic activity and conformational and Donnan effect¥.However these models, which have been
changed. only partially successful, are usually applied to only one of the

The chemical potential of the protein component is changed WO aSPects.
by the concentration of the additive in two ways. First, due to ~Among all additives, polyethylene glycol (PEG) is a hydro-
protein—additive net interactions, the additive can modify the philic nonionic polymer used in many biochemical and phar-
maceutical applications. Due to its mild action on the biological
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and the preparation of biomateridfdn protein crystallography, ~ the Helmoholtz free energy of the virtually incompressible
PEG is considered the most successful precipitating agent forprotein—polymer—buffer system and the pure buffer system.
the production of protein crystadue to the extensive practical  If the molar volumes of the three components &g, (for
use of PEG, it is of fundamental importance to understand the protein), Vyo (for polymer), andVp (for buffer), the change
thermodynamic behavior of prote#PEG aqueous solutions. in F due to the replacement (at constant volumeyYgéyVou

It is generally believed that the main mechanism of action water moles by one mole of protein alfgo/Vbyr Water moles
of PEG on proteins can be described through the influence of by one mole of polymer are respectively described by the
mutual volume exclusion on the entropy of the systé#iThis differences of chemical potentials, = tprot — (Vprod Vout)ouit
mechanism is usually denoted using the terms: “depletion anduz = tpol — (Vpol Vourd)ubuir.2” In this way, it can be shown
interactions?® or “macromolecular crowding® Models based that the ternary incompressible system may be equivalently
on depletion interactions have been successful in describing thefreated as a two-component compressible system where the
effect of polymers on model colloidal suspensions especially osmotic pressurd], becomes the system pressure ap@nd
in relation to their phase transitioRs:23 Recently, light* and u2 become the protein and polymer effective chemical potentials,
X-ray?® scattering measurements have been even used torespectively. These quantities will be used to describe the buffer-
characterize both proteirprotein interactions and protefPEG mediated proteifrprotein and proteirrpolymer thermodynamic
interactions. The corresponding results show that depletion interactions. .
interaction models cannot be used to describe all protein 8ases. It is convenient to introduce the reduced free endrgy(F
Yet, they have been qualitatively successful in describing the — ciu® — cuJ)/RTV, where i) and 3 are the standard
effect of PEG molecular weight on the thermodynamic behavior chemical potentials anR is the ideal gas constant. To a first-
of protein solutiong>28 order approximation with respect t®, we can write

To our knowledge, the internal consistency between the

experimental results on prote#PEG interactions and those on R s, c 9t
the effect of PEG concentration on protejorotein interactions f(c,,c, T) = f'(c,T) + ¢, n e +c P - T
has not been quantitatively examined yet. This would be a 2/T.,6=0 (1)

valuable tool for verifying the validity of existing microscopic

models and for developing more accurate ones. , wheref(cy,T) = f(c1,0T) is the reduced free energy for the
The main objective of this paper is to report an experimental protein-buffer binary system. The quantities In(c/€) and
investigation (_)f the liquietliquid phase sep_aration (LLPS) of co(dfeac,) are the contributions to the reduced free energy
aqueous bovine serum albumin (BSA) in the presence of ysqociated with the replacement of solvent molecules by polymer
relatively small amounts of PEG with an average molecular sjecyles. The contribution of polymer to the translational
We|ght of 1450 g/mol'(PEG1450). L!_PS of initially stable entropy of the system is represented dyin(c,/e), whereas
protein-PEG-buffer mixtures can be induced when the tem- ¢ itexc,) is the first term of a series expansion describing the
perature is lowered. We experimentally characterize two effect of polymer concentration on the excess free endfyy,
thermodynamically independent properties of the phase bound-gq igeal polymer coils, the higher terms of the series disappear.
ary: (1) the effect of PEG1450 concentration on the LLPS  ajthough this theory makes no assumption on the nature of
temperature, (2) BSA/PEG1450 partitioning in the two liquid he protein-protein and proteirpolymer interaction, we will
coexisting phases. We then use thermodynamic perturbationgqnsider the form of eq 1 in the case of the well-established
theory to relate the first property to the effects of PEG gepjetion-interaction modet? For proteins treated as spherical
concentration on proteifprotein interactions and the second  haticles in the presence of nonadsorbing polymers, excluded-
property to proteirPEG interactions. The reliability of a olume interactions become the only source of thermodynamic
depletion-interaction model is then examined for this system nonideality. Due to steric hindrance, the center of mass of a
by investigating its ability to describe both experimental ,ymer coil is not only excluded from the volume occupied
properties. Finally, due to the general importance of LLPS of },y ihe protein particles but also from a region surrounding them
protein solutiong?27-35we will also show how phase separation oferred as the depletion lay& The width of this layer is

can be induced when the temperature of a pretBEG-buffer proportional to the gyration radius of the polymer coil. For pure

solution is e.|t'her lowered or increased; i.e., two I|qgl[d1U|d depletion interactions: a(c,T) = exp(3f8Co)e,Term0),2”

phase transitions can be observed for the same mixture. wherea is the volume fraction of the system available to the

) . centers of mass of the polymer coils.

