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ABSTRACT: The stability of proteins in aqueous solution is routinely enhanced by cosolvents such as glycerol.
Glycerol is known to shift the native protein ensemble to more compact states. Glycerol also inhibits protein
aggregation during the refolding of many proteins. However, mechanistic insight into protein stabilization
and prevention of protein aggregation by glycerol is still lacking. In this study, we derive mechanisms of
glycerol-induced protein stabilization by combining the thermodynamic framework of preferential interac-
tions with molecular-level insight into solvent-protein interactions gained from molecular simulations.
Contrary to the common conception that preferential hydration of proteins in polyol/water mixtures is
determined by the molecular size of the polyol and the surface area of the protein, we present evidence that
preferential hydration of proteins in glycerol/water mixtures mainly originates from electrostatic interactions
that induce orientations of glycerol molecules at the protein surface such that glycerol is further excluded.
These interactions shift the native protein toward more compact conformations. Moreover, glycerol
preferentially interacts with large patches of contiguous hydrophobicity where glycerol acts as an amphiphilic
interface between the hydrophobic surface and the polar solvent. Accordingly, we propose that glycerol
prevents protein aggregation by inhibiting protein unfolding and by stabilizing aggregation-prone inter-
mediates through preferential interactions with hydrophobic surface regions that favor amphiphilic interface
orientations of glycerol. These mechanisms agree well with experimental data available in the literature, and we
discuss the extent to which these mechanisms apply to other cosolvents, including polyols, arginine, and urea.

Since proteins are only marginally stable, preserving their
stability and activity in biological and biotechnological applica-
tions can pose serious challenges. Although protein stability is
routinely enhanced via addition of cosolvents such as salts, amino
acids, and polyols (1, 2), the mechanisms by which cosolvents
induce protein stability remain elusive. Enhancement of protein
stability by cosolvents is generally related to the shift of protein
conformations toward more compact and ordered sates (3) and
the inhibition of partial unfolding leading to protein aggrega-
tion (4, 5). In fact, protein aggregation has been recognized as a
major manifestation of instability that can severely affect protein
functionality in vivo and in vitro (6-10). In addition, there has
been a growing awareness of the importance of the conforma-
tional space of native proteins for protein catalysis (11), protein-
protein interactions (12), and protein folding (13). Like protein
stability, the conformational space and the energy landscape of
the protein (14) depend on the solvent conditions of the protein
solution (11). Thus, mechanistic insight into effects of cosolvents
on the conformational space and stability of proteins is desired
for the understanding anddesign of protein processes pertinent to
biology and biotechnology.

Among the cosolvents most widely used to stabilize proteins
are polyols (15-17). Protein stabilization and compaction by
polyols (3, 18-23) have been attributed to mechanisms such as
the excluded volume effect (1, 5, 24) and the solvophobic
effect (25), which lead to protein conformations with minimal

solvent accessible surface area. By the same mechanisms, polyols
would promote reversible protein association because the solvent
accessible surface area of the protein complex is smaller than that
for unassociated proteins (26). However, polyols promote pro-
tein association for only some protein complexes but not for
others (27-30). Polyols are also effective in preventing protein
aggregation during refolding of many proteins (31-33) and are
frequently included in solvent screens to optimize the refolding
yield of recombinant proteins (34). Strikingly, the effectiveness of
polyols in preventing protein aggregation varies widely among
different polyols, yet the underlying reasons are not under-
stood (31). Besides, polyols can cause local conformational
changes leading to increased flexibility of certain protein
segments (35-37). Evidently, plausible mechanisms for explain-
ing polyol-induced protein compaction should also account for
these effects.

One of the most widely used polyols to stabilize proteins is
glycerol (38-42). Glycerol is routinely used in protein refold-
ing (31), protein crystallization (43), formulation of biopharma-
ceuticals, (6) and in the food industry (44). Glycerol induces
protein compaction (20, 21, 23), reduces protein flexi-
bility (22, 45), stabilizes specific partially unfolded intermedi-
ates (26, 45-48), and affects both native and non-native protein
aggregation (5, 27-29), including protein amyloidogenesis (49).
The widespread use of glycerol stands in sharp contrast with
the lack of mechanistic insight into the effects of glycerol
on protein stability and aggregation. Therefore, we believe
that insight into the effects of glycerol on protein stability
and aggregation would benefit protein-related research and
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applications. Moreover, as glycerol is one of the smallest and
most simple molecules in the polyol class, we consider a
molecular-level study of the effects of glycerol on protein stability
and aggregation as a good start in elucidating protein stabiliza-
tion and protein aggregation mechanisms by polyols.

