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We introduce an analytical modeling strategy for probing the conformational stability of globular
proteins in aqueous solution. In this approach, the intrinsic (i.e., infinite dilution) thermodynamic
stability and coarse structural properties of the proteins, as well as the effective protein-protein
interactions, derive from a heteropolymer collapse theory that incorporates predicted temperature-
and pressure-dependent hydrophobic interactions. Protein concentration effects are estimated by
integrating this information into a molecular thermodynamic model, which is an ad hoc
generalization of the exact equilibrium theory of a one-dimensional binary mixture of square-well
particles that interconvert through an isomerization (i.e., folding) reaction. The end result is an
analytical multiscale modeling approach which, although still schematic, can predict that folded
proteins exhibit a closed-loop region of stability in the pressure-temperature plane and that protein
concentration has a nonmonotonic effect on protein stability, results consistent with qualitative
trends observed in both experiments of protein solutions and simulations of coarse-grained protein

models. © 2006 American Institute of Physics. [DOI: 10.1063/1.2403134]

I. INTRODUCTION

Many proteins have been described as “marginally
stable” because their native folds, responsible for biological
activity, remain intact for only a narrow range of environ-
mental conditions. Outside of these conditions, the proteins
misfold or denature, often resulting in off-pathway
aggregation,k3 which in turn decreases protein drug shelf
life and/or reduces biological efﬁcacy.“_6 The unfolding and
aggregation of proteins have also been implicated in debili-
tating pathologies such as Alzheimer’s and Creutzfeldt-
Jakob’s diseases.”® Consequently, understanding what desta-
bilizes the native state of proteins in solution represents an
important step in determining the appropriate processing
conditions for pharmaceutical biotherapeutics as well as in
providing a physical basis for studying protein-based dis-
eases.

Protein stability in the type of concentrated solution en-
vironments relevant for most biological phenomena and
pharmaceutical processes depends on both (i) the intrinsic
(i.e., infinite dilution) thermodynamic stability of the protein
molecules and (ii) the protein-protein interactions. As we ex-
plain below, hydrophobic interactions generally provide in-
trinsic stability to the native state, but they can also act to
destabilize the native state through protein-protein interac-
tions. Similar competitions emerge with other types of inter-
actions (hydrogen bonding, electrostatics, etc.), but we focus
on hydrophobic interactions in the present study because
they represent a relatively generic and central driving force
for protein folding and other assembly processes in aqueous
solution,”'” and thus serve as a natural starting point for our
analysis.
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We first consider the most basic effect of hydrophobic
interactions on the folding of a single protein molecule (i.e.,
the case of infinite dilution). Kauzmann noted that changes
in thermodynamic conditions that decrease the thermody-
namic penalty for transferring nonpolar molecules from an
oily phase into water similarly destabilize proteins, presum-
ably by weakening the effective interactions that hold to-
gether the hydrophobic core of the native state."" Indeed,
there is now ample evidence indicating that thermodynamic
perturbations which weaken hydrophobic interactions, such
as cooling to low temperature,lz’14 applying high
pressure,ls_17 or introducing chaotropes,lg’ also tend to pro-
mote protein denaturation. In other words, hydrophobic in-
teractions contribute substantially to the intrinsic native-state
stability of individual protein molecules.

However, hydrophobic interactions also constitute a sig-
nificant component of effective protein-protein interactions
in solution,” and the strength of these attractions can depend
sensitively on the conformational states of the participating
proteins. For example, misfolded or denatured proteins may
experience more favorable protein-protein interactions with
one another because they desolvate a greater number of sur-
face hydrophobic residues upon association than do their
native-state counterparts. Thus, based solely on protein-
protein interactions, one might expect hydrophobic interac-
tions to destabilize the native state. The main point here is
that since hydrophobic interactions impact both the intrinsic
stability of a protein (generally favoring the native state) and
the protein-protein attractions (potentially destabilizing the
native state), a nontrivial competition can arise. Of course,
properties specific to the protein system of interest will de-
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termine which factor wins out under a given set of thermo-
dynamic conditions. Unfortunately, there are few modeling
strategies that currently allow one to make even qualitative
predictions about this type of issue because it requires infor-
mation about a wide variety of challenging physics, includ-
ing hydrophobic interactions, protein folding, solvent-
mediated protein-protein interactions, and the global
thermodynamics of protein solutions.