Thermodynamic Perturbation Theory On a model-free basis, we define as anapparentfree-
We will now outline a thermodynamic perturbation theory Volume fraction. We therefore replacéf/oc,)c,r.c,-0 With

that will be used to describe the liquidiquid phase transiton = —Ine in eq 1. By differentiating eq 1 with respect¢pandc, -

for the proteir-polymer—buffer system. This theory, which is ~ We obtain the following expressions for the reduced chemical

an extension of that presented in previous waA&, will potentials and osmotic pressure (to the first ordecz)n

provide the basis for the interpretation of protePEG interac- )

tions and the effect of PEG concentration on protgirotein . [of A Cof do

interactions. #a (3_01)c . ey, T) = a(a_cl)T (29)
We describe the composition of this system by the protein ?

molar concentration; and the polymer molar concentration . of c,

The buffer is assumed to be one pseudo-component. To analyze 2= (E)CJ = |”(a) (2b)

the physical factors that determine protepolymer interactions
and the effect of the polymer on proteiprotein interactions,  TI(c,,c,,T) = c,it, + Cyii, — f = IT'(c,, T) +

we consider the free energy of the system. As for cottoid c
polymer mixtureg2 we define the quantity, representing the C,— G _2(8_0‘) (2¢c)
difference, at constant voluné and temperaturd, between a
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where @j(c,T) and IT'(c,,T) are respectively, the protein Protein/polymer partitioning in the two coexisting liquid
reduced chemical potential and the reduced osmotic pressurgphases | and lid},ch,c},c5) can be examined by considering
of the protein-buffer binary system. Equation 2b shows that eq 2b and applying the condition of chemical equilibrium for
the thermodynamic activity of the polymer component is the polymer component

represented by the polymer concentration in the free volume:

cola. d J
Protein-polymer thermodynamic interactions can be de- |2 = ﬁ (5)
scribed by the following cross-derivati/e o(c,T)  a(c,T)
% _ %2 __1f0a 3) To qualitatively show that the protein/polymer partitioning is
0o)re, \0Ci)re,  a\dcy)r related to ga/dcy)r, we perform a power series expansion of

eq 5 about the protein critical concentratiop This yields

For pure depletion interactionsjo{/dc;)t is negative because "
the free volume decreases as the protein concentration increases. G 1{da I |
This implies that §ii/dcz)Te, > 0, consistent with protein | n (3_01)TC_CC C, —Cp) + - (6)
polymer repulsive interactions. e

Protein—protein thermodynamic interactions can be described

(08

by the following chemical-potential derivative Equation 6 shows the relation of protein/polymer partitioning
to protein-polymer interactions. We comment that our approach
3t it} Sf 5% neglegts the presence of critical flulcltuations..\'(et, most qf our
(—) = (—) - —(2—) 4) experimental results are far from critical conditions and will be
L P LY M ey analyzed using eq 5 not eq 6.

i
The effect of polymer concentration dig, can be examined

Equation 4 provides also the basis for the thermodynamic Py numerically solving the three equilibrium conditions between
definition of the protein second virial coefficient. For pure WO liquid phases I'and Il(l) = ay(ll), @2(l) = (1), and
depletion interactionspfa/dc;?)r is positive because the overlap Hgl) = 12_1(”)' However an analytical expression relatiiig, to
of depletion layers produces free-volume excess with respect(9°0/9c1’)r cannot be determined. To show qualitatively that
to that of isolated layers. This overlapping increases with protein te dependence iy, on ¢, is related to fo/dci%)r, we wil
concentration. This implies that, as the polymer concentration consider the more accessible spinodal conditigi/{C1)r=r,,,

increases,j/dci)T z, decreases, consistent with a corresponding ~ 0. This defines the boundaffsy(cu,c;) between the stable
increase of proteinprotein attractive interactions. domain and the unstable domain of the system. The effects of