A thermodynamic framework accounting for the effects of
cosolvents on protein thermodynamics is provided by preferen-
tial interaction theory (1, 25, 50-52). The effect of cosolvents on
the equilibrium between distinct protein conformations can be
predicted on the basis of the difference in preferential interaction
coefficients between distinct protein conformations. The prefer-
ential interaction coefficient for a protein in a cosolvent/water
mixture, ΓXP,

1 is a measure for the excess number of cosolvent
molecules near the protein surface (53) and can be measured by
experimental techniques such as dialysis densitometry and vapor
pressure osmometry (38, 54, 55). However, quantitative analysis
of the effects of cosolvents on protein thermodynamics is difficult
because experimental measurements yield only the ensemble
average of ΓXP values of the various protein conformations
under specific solvent conditions (56). As a result, the potential
of preferential interaction theory to elucidate the effects of
cosolvents on protein thermodynamics and protein stability
remains untapped.

Very recently, convergent ΓXP values of proteins in mixed
solvents have been obtained from molecular dynamics simula-
tions (53, 57). We found that ΓXP values of hen egg white
lysozyme (HEL) in glycerol/water mixtures differed significantly
for distinct protein conformations (53). These observations
prompted us to further investigate the origins and consequences
of significant differences in ΓXP in this study. Building on the
molecular insight into preferential interaction coefficients of
lysozyme in aqueous glycerol gained in our previous study (53),
we characterize effects of local protein conformational changes
on protein solvation and on ΓXP and propose general mecha-
nisms by which conformational changes affect ΓXP. Subse-
quently, effects of glycerol on the protein energy landscape are
estimated on the basis of preferential interaction theory and
referenced to experimentally observed effects of glycerol on
protein compaction and protein flexibility. Moreover, preferen-
tial interactions of glycerol with a hydrophobic surface are
characterized, and two mechanisms underlying the inhibition
of protein aggregation by glycerol are presented. Finally, we
evaluate the extent to which mechanistic insight into effects of
glycerol on protein stabilization applies to other cosolvents, in
particular polyols.

METHODOLOGY

Calculation of ΓXP from Molecular Dynamics Simula-
tions. Molecular dynamics simulations are performed using
CHARMM (58) and NAMD (59) as described in our previous
article (53). All simulations comprise hen egg white lysozyme
(HEL) in a solvent box. For SimU5, the solvent is purewater; for
Sim C1 and Sim C2, the solvent is 17% (v/v) and 38% (v/v)
aqueous glycerol, respectively, and for all other simulations, the
solvent is 30% (v/v) aqueous glycerol. Seven simulations (Sim
U1-U5, Sim C1, and Sim C2) are run with unconstrai-
ned protein coordinates, five simulations (Sim B1-B5) with

constrained coordinates of the protein backbone, and two
simulations with fixed protein coordinates (Sim F1 and Sim
F2). The reference structure for protein constraining is either the
crystal structure of PDB entry 194L (Sim B1 and Sim F1) or the
structure sampled at 5 ns (Sim B2 and Sim F2), 7 ns (Sim B3),
10 ns (Sim B4), or 21 ns (Sim B5) during Sim U1. To investigate
effects of electrostatic interactions on ΓXP, solvent-protein
electrostatic interactions are switched off for one simulation
(Sim E1) and all electrostatic interactions are switched off for
another simulation (Sim E2). Simulation details are listed in
Table S1 (Supporting Information).

The preferential interaction coefficient ΓXP is calculated as
explained previously (53). Practically, ΓXP is determined by the
number of glycerol andwater molecules within 5 Å of the protein
van der Waals surface:

ΓXP = nXPðr < 5ÅÞ- nX - nXPðr < 5ÅÞ
nW - nWPðr < 5ÅÞ nWPðr < 5ÅÞ

� �
τrun

ð1Þ
where the term in broken brackets refers to the average over the
simulation time τrun. The solvent region between 0 Å and 5 Å
from the protein van der Waals surface is termed the local
domain, and the solvent region for which r > 5 Å is the bulk
domain. In eq 1, nXP(r<5 Å) and nWP(r<5 Å) are the number
of glycerol and water molecules, respectively, in the local domain
and nX and nW are the total number of glycerol and water
molecules, respectively, in the simulation box. The number
density ratio [nX - nXP(r < 5 Å)]/[nW - nWP(r < 5 Å)] is fairly
constant for all simulations performed in this study (∼0.1065). As
a consequence, values of nXP(r < 5 Å) and nWP(r < 5 Å) that
result in the same ΓXP value approximately fall on the line

nXPðr < 5ÅÞ= 0:1065nWPðr < 5ÅÞþΓXP ð2Þ
Preferential Hydration of Volume Increments of the