In this work, our aim is to present a schematic approach
based on analytical models to study the equilibrium confor-
mational stability of folded proteins in concentrated solution
environments. Specifically, our strategy treats proteins as
“foldable” heteropolymers comprising hydrophobic and po-
lar segments that qualitatively reflect the aqueous phase solu-
bilities of the amino acids in the protein sequence. One of the
central aspects of the modeling approach is that it accounts
for, in an approximate manner, the energetic and entropic
consequences associated with the formation of intra- and in-
terprotein “contacts” between hydrophobic segments in the
native and denatured states. Given that the strength of the
hydrophobic interaction varies with thermodynamic condi-
tions, so do the equilibrium probabilities associated with
forming hydrophobic contacts and, consequently, finding
proteins in their native or denatured conformations, respec-
tively.

Our model is based on a recently introduced
generalization21 of Dill and co-workers’ heteropolymer col-
lapse (HPC) theoryzz’23 that incorporates an estimate of the
effect that temperature and pressure have on the interactions
between hydrophobic residues. The HPC theory is used in
our framework to predict the intrinsic stability of the proteins
and some average structural properties of their native and
denatured conformations. Using the structural information
predicted by this HPC theory, we determine state-dependent
protein-protein interactions®™> in solution. Protein concen-
tration effects are then estimated by integrating this informa-
tion and the intrinsic free energy of folding into a molecular
thermodynamic model, which is an ad hoc generalization of
the exact equilibrium theory26 of a one-dimensional binary
mixture of square-well particles that interconvert through an
isomerization (in this case, folding) reaction.

One of the main predictions of this modeling strategy is
that the effect of protein concentration on native-state stabil-
ity depends strongly on the hydrophobic composition of the
protein sequence. Proteins with low sequence hydrophobicity
also have low intrinsic native-state stability, and thus have a
high probability of being in the denatured state under condi-
tions of infinite dilution. Moreover, since their interprotein
attractions are weak, increasing the solution concentration of
these proteins ultimately increases their native-state stability
due to a self-crowding mechanism—the expanded denatured
conformation gets “crowded”****"% out of solution in fa-
vor of the compact native state. However, proteins with a
higher sequence composition of hydrophobic residues show
pronounced nonmonotonic behavior: increases in protein
concentration destabilize the native state at low protein con-
centrations but restabilize the native state at high protein
concentrations. The destabilization is due to the formation of
very favorable protein-protein interactions involving the
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denatured state, while the restabilization at high protein con-
centrations is again due to self-crowding. These trends quali-
tatively agree with previous simulation results of a coarse-
grained protein model*** and appear consistent with the
experimental behaviors of globular proteins in solution.**?!

The outline of this article is as follows. First, we review
some of the basic physics of the HPC theory that we employ
for calculating the intrinsic properties of the proteins. We
then discuss our method for accounting for protein-protein
interactions and concentration effects. Finally, we analyze
some of the predictions of our model and present concluding
remarks.

Il. INTRINSIC STABILITY OF A PROTEIN

We derive the intrinsic thermodynamics of folding and
average structural properties of proteins in their native and
denatured states using an equilibrium, two-state HPC
theory.21 This particular approach is based on an HPC model
originally introduced by Dill and co-workers”* and has
been recently generalized21 so that it can approximately ac-
count for the effects of both temperature and pressure on
hydrophobic interactions. Since the mathematical details of
the HPC theory and its generalization are outlined in the
original papers, we do not reproduce that information here.
Rather, we discuss the main inputs and outputs of the model
and some of the physical aspects that we feel will be helpful
for understanding the results of the present work.