In summary, the first derivatived/oc,)r is related to polymer concentratio_n ofphandTspare cIo_ser related because
protein—polymer interactions while the second derivatigeo( the LLPS boundary is tangent to the spinodal boundéry.
aci)t is related to the effect of polymer concentration on For pure excluded-volume interactions, eq 4 predicts that, as
protein—protein interactions. Sinoe(cy,T) is, in general, nota  the polymer concentration increasesiy(dcy)r,,, decreases and
free-volume fraction, no assumption on the sign @i/¢c;)r can be made to reach zero. Thus sufficient polymer can be used
and @20/dci?)t can be made. Thus proteipolymer repulsive to bring the proteir-polymer—buffer system to the spinodal
interactions can in principle occur together with a corresponding Poundary. This is a sufficient condition for LLPS to occur.
increase of proteinprotein repulsive interaction. This has been Protein-protein net attraction energy drives LLPSWe
shown to be the case for lysozymBEG mixtureg:426.36 however observe that LLPS of the proteiouffer binary system

We note that the proteinpolymer—buffer system has been rarely has been report#din the experimentally accessible
often described as an effective protein one-component sys-temperature domain{260—-320 K). One reasonable hypothesis
tem12.25 According to this description, the polymer effect can is that this attraction is usually weak for water-soluble proteins.
be expressed in the form of an effective pair potential in the This implies that proteirtbuffer systems (with attraction) would
coordinates of the protein particles. For proteins treated as hardusually behave as “supercritical fluids” in the accessible
spheres in the presence of nonadsorbing polymers, an attractivéemperature domain. This observation allows us to conclude
depletion potential is generated when the depletion layers of that the following high-temperature series expansions can be
two protein particles overlaf9.However, the pair approximation ~ written for f;(c1,T) and a(cy,T)
of this depletion potential is reasonably accurate only at low
protein concentratiod$38 and, consequently, becomes an ac- . 20 2 1 | 2 1)\2
ceptable approximation for describing second-virial-coefficient HCTR N CYR) )(Cl)ﬁ'+ f )(Cl)(R_T) e
data. At the concentrations relevant to LLPS, it has been shown (7a)
that this approximation can become a significant source of 1 1)\2
error37:38 The two-component approach avoids this problem. a(e,T) = acy) + a(l)(cl)ﬁ_—k a(z)(cl)(ﬁ_) T

Furthermore, this approach also can be used to describe the (7b)
presence of protein/polymer partitioning in the two coexisting R
liquid phases. In eq 7afM)(c;) represents the internal energy (per unit volume)

We now consider the liquidliquid phase transition of the  of the protein-buffer binary system to the first order inRT.
protein—polymerbuffer system. This is described by the LLPS This quantity is negative in the presence of protginotein
phase boundar¥yn(ci,cz). We will show that protein/polymer ~ weak attraction energy. We comment that eq 7a may fail to
partitioning between the two liquid phases can be related to describe the LLPS boundary of the binary proteluffer
protein—polymer interactions while the dependenceTgf on system, which would be located at relatively low temperatures.
polymer concentration can be related to the effect of polymer If we insert eqs 7a and 7b into eq 4 and apply the spinodal
concentration on proteinprotein interactions. condition, then we obtain to the first order
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r)(o|2%<°>/o|cf)[ (o rdc)/o®

@) @Oy

1

Tsp

- (8)

Equation 8 shows how the dependenceTgf on polymer
concentration is related to the effect of polymer concentration
on protein-protein interactions. For our proteitbuffer system,
(d?O)/dc,?) > 0 due to proteir-protein hard-core repulsici,
and (#fY/dc;?) < 0 due to the proteinprotein attraction
energy?” Thus, Ts, is expected to increase with polymer
concentration for pure depletion interactions.

Although this thermodynamic perturbation theory makes no
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couple 0.1 °C). Light coming from a solid-state laser (633
nm, 5 mW, Coherent) goes through the sample, and the
transmitted intensityl, is measured using a photodiode detector
and a computer-interfaced optical meter (1835-C, Newport). For
a given transparent sample, the transmitted intenkitywas
measured. The temperature of the water bath was slowly
decreased (0.8C/min), and the temperatufig|ouq at which the
turbidity (given by log(¢/l)) has an inflection point was taken.
When!| ~ 0, the water bath temperature was increased at the
same rate, and the temperatikgar at which the turbidity has

an inflection point was taken. The temperature reported for the
onset of LLPS wa3pn = (Teioud + Telea)/2 @s recommended in

assumption on the nature of microscopic interactions, there areprevious work!® Five Tyn(cy) curves at constant; were

two important limitations to take into account. These are: (1)
the buffer is regarded as one pseudo-component; (2) potymer

polymer interactions are not taken into account. We will discuss
these two limitations in the following sections.