Local Domain. Over the course of a simulation, the volume
of the local domain of the protein generally increases with respect
to the local domain of the crystal structure. Increments of the
average volumes of solvent regions [r, r þ 0.1 Å] between two
different simulations are calculated in the local domain (0< r<
5 Å) and termed volume increments, ΔV(r). To quantify the
degree of preferential hydration of volume increments ΔV(r), the
local increase in the number ofwatermolecules [ΔnWP

100%W(r)] is
calculated assuming that ΔV(r) is exclusively occupied by water
molecules. Under this assumption, ΔnWP100%W(r) equals the
product of volume increment ΔV(r) and local water concentra-
tion cWP100%W(r) in the solvent region [r, rþ 0.1 Å] for a protein in
pure water:

Δn100%W
WP ðrÞ � c100%W

WP ðrÞΔVðrÞ ð3Þ
On the other hand, ifΔV(r) would be occupied by bulk solvent

[i.e., 30% (v/v) glycerol], ΔnWP(r) would be 70% of ΔnWP
100%

W(r). Hence, the ratioΔnWP(r)/ΔnWP
100%W(r) allows us to discern

between these two cases: at radial distances r at which the ratio is
close to 1.0, volume increments ΔV(r) are predominantly occu-
pied by water; at radial distances r at which the ratio is close to
0.7, volume increments ΔV(r) are predominantly occupied by
bulk solvent.
Structural and Energetic Contributions to ΓXP. To com-

prehend the physicochemical origins of preferential interactions
of glycerol with the protein, contributions of the excluded volume

1Abbreviations: 194L, X-ray structure of HEL in the Protein Data
Bank; ΓXP, preferential interaction coefficient; HEL, hen egg white
lysozyme; rmsd, root-mean-square deviation; RT, gas constant multi-
plied by the temperature; SASA, solvent accessible surface area.
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(ΓXP,EX), van derWaals interactions (ΓXP,VDW), and electrostatic
interactions (ΓXP,EL) are estimated. Contributions of the ex-
cluded volume arise from the difference in the molecular size of
glycerol and water (40, 60). The excluded volume of a solvent
molecule with respect to a protein is generally estimated by
assuming that the solvent molecule is a hard sphere with a
radius equal to the molecular van der Waals radius (40, 60). We
estimate the excluded volumes for glycerol and water as the
volumes comprised within the respective radial distances of the
first solvation peak [i.e., 2.3 and 1.0 Å (53)]. Notably, the
difference in the radial distances of the first solvation
peaks equals the difference in the molecular van der Waals radii
of glycerol and water in the simulations (i.e., 3.1 and 1.8 Å). The
excluded volume effect (ΓXP,EX) is then estimated assuming
that the difference in excluded volumes is exclusively occupied
by water at the bulk concentration. With cX, the glycerol
concentration in the bulk domain [i.e., 30% (v/v) glycerol], we
obtain

ΓXP;EX ¼ -cX

Z 2:3Å

1:0Å
dVðrÞ ð4Þ

For Sim F1, the contribution of van der Waals interactions is
estimated on the basis of Sim E2 for which all electrostatic
interactions are switched off by subtracting the excluded volume
effect:

ΓSimF1
XP;VDW ¼ ΓSimE2

XP - ΓSimF1
XP;EX ð5Þ

For other simulations, van der Waals contributions are
estimated assuming that ΓXP,VDW is proportional to the van
der Waals solvent accessible surface area (SASA) of the protein:

ΓXP;VDW ¼ SASA- SASASimF1

SASASimF1
ΓSimF1
XP;VDW ð6Þ

Finally, the contribution of electrostatic interactions is esti-
mated as the remainder contribution to ΓXP:

ΓXP;EL ¼ ΓXP - ΓXP;EX- ΓXP;VDW ð7Þ
Free Energies of Transfer.When a cosolvent is added to an

aqueous protein solution, the chemical potential of the protein μP
is altered (1, 61):