In this version of HPC theory, a protein is modeled as a
random copolymer composed of hydrophobic and polar seg-
ments in an aqueous solution. The protein is treated at the
single-molecule level (i.e., infinite dilution) in order to iso-
late the intrinsic stability of its native state, and thus interac-
tions with other proteins in solution are not considered. The
amino acid sequence of the protein is characterized by its
number of effective copolymer segments N, (related to the
number of amino acid residues N,=1.4N,) (Ref. 23) and the
fraction of those segments considered to be hydrophobic ®
(based on, e.g., an aqueous-phase solubility criterion™?).
The folded (“native”) state is favored over the unfolded (“de-
natured”) state in this model under conditions for which the
free energy benefit accompanying the net increase in the
number of hydrophobic interactions in the folded conforma-
tion outweighs the entropic penalty associated with folding.

Temperature 7" and pressure P play nontrivial roles in
this HPC theory because they affect the magnitude of the
solvent-mediated hydrophobic attraction between hydropho-
bic segments x(7,P) (in units of kzT, where kg is the Bolt-
zmann constant). The quantity x(7,P) is estimated using a
molecular thermodynamic model®! that accounts for the in-
terfacial free energy change associated with bringing water
into contact with the hydrophobic segments of the het-
eropolymer. Since both the model for x(T,P) (Ref. 21) and
the molecular thermodynamic description of water upon
which the model is based” are described in detail elsewhere,
we mention only a few of the key predictions below.

The inset of Fig. 1 shows y(T,P) as a function of T at
both P=1 bar and P=2 kbar.”' The maxima in x(7,P) as a
function of temperature reflect the characteristic solubility
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FIG. 1. Loci of midpoint folding transitions for a model protein of sequence
hydrophobicity ®=0.4 and N,=154 amino acid residues in the pressure-
temperature plane for total protein concentrations po*?\,N=O (solid black),
0.05 (dashed), 0.26 (dot-dashed), and 0.31 (solid gray). Areas enclosed by
the curves indicate conditions that favor the native protein state. Inset:
Strength of the effective attraction (7', P) between hydrophobic heteropoly-
mer segments as a function of temperature (275-330 K) at P=1 bar and
P=2000 bar (the arrow indicates increasing pressure).

minima that have been experimentally observed for nonpolar
molecules in water.”'"* Capturing this trend in y(T,P) al-
lows HPC theory to predict both cold and warm denaturation
transitions of proteins. Also note that elevating the pressure
from P=1 bar and P=2 kbar reduces the strength of the at-
tractive interactions between the hydrophobic polymer seg-
ments. As discussed previously,21 this decrease reflects the
fact that high hydrostatic pressures are predicted to reduce
the effective interfacial tension between water and a hydro-
phobic solute. This, in turn, leads to pressure unfolding of
the heteropolymers in this HPC theory,”" a scenario similar
to the one predicted originally by information theory
calculations.'>** Finally, we mention that the effective inter-
facial tension between water and a hydrophobic solute is also
predicted to be reduced by large negative pressures (not
shown),”"* which in turn gives rise to negative pressure-
induced unfolding of heteropolymers. Putting all of this to-
gether, one finds that the HPC theory employed here predicts
a closed region of intrinsic thermodynamic stability for the
native state in the pressure-temperature plane (see Fig. 1),21
which is qualitatively consistent with the available experi-
mental data for small globular proteins.36

The most important thermodynamic output of HPC
theory for the present work is the intrinsic free energy
change AG? associated with folding. The main structural out-
puts of the theory include the ratio of the radii of gyration of
the native and denatured states, Ry/Rp=p:'" (where p’ is a
reduced segment density in the denatured state),” and the
fraction of solvent-exposed residues that are hydrophobic in
the native state; i.e., ®. It is assumed that the hydrophobic
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composition of the solvent-exposed residues in the denatured
state is identical to that of protein sequence itself; i.e., ®.