Materials and Methods

Materials. Bovine serum albumin (BSA) was purchased from
Sigma (purity 99%). The molecular weight was assumed to be
66.4 kg/mol. High-performance liquid chromatography (HPLC,
System Gold, Beckman Coulter) with a size-exclusion column

obtained. The samples for a given curve were prepared by
mixing two stock solutions having the same protein concentra-
tions but different PEG concentrations.

Measurements of Protein/PEG Partitioning. The two
coexisting phases were obtained by quenching a sample at a
fixed temperature below the LLPS temperature as described in
previous work¥”-28 The samples were left at the established
temperature for approximately 1 day. The opaque samples were
then inserted in Teflon test tube holders thermally equilibrated
at exactly the same temperature and promptly located in a

(Biosep-SEC-S 2000, Phenomenex) shows the presence of poofentrifuge thermally equilibratt_ad at_approximately the same
BSA oligomers. Thus further purification of BSA was performed temperature1 °C). After centrifugation (100§ 5 min), two

using size-exclusion preparative chromatography. The column

was packed using Sephacryl S-200 purchased from Amershan‘z
e

Biosciences. The mobile phase was a sodium phosphate buff
(0.05 M, pH 7.1), and the flow rate was 1.5 mL/min. The BSA
monomer fraction was collected and stored-at °C. Size-
exclusion HPLC on the monomer fraction showed the purity to
be greater than 99%. Polyethylene glycol (PEG) with average
molecular weights of 1.45 kg/mol (PEG1450) and 8.0 kg/mol

liquid phases separated by a meniscus were obtained. The
ample test tubes used in these experiments can be opened from
oth the top and the bottom. A fraction of the protein-dilute
phase (far from the liquiglliquid interface) was taken from the

test tube top aperture, while a fraction of the protein-concentrate
phase was taken from the test tube bottom aperture. This
procedure avoids cross-contamination. The protein concentration

in each phase was determined by UV absorption. The concen-

(PEG8000) were purchased from Acros Chemicals and usegtration of PEG1450 in each aliquot was determined by using a

without further purification.

BSA—PEG1456-buffer solutions were prepared as follows.
The purified BSA was dialyzed exhaustively (Amicon, Milli-
pore) into sodium acetate aqueous buffer (0.1 M, pH 5.2).
Solutions containing dilute BSA in acetate buffer were con-
centrated by centrifugation (3500 Allegra 25R, Beckman
Coulter) using ultrafiltration devices (Centricon YM-30, Mil-

standardized refractive-index detector (RI-2031, Jasco). Separa-
tion of PEG1450 from BSA was achieved by isocratic elution
of the mixture on a size-exclusion HPLC column (Superdex
75, Amersham Biosciences). Sodium acetate buffer (0.01 M,
pH 5.2) was used as the mobile phase with a flow rate of 0.6
mL/min. The procedure was verified with proteiREG aqueous
solutions of known compositions showing that the error in PEG

lipore). When the target protein concentration was reached, aconcentration was less than 5%. In all cases, the measured
known weight of PEG1450 was added to the protein solution. Protein and PEG concentrations in the two coexisting phases
(Weight measurements were performed using a AT 400 Mettler- Were consistent with the protein and PEG concentrations in the
Toledo balance.) The concentration of BSA in the samples was ©figinal homogeneous samples.

determined by UV absorption at 278 nm (DU 800 spectropho- ~ Measurements of Light-Scattering.Measurements of static
tometer, Beckman Coulter), using the extinction coefficient light-scattering were performed at 25400.1 °C. All protein
value of 0.667 mg!t mL cm~14 The concentration of PEG1450 samples were filtered through a 0.@2n filter (Anotop 10,

in the samples was calculated by using the mass of PEG andWhatman) and placed in a test tube. The experiments were
the total volume of the solution. The total volume was calculated performed on a light-scattering apparatus built using the
from the sample mass using the corresponding specific volume,following main components: HeNe laser (35 mW, 632.8 nm,
i.e., 0.735 mL/g for the proteif? 0.84 mL/g for PEG* and Coherent Radiation), manual goniometer and thermostat (Pho-
1.000 mL/g for the buffer (the buffer density was measured tocor Instruments), multi-tau correlator, APD detector and
using a DMA40 Mettler-Paar density meter) as in previous software (PD4042, Precision Detectors). All measurements were