ΔμP;tr ¼
Z mX

0

DμP
DmX

� �
mP

dmX ð8Þ

¼ -
Z mX

0

DμX
DmX

� �
mP

DmX

DmP

� �
μX

dmX ð9Þ

whereΔμP,tr is the free energy of transfer of the protein from pure
water to an aqueous solution with mX molal cosolvent. For
infinitely dilute protein solutions, ∂μX/∂mX approximately equals
RT/mX, as derived from activity data for binary glycerol/water
mixtures (62, 63), and the factor (∂mX/∂mP)mX

equals the pre-
ferential interaction coefficient (53). Hence, the transfer free
energy ΔμP,tr

mPf0 of an infinitely dilute protein for transfer from
pure water to 30% (v/v) glycerol becomes

ΔμmP f 0
P;tr =-

Z mX

0

RT

mX

� �
ΓXP dmX ð10Þ

If ΓXP is linear with the respect to glycerol molality mX, the

integral in eq 10 can be solved, and we obtain

ΔμmP f 0
P;tr =-RTΓXP ð11Þ

Equation 11 shows that the transfer free energy ΔμP,tr
mPf0 is

negatively proportional to ΓXP if the linearity condition is met.
The linearity of ΓXPwith respect to the glycerol molality has been
observed for most proteins in the concentration range from 0 to
40% (v/v) (38) and is in accordwith the increase in computed ΓXP

values with respect to the glycerol molality (Table 1). Such
linearity occurs when preferential interactions are governed by
protein-solvent interaction affinities that stay constant within
the respective concentration range (60) and indicates that the
characteristics of protein-solvent interactions do not change in
the concentration range from 0 to 40% (v/v). In that case, insight
into preferential interactions from a series of simulations of HEL
in 30% (v/v) aqueous glycerol is valid over the concentration
range that comprises glycerol concentrations that are typically
used to stabilize proteins in aqueous solution [i.e., 0-40% (v/v)
aqueous glycerol].

RESULTS AND DISCUSSION

Conformational Changes of the Protein BackboneAffect
ΓXP. For unconstrained simulations, the protein undergoes
conformational changes such that the volume of the local
domain, V(0 Å < r < 5 Å), increases with respect to the crystal
structure (Figure S1 of the Supporting Information). We find
that the sum ÆnWP(r < 5.Å)æ1ns þ 4.7ÆnXP(r < 5.Å)æ1ns is
proportional to V(0 Å < r< 5 Å) (Figure S1 of the Supporting
Information). Hence, ÆnWP(r<5.Å)æ1nsþ 4.7ÆnXP(r<5.Å)æ1ns is
higher for unconstrained simulations than for the simulation in
which protein coordinates are constrained with respect to the
crystal structure (Sim F1). In fact, we find that for all simulations
both nXP(r < 5 Å) and nWP(r < 5 Å) increase with respect to
those of Sim F1 (Figure 1). For some simulations, increases in
nXP(r<5 Å) and nWP(r<5 Å) do not lead to significant changes
in ΓXP, whereas for other simulations, ΓXP is significantly higher
or lower than in Sim F1 (Figure 1 and Table 1). This indicates
that increments of the volume of the local domain with respect to

Table 1: Computed Values of ΓXP for HEL in Aqueous Glycerola

simula-

tion constraintb ΓXP

simula-

tion constraintb ΓXP

F1 fix 194L -7.1 ( 0.8 B1 bb 194L -5.7 ( 1.3

F2 fix U1:5ns -3.9( 1.2 B2 bb U1:5ns -2.8 ( 1.2

U1c - -8.5( 1.5 B3 bb:U1:7ns -6.8 ( 2.4

U2 - -5.8( 1.0 B4 bb U1:10ns -7.1( 1.9

U3 - -10.1( 1.2 B5 bb U1:21ns -4.0 ( 1.7

U4 - -9.2( 1.0 E1d fix 194L 38.5( 1.1

C1a - -2.3 ( 0.7 E2d fix 194L -0.8( 1.3

C2a - -11.6 ( 1.3 Expe - -11.4( 2.85

aFor all simulation systems, the solvent comprises 30% (v/v) glycerol
(5.87m) except for the systems in Sim C1 and Sim C2 which are run at 17%
(v/v) (2.89 m) and 38% (v/v) (8.54 m) glycerol, respectively. bMode of
constraint of protein coordinates (fix, all protein coordinates fixed; bb,
harmonical constraint of protein backbone coordinates) and the reference
structure for constraining coordinates (194L, PDB structure; U1:xns,
structure sampled in Sim U1 after x ns). cCalculation based on the time
interval [5 ns, 25 ns]; no convergence was reached for the last 20 ns due
to partial unfolding of the protein. dFor Sim E1, solvent-protein electro-
static interactions are switched off; for Sim E2, all electrostatic interac-
tions are switched off. eExperimental ΓXP value for HEL in 30% (v/v)
glycerol (38).
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the crystal structure can be neutrally solvated, preferentially
hydrated, or preferentially solvated by glycerol.