For sequence parameters typical of those observed in
small to medium-size globular proteins,37 HPC theory makes
some other basic predictions. Specifically, for a given chain
length, a protein with lower sequence hydrophobicity (lower
®) exhibits decreased intrinsic native-state stability (higher
AG/?), a smaller fraction of solvent-exposed residues that are
hydrophobic in the native state (lower ®), and a more ex-
panded denatured state relative to the native conformation
(smaller p;). As we discuss in the next section, we use this
structural data to estimate effective protein-protein interac-
tions in solution,”* which in turn enables us to study concen-
tration effects on protein stability.

lll. CONCENTRATION EFFECTS ON PROTEIN
STABILITY

In the previous section, we described how HPC theory
can be used to model the effects that temperature, pressure,
and protein sequence properties (N,, ®) have on the intrinsic
free energy difference between, and some average structural
properties pertaining to, the folded and unfolded states. We
now outline how this information can be used together with
a simple molecular thermodynamic model to predict the
qualitative effects of protein concentration on native-state
stability. Our specific strategy here is to (i) use the structural
properties from HPC theory to estimate effective “square-
well” protein-protein interaction parameters appropriate for
treating the proteins as a binary mixture of interconverting
(i.e., folding/unfolding) particles with intrinsic free energy
difference AG? and to (ii) analyze the equilibrium behavior
of this system using a thermodynamic model based on an
ad hoc generalization of the exact one-dimensional theory
for square-well particle mixtures.”®

The square-well potential for a binary system has the
following mathematical form:

V,](r) =00, r= O'?ff

ij

V,](r) =- uij’ O'?iff <r= )\O'?jff, (1)

eff

In the above relation, r is the center-to-center distance
separating interacting proteins of states i and j where
ij€ (NN,ND,DD), (rfjff is the effective interprotein diameter,
u;; is the magnitude of the effective “contact” attraction, and

1
()\j— 1)0?1-ff is the range of that effective attraction.

In order to determine the (generally state-dependent)
values of the parameters U?,-ff, u;j, and N in this particle-like
description of heteropolymer globules, we first consider a
similarly shaped continuous potential®® V;,(r) that has previ-
ously been used as a coarse-grained model for the effective
interactions of globular proteins, and is known to qualita-
tively capture many aspects of protein solution thermody-
namics and phase behavior:*+%%%
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In earlier studies,”** means for estimating parameters

o, and g; of Eq. (2) from HPC theory were introduced.
Specifically, for the effective interprotein diameters, the fol-
lowing relationships were used, opp/ O'NN%RD/Rsz‘f_“3
and owp/ oy = (1+Rp/Ry)/2=(1+p;""%)/2. Furthermore,
simple mean-field arguments were employed to derive ana-
lytical expressions for the magnitudes of the protein-protein
“contact” attractions s,«j.24 Consistent with the level of mod-
eling in HPC theory, the derivation assumed that the primary
driving force for protein attractions is the favorable free en-
ergy change associated with desolvating exposed hydropho-
bic residues on the surfaces of the participating proteins
when they associate reversibly. The qualitative validity of
this assumption is supported by statistical analysis of
protein-protein interfaces, which reveal a higher fraction of
hydrophobic residues at their binding sites,” and also by the
strong role that hydrophobic interactions are known to play
in protein aggregation processes.4

The strength of the interprotein hydrophobic interactions
in this picture depends on the magnitude of the attraction
between hydrophobic polymer segments x(7', P), the respec-
tive fractions of the solvent-exposed residues on the surfaces
of the participating proteins that are hydrophobic (® or ®),
the number of polymer segments N in the protein sequence,
and, for denatured proteins, the reduced polymer segment
density p;. The expressions for the magnitudes of the native-
denatured eyp, denatured-denatured epp, and native-native
enN contact attractions are given by24

eND = 12 [1+p PP [1+pP2) 3)
Noxfo(p) ®*ksT

&pp = TB, (4)
Nxfo(1)®°ksT

ENN= TB, (5)

where fi(pl)=[1-(4mp;/{3N})'*]® is the fraction of resi-
dues in the interior of a denatured protein, f,(p;)=1—fi(p;) is
the fraction of residues on the exterior of a denatured protein,
fi(1) is the fraction of residues in the native protein core
(where pi=1), and f,(1) is the fraction of residues on the
native protein surface.