work 2728 BSA—PEG80006-buffer solutions were prepared in
the same way. The only difference is that sodium phosphate
aqueous solution (0.2 M, pH 7.1) was used as a buffer.
Measurements of LLPS Temperature.The LLPS temper-
ature, Tpn, for a given proteinr PEG-buffer sample was

performed at a scattering angle of °90The second virial
coefficient? B,, was obtained fronkci/Roer = 1/Mprot + 2BzCy,
wherek = 472ne?(dn/dc;)%(Nal®), no is the refractive index of
the buffer, (a/dc,) is the refractive-index increment associated
with ¢; (in mg/mL), N, is the Avogadro’s numbet, is the laser

determined by measuring sample turbidity as a function of wavelength in vacuuniRe is the excess Rayleigh ratio at90
temperature. A turbidity meter was built by using a program- and Mpo is the protein molecular weight. The values Ry
mable circulating bath (1197P, VWR) connected to a homemadewere obtained fronRyy = (Is — 1s,0)/Is N?Nr?)Roer r, Where
optical cell where the sample is located. The temperature at thels is the scattered intensity of the solutidgy is the scattered
sample location was measured by using a calibrated thermo-intensity of the buffer|s ris the scattering intensity of toluene
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Figure 1. Static light-scattering data for the BSAacetate buffer
system at pH 5.2 and 298.15 K. The second-virial-coefficient value,
Bz, is —0.1+ 0.1 x 10~* mL mol g%, ke/Reer = 1/Mpror + 2Bcy (See

the Materials and Methods section for details).

(the standard), andk andRy g are, respectively, the available
refractive index and the Rayleigh ratio of toluefieAs a
diagnostic, correlation functions were also analyzed using a
regularization algorithm (Precision Deconvolve 32, Precision
Detectors) to confirm protein monodispersity.

Results

The chosen buffer for the studies on the BSREG1450
mixtures was a 0.1 M sodium acetate aqueous solution at pH
5.2. At this pH, BSA is close to its isoelectric pofit§tSince
the protein net charge is nearly zero, Donnan effects with sodium
acetate and proteirprotein repulsive electrostatic interactions
should not be significant. This also suggests that the amount of
PEG1450 required to induce LLPS at this pH is close to the
minimum.

To characterize proteinprotein interactions in the protein
buffer binary system, we determine the value of its second virial
coefficient,By, at 298.15 K. In Figure 1, we report static light-
scattering measurements on the BSAiffer binary system. We
find that B, = —0.1 + 0.1 x 10~* mL mol g *. The value
calculated for the corresponding hard-sphere system isx0.44
1074 mL mol g~1. Thus our results provide a strong indication
that the proteir-protein interactions are attractive in this binary
system. However, proteirbuffer systems do not undergo LLPS
within the experimental temperature range, 2620 K, and
for protein concentrations as high as 400 mg/mL. This is

consistent with the hypothesis that the binary system behaves

as a supercritical fluid. Upon the addition of PEG1450<30
mg/mL), LLPS is observed within the experimental temperature
domain.

In Figure 2, we report our measurements of LLPS temper-
ature, Tph, @s a function of PEG1450 concentratiop, at five
constant BSA concentrationgzaround the protein critical
concentration (here in mg/mLy; ~ 240 mg/mL. This value
of ¢ was obtained from BSA/PEG1450 partitioning measure-
ments shown later. In all five cases, the LLPS temperature
increases with PEG1450 concentration. According to eq 8, this
result is consistent with (1) the proteiprotein interaction
energy being attractive in the proteibuffer binary system and
(2) the PEG1450 concentration increasing protgirotein
attractive interactions. The first effect is in agreement with our

Wang and Annunziata

310 T T T T T T
()
220
300 400 330 E
—~ 200 180 |
4
e 150
~" 280 - -
270 -
260 1 1 1 1 1 1
20 30 40 50 60 70 80 90
c, (mg/mL)

Figure 2. LLPS temperaturelyy, as a function of PEG1450 concentra-

tion, c,, at five constant BSA concentrations,. The solid curves

represent our calculated values obtained by applying equilibrium

conditions to eqs 2ac as described in the Discussion section. The

numbers associated with each curve identify the corresponding value

of ¢; in mg/mL.
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Figure 3. Measurements of BSA/PEG1450 partitionird),¢,c),ch)

at three different temperatures: (A) 278, (B) 271, and (C) 268 K. The
straight lines (tie lines) connect the pairs of points representing the
coexisting phase®(. The crossesx) represent the average composi-
tion of the coexisting phases. The triangl®3 (epresent the values of
(c1,co) extracted by interpolation of ouFn(c1,C) values of Table 1.
The dashed curves are guides for the eye.