The value ofΓXP for a simulationwith fixed protein coordinates
does not significantly differ from the value of ΓXP for a simulation
for which only protein backbone coordinates are constrained with
respect to the same reference structure (compare ΓXP values for
SimF1 and SimB1, as well as SimF2 and SimB2 in Table 1). This
indicates that the movement of protein side chains does not
significantly affect ΓXP. Hence, significant changes in ΓXP must
be caused by conformational changes in the protein backbone.
The rmsds of backbone residues are plotted in Figure 2.

The rmsds are high (>3 Å) in the loop regions of HEL
comprising residues 15-22, 66-74, and 100-103. This corres-
ponds with flexible regions of HEL as evidenced by NMR (64)
and X-ray crystallography (65). Conformational changes in the
protein backbone mainly occur during the first 5 ns of each
simulation and appear stable at longer simulation times. Notable
exceptions are changes for Sim U1 after 25 ns in the loop region
of residues 66-74 and changes for Sim U3 and Sim U5 in the
N-terminal region. Except for the end of SimU1, conformational
backbone changes appear mostly nativelike (Figure S2 of the
Supporting Information).

Protein conformational changes that significantly affect ΓXP

occur rapidly. For example, Sim B2 and Sim B3, which are
constrained with respect to protein conformations sampled at 5
and 7 ns during Sim U1, give significantly different values of ΓXP

(Table 1). Moreover, protein conformational changes are gene-
rally transient. This is illustrated by the increase in rmsds (>8 Å)
in the loop region of residues 15-22 at 7 ns and the return to
average levels (<3 Å) shortly afterward (Figure S2 of the
Supporting Information). This is in good agreement with large
transient local conformational changes evidenced from hydrogen
exchange experiments (66). Remarkably, ΓXP for Sim U1 is
significantly lower compared to the values of any of the simula-
tions that are constrained with respect to a protein conformation
sampled in Sim U1 [Sim B2-B5 (Table 1)]. Thus, the ensemble
average of protein conformations resulting in a specific value of
ΓXP cannot be replaced by a limited number of representative
conformations.

The structural heterogeneity between the protein conforma-
tions in 30% (v/v) aqueous glycerol (Sim U1-U4) does not
demonstrably differ from the structural heterogeneity of protein
conformations in pure water (Sim U5) (Figure 2). Hence, effects
of glycerol on the protein conformational space cannot directly
be derived from conformational sampling during 40 nsmolecular
dynamics simulations. Instead, we employ preferential interac-
tion theory to understand the effects of glycerol on protein
conformations. Before doing so, we investigate how conforma-
tional changes in the protein backbone lead to significant changes
in ΓXP.
Conformational Changes Affecting Specific Glycerol-

Protein Interactions. For Sim U1, conformational changes in
the loop region of residues 66-74 (loop 66-74) (Figure 2) lead to
overall increases in temporal values ÆΓXPæτB from 30 ns onward
(Figure S3 of the Supporting Information). As a result, ΓXP shifts
during the last 20 ns of Sim U1. In the crystal structure, the loop
region of residues 66-74 is tightly packed against the rest of the
protein (Figure 3A). From 30 ns onward, the loop region is
displaced such that a cleft is formed between the loop and the rest
of the protein (Figure 3B). The size of the cleft is large, and several
solvent accessibleN andO atoms of the protein are located inside
the cavity. Investigation of the glycerol molecules near the loop
region reveals that for the first 30 ns of Sim U1 no glycerol
molecules reside longer than 1 ns near loop 66-74. However,
after the loop has opened, up to three glycerol molecules
concurrently reside in the cleft. Notably, one glycerol molecule
resides for 8 ns in the cavity where it forms multiple hydrogen
bonds with the protein (Figure 3B). Protein-surface loci where
multiple hydrogen bonds with glycerol are formed are called
glycerol-binding loci, and solvent regions at such loci positively
contribute to ΓXP (53). Thus, increases in ΓXP for Sim U1 from
30 ns onward are caused by conformational changes in the

FIGURE 1: Number of glycerol [nXP(r < 5 Å)] and water molecules
[nWP(r < 5 Å)] in the local domain for simulations with uncon-
strained coordinates (black) and constrained coordinates (gray).
Dotted lines indicate iso-ΓXP lines (eq 2) for ΓXP values of -10, -8,
-6, -4, and -2.