Because ® >0 (i.e., the solvent-exposed surface of the
denatured state is, on average, more hydrophobic than that of
the native state), the contact attractions involving denatured
proteins will generally be stronger than those involving the
native state (e.g., epp>>é&nn)- These more favorable interac-
tions, which can serve as a driving force for protein denatur-
ation in solution, generally increase in magnitude with in-
creasing sequence hydrophobicity ®. We will return to this
point in the next section when discussing the predictions of
our model.
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Having established this, recall that one of the main goals
of this section is to use information derived from HPC theory
to estimate square-well protein-protein interaction param-
eters O';ff, u;;, and N. The advantage of adopting the square-
well description of interactions over that of Eq. (2) is that
there is an exact one-dimensional theory26 for square-well
mixtures that we can readily generalize to make qualitative
predictions about the effects of protein concentration on
native-state stability in solution. Nonetheless, Eq. (2) and its
previously derived connections to HPC theory24’25 are still
very helpful here because Noro and Frenkel® have intro-
duced a simple method that allows one to map a continuous
potential of this kind onto a square-well potential such that
the two systems satisfy an extended corresponding states
principle.

The first step in the Noro-Frenkel mapping is to calcu-

late the effective protein diameter o', This is accomplished

I

using an expression suggested by Bjarker and Henderson,*'
o-fjff= Jodr{1—exp[~V}; ,(r)/kgT1}, where Vj; . (r) is the re-
pulsive part of the Weeks-Chandler-Andersen
decomposition*? of Eq. (2). The second step is to set the
strength of attraction of the square-well fluid u;; equal to g,
the minimum of the pair potential in Eq. (2). The third and
final step is to determine N by requiring equality of the sec-
ond virial coefficients of the effective interprotein potentials
given by Egs. (1) and (2). Figure 2 provides sample compari-
sons of the native-native and denatured-denatured interpro-
tein potentials of Eq. (2) and their respective square-well
counterparts obtained via the Noro-Frenkel mapping proce-
dure.

Having determined square-well protein-protein interac-
tion parameters from HPC theory, we now require a molecu-
lar thermodynamic model to estimate the effects of protein
concentration on native-state stability. Specifically, a model
is needed that can calculate the equilibrium equation of state
of a binary mixture of native (N) and denatured (D) square-
well particles along with the chemical potentials of the two
species, wy and up, respectively. The folding reaction can
then be readily accounted for by solving the equation of state
of the mixture simultaneously with the constraint ,U,N+AG?-
=up, where AG? is determined from our generalized HPC
theory.21

As mentioned earlier, Monson has derived the exact sta-
tistical mechanical theory for equilibrium one-dimensional
(ID) square-well fluid mixtures, and that model is able to
describe many of the qualitative trends of three-dimensional
(3D) binary square-well fluids. One exception, of course, is
that it cannot reproduce the first-order phase transitions of
the 3D system because phase transitions do not occur in 1D
fluids with finite range interparticle attractions.” This does
not pose a particular problem in the present work because
our focus is on the conformational stability of proteins in
homogeneous, single-phase solutions.

Here, we introduce two ad hoc modifications to Mon-
son’s 1D theory so that it serves as a better approximate
model for the 3D system that we are studying. The first
modification that we employ accounts for the fact that the 1D
mixture packing fraction #;p, given by
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FIG. 2. Effective native-native (top panel) and denatured-denatured (bottom
panel) interprotein potentials defined by Eq. (2) (solid) compared to the
square well potential (dashed) determined using the Noro-Frenkel mapping
(Ref. 40) for a model protein with N,=154 residues and a fractional se-
quence hydrophobicity of ®=0.5 at 7=300 K.

off U'eff(l fN)
Mp = plDo-I\}clt\I|:fN - i , (6)
ONN

varies between 0 and 1, while the actual 3D mixture packing
fraction 7, given by

eff \3 eff
WP(UNN) [fN+ (a’eff ) (1 fN):| (7)