In Figure 3, we report measurements of BSA/PEG1450
partitioning €),c,,c},cy) performed at three different tempera-
tures. The straight lines (tie lines), which connect the pairs of

B value while the second effect is expected in the presence ofpoints representing the coexisting phases, show that there is a

depletion interactions. We also observe thgtincreases with

c; for all of our PEG1450 concentrations (Figure 2). This implies
that @TpWdcy)e, > 0. Since (Tondct)e, = —(3Tpn/dC2)c,(dC!
dc1)T,,2’ we conclude thatdg./dcy)r,, < 0 around the critical
protein concentration. This is consistent with the presence of
significant BSA/PEG1450 partitioning. Similar results were also
obtained fory-crystallin—PEG aqueous mixturé$:28

large difference in polymer concentration between the two
phases. We also find that this difference is still significant if
we report the PEG concentrations with respect to the buffer
volume, calculated by removing the volumetric contribution of
the protein component. This is consistent with the presence of
BSA—PEG repulsive interactions as expected for depletion
interactions. We have used our measurements of BSA/PEG1450
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partitioning to estimate the protein critical concentratiofy, where¢ = Vo€, 7 = /(1 — ¢),_A =3q + 32+ % B = _
by simply averaging the two concentratiodsand c|. (The 4.507 + 30P, C = 30°. Computer simulations show that eq 9 is
concentration values are available in the Supporting Informa- reasonably accurate even for very dense hard-sphere filids.

tion.) We estimate the critical concentration to be 24®0 We comment that, wheg is small, the overlapping of the

mg/mL, corresponding to a volume fraction ¢f = 0.18 + depletion layers can be neglected and eq 9 becanvesl —

0.01. (1 + q)3¢. This is true even whea® and higher-order terms
In Figure 3, we also report values of.(c;) extracted by  are included.

interpolation of ourTpx(c1,c2) results of Figure 2. The overall A set of apparen values is determined from the partitioning

agreement between the two sets of data can be consideredneasurements by applying eqs 5 and 9 to ttecic),ch)
satisfactory. However, a small discrepancy is observed in our values. The results are available as Supporting Information for
results at high protein concentrations, where t{ect) points ~ each pair of coexisting phases. No dependenceqafn
appear to be located at lowerand higherc, values than those ~ temperature and the average PEG concentratigrgould be
predicted from the values @hn(c1,C2). Due to the high viscosity ~ observed within the experimental error. We thus report the
of the protein-concentrate phase, the mechanical separation ofiverage value:q = 0.35 + 0.03. We note that the values
residual protein-dilute phase from the protein-concentrate phasecalculated by usingr ~ 1 — (1 + g)% are only 16-15%
may be difficult to achieve. We thus expect that the protein- smaller than the values calculated using eq 9. We thus conclude
concentrate phases may still contain small amouni@s) of that the overlapping of the depletion layers contributes only
the protein-dilute phase. As we will discuss later, this will not marginally to ourg values. This also indicates that our omission
be a significant source of errors in our quantitative examination of o and higher-order terms in eq 9 is a reasonable ap-
of the BSA-PEG1450 interactions. proximation.

We now examine our assumption that the buffer can be As mentioned in the Results section, the protein-concentrate
regarded as one pseudo-component. This assumption is valid ifohases may still contain small amounts of the corresponding
the internal composition of the buffer is the same in all of our protein-dilute phases. However, we observe that, according to
experiments. For oUF,n(C1,c;) measurements, the concentration & ~ 1 — (1 + )%, even a large contamination has no effect
of buffer solutes inside the buffer volume is indeed kept the on the obtained value af According to the complete eq 9, we
same. However, in the two coexisting phasebcf) and estimate that 10% of the dilute phase would produce a small
(c! cl), the thermodynamic activity of buffer solutes is the INcrease in the values (2-4%). We therefore conclude that
same. Thus the buffer can be approximately treated as onefOntamination does not significantly change our final results.
pseudo-component if the difference of the buffer solute con- _ The apparen values are determined from the measurements
centrations in the two coexisting phases is small. This is Of LLPS temperature by comparing our results in Figure 2 with

corroborated by the observed agreement between the two setfh® LLPS phase boundary computed by applying the three
of data in Figure 3. equilibrium conditions to eqs 2&. However this requires not

only an expression for(cy,T) but also one fof (cy,T). Forf-
Discussion (c1,T), we consider eq 7a applied to hard spheres interacting by
) i square-well potentials with well magnitude and range of

The thermodynamic l_Jehawor of the_BSREGl45(}buffer _ interaction 2. The expression fof©(¢) is given by the

system can be examined by applying the above-describedcamahan Starling equatior® which has shown to be very

thermodynamic perturbatlon theory to our experimental results. 5.y rate even for very dense hard-sphere fluids

Our approach will be to use an expression dqgc;,T) able to

describe our two sets of data. Since both sets of data are ) c, o4 — 3¢

consistent with the presence of depletion interactions, we will ) =c,InS+c,———="

use an expression af(ci,T) that represents the free-volume e (1-¢)

fraction. The dependence of the free-volume fraction on the ) R N )

thickness of the depletion layer is taken into account by The expressions fdf(¢)/e andf®(¢)/> depend on the choice

introducing the rati@ = /R0, WhereRyiis the average radius ~ Of 4. According to the model of the square-well potentjal=

of the protein and is the thickness of the depletion layég32627  0.18 + 0.01 corresponds tb ~ 1.53% We thus consider the

However, the parameter is not calculated from microscopic ~ corresponding expressions/at= 1.52° These are described in

parameters but is determined using our experimental results.the Appendix. We remark that, according to eq 8 and a

Specifically, we will determine a first value af from our num.erlc.al gnalysns of the LLPS boundary, .therbtalned. value

measurements on BSA/PEG1450 partitioning and a second value?f d is significantly affected only by the choice 8?(¢). This

of g from our measurements on LLPS temperature. The duantity, contrary td)(¢) andf®(¢), does not depend on the

agreement between these two valueq wfll be used as criteria ~ nature of the interaction potential. We_also ot_)serve that the

to establish if depletioninteraction models satisfactorily de- ~ choice off®(¢) anda®(g) must be consistent with respect to

scribe both BSA-PEG1450 interactions and the effect of €ach other since the accuracy of their second-derivative ratio is

PEG1450 concentration on proteiprotein interactions. An  crucial for the determination af (see eq 8).

attempt will be also made to compare the determined values of FOr given values offy, and fio, we obtainc; and c; by

q with that calculated from microscopic parameters. However, humerically solving the conditions

this second comparison is not very reliable due to the simpli-

(10)

fications involved in the chosen expression fofc,,T) and [Ll(c'l,ﬁz,Tph) =ﬂ1(cﬂ,ﬁ2,Tph) (11a)
fi(cy, T). N . .

For a, we will use an expression that treats proteins as hard H(Cll,uz,Tph) = H(CH o Ton) (11b)
spheres. From scaled particle the@rgpplied to hard spheres,
the following expression as been determitted The corresponding values af, and ¢, are obtained by

applying eq 3b. The phase boundary is then computed by
a=0"= (1 — ¢) exp(—Any — an - Cn3) 9) repeating this procedure for several valuesgfandii,. Finally
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TABLE 1: Values of € and q

C1 e/lR
(mg/mL) (K) q
150 172 0.31
180 168 0.31
220 168 0.31
330 181 0.31
400 198 0.31

a Tpr(cz) curve is generated for the chosen valueceofby
interpolation. The comparison between the experimental data
and the calculated curves (solid lines in Figure 2) has allowed
us to determinegy ande.

Our results ofq and e for each experimentat; value are

Wang and Annunziata
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reported in Table 1. We observed that changes in the reportedrigure 4. Two coexistence curves of the ternary mixture with the

g values larger than 0.01 produce a noticeable discrepancy

composition: BSA, 200 mg/mL; PEG8000, 70 mg/mL; sodium

between the experimental data and the theoretical curves forphosphate buffer, pH 7.1, 0.2 M. The points were determined by

all e values. We therefore obtain the same valug of all five
cases and repogt = 0.31+ 0.01. Thatq does not depend on

c, is strong evidence that the chosen expressiong%@f) and
0o0)(¢) are satisfactory. However, the value ofis found to
increase withc; at the highest protein concentrations. This
observed discrepancy can be attributed to the nonsufficient
accuracy in the chosen expressionsff8ts) and{@(¢).

Our analysis shows that the agreemengdietween the two
sets of data is good. This implies that the depletiorieraction
model satisfactorily describes the BSREG1456-buffer
system. Thus eq 9 with ~ 0.3 can be used to describe both
BSA—PEG1450 interactions (from eq 3) and the effect of
PEG1450 concentration on proteiprotein interactions (from
eq 4).