6 ONN

should vary between 0 and 7y - In the above, p;p is the 1D
particle number density, p is the 3D particle number density,
/x is the fraction of particles in the native (N) state, and 7yg;
is the highest attainable packing fraction of the 3D binary
square-well fluid (i.e., its Maximally Random Jammed
state®). In particular, here we assume that the packing frac-
tion of our 3D protein solution 7 can be calculated directly
from that of the 1D mixture 7,p obtained via Monson’s
theory via the ansatz 7/ pygr;=7,p. We also assume that the
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result 7yr;=0.64, valid for monodisperse hard spheres,44

also approximately applies for the binary mixture, indepen-
dent of its composition. This type of simple mapping be-
tween 1D and 3D packing fractions is similar in spirit to the
one used to convert the exact 1D equation of state for hard
spheres45 to the 3D “hard-sphere” contribution to the equa-
tion of state of a van der Waals fluid.*®

The second ad hoc modification that we employ is that
we multiply the square-well interaction potential of Eq. (1)
in the 1D theory by a factor of 3. This approximately ac-
counts for the difference that spatial dimension has on the
number of nearest-neighbor interactions—the average coor-
dination number of dense 1D fluids is =2, while that of 3D
fluids is ~6.*" Since our overall approach focuses on the
balance of intrinsic protein stability and protein-protein in-
teractions, this modification is essential in that it allows the
model to provide a more reasonable accounting for the latter
in a 3D solution environment.

Clearly, the “three-dimensionalized” version of Mon-
son’s exact 1D theory produced by our modifications will not
be able to provide a quantitative thermodynamic description
of 3D square-well mixtures. However, that is not the goal
here. Rather, our aim is to develop a simple analytical ap-
proach that can capture some of the main qualitative conse-
quences of packing and particle interactions in our model
system, and thus ultimately, when integrated with the infor-
mation from HPC theory described above, aid in understand-
ing protein stability in concentrated solutions.

IV. RESULTS

In this section, we use our analytical modeling strategy
to explore a few of the combined effects of temperature,
pressure, and protein concentration on the native-state stabil-
ity behaviors of four model proteins with N,=154 residues
and sequence hydrophobicities ®=0.4, 0.445, 0.473, and 0.5,
parameters typical of medium-sized globular proteins.37 The
property that we focus on specifically is fy, the average frac-
tion of proteins in solution that are in their native (i.e.,
folded) state. We also examine the loci of coordinates in the
temperature-pressure plane associated with the midpoint
folding transitions for these model proteins (i.e., conditions
for which fy=0.5).

We begin by plotting in Fig. 3 how protein concentration
affects fy for our four model proteins at 7=325 K, contrast-
ing the behaviors at ambient (P=1 bar) and at an elevated
(P=2 kbar) pressure. Focusing on either pressure, at infinite
dilution, we see that fy simply reflects sequence hydropho-
bicity ®@. As discussed earlier, all other factors being equal,
proteins with lower @ typically have less intrinsic thermody-
namic stability due to the fact that the hydrophobic cores of
their native states contain more destabilizing polar residues.
We also see that increasing the pressure from 1 bar to 2 kbar
significantly reduces the intrinsic stability of the proteins, as
is reflected by the decrease in fy at infinite dilution. This
qualitative trend is expected based on the inset of Fig. 1,
which shows that applied pressure reduces x(T,P), the
strength of the hydrophobic interactions that stabilize the na-
tive state. One interesting point is that even very small
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FIG. 3. Fraction of folded (native) proteins in solution as a function of
protein concentration pamy for proteins of chain length N,=154 and hydro-
phobicities ®=0.400 (solid), 0.445 (dotted), 0.473 (dashed), and 0.500 (dot-
dashed) at T7=325 K for (a) P=1 bar and (b) P=2000 bar.

changes in (T, P) (e.g., a fraction of a kzT) can significantly
destabilize the folded state because of the sheer number of
interactions required to hold the hydrophobic core of a pro-
tein together.