As already mentioned, the thermodynamic perturbation theory
described above neglects the presence of polyipelymer
interactions. These interactions should be included for a more

measuring the protein concentration in the two coexisting phases at
several temperatures. The solid curves are guides for the eye.

weight?® For our Ry/Rorot Value, computer simulations and
theoretical modeling indicate thit~ 1,5152yielding therefore

g~ 0.6. This discrepancy can be related to several microscopic
details such as the actual shape of the protein molecules, the
conformational properties of PEG coils, and the presence of
protein—PEG weak attraction. A similar discrepancy was also
observed for other proteirPEG mixture$5-28 However the
value ofq for these systems was only obtained from measure-
ments of protein/PEG partitioning. We also make an attempt
to estimate the value af from our experimental value d3.

For the square-well potentidBMpo/Vprot = 4 — 4[exp/RT)

— 1](A% — 1).58 This equation yielde/R = 120 K fori1 = 1.5.
Considering all approximations involved, this value is not very
different from those reported in Table 1.

general and accurate description of our system. We also note LLPS of Protein—PEG—Buffer Mixtures. The experimental

that this approximation may become rather inadequate if-coll
coil interpenetration is significant. For polymers, the concentra-
tion at which this interpenetration starts to be important marks
the passage from their dilute regime to their semidilute regime.
For PEG1450, this transition occurscat~ 100 mg/mL2° Thus

our experimental PEG concentrations fall inside the dilute-
regime domain. We however observe that polys@olymer
interactions in our ternary system cannot be simply ap-
proximated with those of the corresponding PEG14b0ffer
system. This would ignore the effect of BSA concentration on
polymer—polymer interactions, which is expected to be sig-
nificant due to the high protein concentration of our mixtures.
Thus, as criteria to evaluate the importance of polyapalymer
interactions, we will directly consider our ternary mixtures. We

results reported in the previous section show that LLPS may
be induced if the temperature of a protePEG—buffer mixture

is lowered below the corresponding phase boundary. The
presence of this phase transition can be predicted by a
thermodynamic perturbation theory that treats the buffer as one
pseudo-component and neglects polym@olymer interactions.
These two factors, which may not be ignored for high
concentrations of buffer solutes or high PEG molecular weights,
can bring about a more complex phase-transition behavior. As
an example, we consider the mixture prepared by using BSA
(200 mg/mL), PEG8000 (70 mg/mL), and sodium phosphate
buffer (0.2 M, pH 7.1). This mixture undergoes LLPS not only
by lowering the temperature below 273 K but also by increasing
it above 300 K. For this mixture, we determine the two

observe that our measurements on the LLPS temperature, whictcoexistence curves shown in Figure 4. We also find (data not
are performed on a wide range of PEG1450 concentrations, canshown) that a small increase in phosphate concentration

be accurately described by the same valug ef 0.31. This
indicates that our results do not significantly depend on
PEG1450 concentration. This would not be consistent with a
significant presence of PE&PEG interactions. We thus believe
that neglecting the presence of polym@olymer interactions
does not significantly affect our conclusions.

We make an attempt to compare the determined valug of
~ 0.3 with that obtained from microscopic structural parameters.
The value ofg is given byq = 6/Ryrot = KRg/Rprot, WhereRy is
the radius of gyration of the polymer ardis a parameter
function itself of Ry/Ryror due to polymer deformability. We
estimateRyot = 2.7 nm for BSA from the specific volume and
molecular weight of the protein and calculd&g= 1.5 nm for
PEG1450 from the known dependencdgon PEG molecular

significantly reduces the temperature gap between the two
boundaries.

The coexistence curve with the upper critical point can be
qualitatively described by invoking the same factors used to
explain the BSA-PEG1456-acetate buffer system. However,
the coexistence curve with a lower critical point can be explained
by considering the corresponding PEG86@bhosphate buffer
mixture. For this system, LLPS with a lower critical point is
also observed when the temperature is increased above 363 K,
consistent with previous resuft$Thus the effect of BSA is to
move this phase boundary toward lower temperatures. Since
this phase transition is driven by the PEGuffer system, a
wide range of protein systems can undergo LLPS when the
temperature is increased.
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We remark that two LLPS boundaries may be a valuable tool tioning results. This material is available free of charge via the
for protein crystallization and biomaterials science in general. Internet at http://pubs.acs.org.
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