Sequence hydrophobicity is not only reflected in the be-
haviors of proteins at infinite dilution. It also plays a role in
determining how the stability of the native state in solution
responds to increases in protein concentration. Notice in Fig.
3 that many of the protein solutions show the following
trend: the fraction of native proteins decreases with increas-
ing protein concentration at low protein concentrations but
increases with increasing protein concentrations at high con-
centrations. The predicted concentration-induced destabiliza-
tion of the native state at low concentrations is due to the fact
that denatured proteins can form more favorable protein-
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protein interactions than their native counterparts. This trend
is in agreement with the experimentally observed stability
behavior of the globular proteins myoglobin30 and
lysozyme,31 and also with computer simulations of solutions
of coarse-grained model proteins.24’25 The subsequent resta-
bilization of the native state at higher concentrations occurs
when protein self-crowding effects (which favor the more
compact native fold) outweigh the destabilizing protein-
protein attractions.”**> Our simple modeling approach pre-
dicts that protein sequence hydrophobicity ®, plays an im-
portant role in the determining balance of these two opposing
factors for protein stability.

To understand why, consider that a marginally stable na-
tive protein is more likely to unfold in solution if two local
“destabilizing criteria” are met: (i) it has enough local free
volume to accommodate the unfolding transition from a
compact native state to the more expanded denatured con-
figuration and (ii) it can simultaneously form enough favor-
able interprotein hydrophobic contacts upon denaturing to
overcome the intrinsic free energy penalty for unfolding. The
latter is certainly aided by the fact, discussed earlier, that the
effective interprotein attractions involving the denatured
state are much stronger than those involving only native mol-
ecules. Clearly, increasing protein concentration decreases
the probability of (i) but increases the likelihood of (ii).
Thus, a competition arises, and the specific properties of the
native and denatured states determine the “winner” under a
given set of thermodynamic conditions.

If a protein has a sufficiently high sequence hydropho-
bicity @, then it will also generally have very high intrinsic
stability (i.e., it will not be “marginally stable”), and thus
increases in protein concentration will have a negligible ef-
fect on fy. This can explain the behaviors of the higher hy-
drophobicity ($=0.445, 0.473, 0.5) proteins at P=1 bar
shown in Fig. 3. In contrast, the lowest hydrophobicity pro-
tein (®=0.4) is marginally unstable under these conditions
(making it vulnerable to the effects of protein-protein inter-
actions), and thus it shows the nonmonotonic concentration
dependency mentioned above.

Figure 3 (bottom panel) demonstrates that the elevated
pressure of 2 kbar has sufficiently weakened the hydrophobic
interactions so that the ®=0.445 and 0.473 proteins are now
only marginally stable at infinite dilution. The consequence
of this is that both proteins show nonmonotonic concentra-
tion dependencies of fy, reflecting the competition between
destabilizing protein-protein attractions (which dominate at
low concentrations) and crowding effects (which dominate at
high concentrations). However, the ®=0.4 protein has
clearly become unstable (fy=0) at infinite dilution and P
=2 kbar kbar. Since it has fewer hydrophobic residues, and
since x(T,P) is weakened under these conditions, protein-
protein attractions play a negligible role in determining its
stability behavior. Instead, the ®=0.4 protein is monotoni-
cally stabilized by protein concentration, reflecting the fact
that the more expanded denatured proteins become increas-
ingly crowded out of solution as protein concentration is
raised. This latter self-crowding trend is closely related to the
observed increase in stability of native proteins due to the

Downloaded 12 Dec 2006 to 146.6.118.29. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



224908-7 Protein conformational stability

I ! I
1= Analytical + Simulation -

I

o
0
T

Fraction Folded
o o
N o)
T

©

N
T

-

'.'-'-I'I

~
LTI 1] |

0 02 04 0.6 0.2 04
Protein Concentration

FIG. 4. Fraction of folded (native) proteins in solution as a function of
protein concentration pamy for proteins of chain length N,=154 and hydro-
phobicity ®=0.445 at P=1 bar. (a) Predictions of the present analytical
model for 7=330, 335, 340, and 345 K. (b) Results of molecular simulations
of a solution of coarse-grained model proteins for 7=348, 350, 352, and 356
K. Simulation data is from Shen et al. (Ref. 25).

. . . 48-5
lack of available free volume in confined environments*® "

and in solutions with a concentration of inert
macromolecules.”” %

It is also apparent from Fig. 3 that there is a systematic
trend involving the concentration where the minimum in fy
for a given protein solution is located; i.e., where destabiliz-
ing interprotein attractions give way to the self-crowding ef-
fect. The trend is that this “turnaround” concentration in-
creases with increasing sequence hydrophobicity ®. This
behavior results from HPC theory’s prediction that, all other
factors being equal, decreasing sequence hydrophobicity re-
sults in a more expanded unfolded state. Since this type of
more expanded denatured conformation takes up more space,
it is crowded out of solution at a lower total protein concen-
tration as compared to the denatured state of a higher hydro-
phobicity protein. This is in accord with basic principles of
polymer physics: water is a poor solvent for the apolar resi-
dues, so the denatured state of high @ proteins corresponds
to a more compact ensemble of conformations than that of
low @ proteins due to the increased number of hydrophobic
residue contacts that the higher ® denatured protein forms in
solution.

Behavior similar to that shown in Fig. 3 is observed if
one studies the effect of temperature on the concentration
dependence of fy [see Fig. 4(a)]. Specifically, for conditions
near the warm denaturation transition, increasing tempera-
ture has a destabilizing effect analogous to that of reducing
the sequence hydrophobicity of the protein. The reason is
that the former weakens the hydrophobic interactions that
stabilize the native state, while the latter reduces the number
of stabilizing hydrophobic interactions. As should be ex-
pected, the predictions of the theory shown in Fig. 4(a) are in
good qualitative, but not quantitative, agreement with the
results of recent simulations® of coarse-grained proteins in
solution presented in Fig. 4(b).

J. Chem. Phys. 125, 224903 (2006)

Finally, we return to Fig. 1 to investigate to what extent
the global stability of the ®=0.4 native protein in the P-T
plane is impacted by protein concentration (similar trends,
not shown explicitly here, are found for solutions of the other
three model proteins). The main point is that this modeling
strategy predicts that protein concentration can, in principle,
have a significant effect on the size of the region in the
P-T plane where the native state is predicted to be more
stable that the unfolded state. We are not aware of any ex-
perimental studies that probe this type of global effect of
protein concentration on the midpoint folding transition of a
protein. This is no doubt due, in part, to the fact that
concentration-induced changes in native-state protein stabil-
ity can lead to irreversible aggregation, which complicates
(and in many cases prevents) measurements of equilibrium
properties. Nonetheless, effects as large as those shown in
Fig. 1 might also have important implications for, and thus
may be reflected in, protein aggregation rates. However, as
the focus here is the introduction of a modeling strategy for
probing the thermodynamic stability of proteins in concen-
trated solutions, we reserve further exploration of the protein
aggregation issue for future studies.

V. CONCLUSIONS

We have introduced an elementary approach for studying
the conformational stability of globular proteins in aqueous
solution as a function of temperature, pressure, and protein
concentration that is based on analytical models of various
physical phenomena. The intrinsic (i.e., infinite dilution)
thermodynamic stability and the average structural properties
of the proteins, as well as the effective protein-protein inter-
actions, are estimated from a mean-field heteropolymer col-
lapse theory that accounts for temperature- and pressure-
dependent hydrophobic interactions. The effects of protein
concentration are calculated using this information and a mo-
lecular thermodynamic model, which is a ad hoc generaliza-
tion of the exact equilibrium theory of a one-dimensional
binary mixture of square-well particles that interconvert
through an isomerization (i.e., folding) reaction. This model-
ing approach predicts that native proteins exhibit a closed-
loop region of stability in the pressure-temperature plane and
that protein concentration has a nonmonotonic effect on pro-
tein stability. Both results are qualitatively consistent with
trends observed in experiments of protein solutions and
simulations of coarse-grained protein models.

We understand, though, that our approach treats proteins
in a highly simplified manner and lacks specific structural
details due to the coarse resolution of the adopted HPC
model. Certainly a more detailed model may help bridge the
gap between experimental observations and simulation/
theoretical predictions at the expense of computational trac-
tability. However, our simple approach appears to capture
some of the relevant physical driving forces associated with
pressure-driven unfolding, and therefore we believe it offers
a first step toward understanding some of the possible dena-
turation mechanisms in concentrated protein solutions.
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