FIGURE 2: Backbone rmsds per residue with respect to the 194L
crystal structure.For SimU1,white lines at 5, 7, 10, and 21ns indicate
the reference structures for Sim B2-B5, respectively.
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protein backbone leading to the creation of glycerol-binding loci
at the protein surface.

Conformational changes in loop 66-74 also occur for Sim U4
(Figure 3C). However, no specific interactions of glycerol mole-
cules with this loop region are observed for SimU4.We attribute
this to the steric exclusion of glycerol from the cleft and the fact
that fewer proteinN andO atoms are available such thatmultiple
hydrogen bonds with glycerol cannot occur. This is because the
cleft between the loop region and the rest of the protein is much
smaller for protein conformations in Sim U4 (Figure 3C) com-
pared to SimU1 (Figure 3B) and because several N and O atoms
that are exposed at the protein surface in Sim U1 (Figure 3B)
form intramolecular hydrogen bonds in Sim U4 (Figure 3C).

Changes in ΓXP induced by conformational changes in the
protein backbone do not correlate with the relative change in the
solvent accessible surface area of protein N and O atoms, nor do
changes inΓXP correlatewith changes in the surface area of polar,
charged, or backbone residues. Arguably, the deficiency in
correlations between global protein surface characteristics and
preferential interactions arises from the specificity of relative
orientations of proteinN andOatoms to formmultiple hydrogen
bonds with glycerol (53). This specificity is illustrated by the fact
that conformational changes in the same loop regionmay or may
not result in the exposure of glycerol-binding loci at the protein
surface (Figure 3).
Preferential Hydration of Volume Increments of the

Local Domain. In the previous section, we discussed how
conformational changes in the protein affect ΓXP because of
the creation or deletion of glycerol-binding loci at the protein
surface. Further investigation of the differences in solvation
between distinct protein conformations reveals a second mecha-
nism by which conformational changes affect ΓXP. This mecha-
nism generally applies to conformational changes that lead to an
increase in the volume of the local solvent domain at the protein
surface. We find that, in general, volume increments of the local
domain are preferentially hydrated. As a result, ΓXP is lower for
expanded conformations compared to compact conformations.
This becomes apparent when the solvent composition of the local
domain is compared between simulations with unconstrained
simulations.

For one simulation with unconstrained coordinates (Sim U2),
conformational changes with respect to the crystal structure
are limited (Figure 2) and the corresponding value of ΓXP does
not change significantly with respect to the crystal structure
[Sim F1 (Table 1)], yet for all other unconstrained simulations
(Sim U1, Sim U3, and Sim U4), conformational changes in the

loop region are considerable (Figure 2) and ΓXP is signifi-
cantly lower with respect to the crystal structure (Table 1).
Decreases in ΓXP for Sim U1, Sim U3, and Sim U4 with respect
to that for Sim U2 are mainly caused by significant increases
in the number of water molecules in the local domain, i.e., nWP-
(r < 5 Å) (Figure 1).

The difference ΔnWP(r < 5 Å) between Sim U4 and Sim U2
results from the continuous increase in ΔnWP(r< R) from 0.7 Å
onward (Figure 4A). In contrast, ΔnXP(r < R) only starts to
increase above 3 Å (Figure 4A). On the basis of volume
increments ΔV(r) and local water concentrations cWP

100%W(r)
(Figure 4B), ΔnWP

100%W(r) is calculated (eq 3). The ΔnWP(r)/
ΔnWP

100%W(r) ratio gradually decreases and remains constant at
0.7 from4 Å onward (Figure 4C). Thus, the degree of preferential

FIGURE 3: van derWaals surface of HEL near residues 66-74 for (A) the minimized crystal structure, (B) SimU1 at 45 ns, and (C) SimU4 at 30
ns.Glycerol atomswith residence times of>5nsare depictedbyball-and-stickmodels.Atomtypes are colored cyan forC,white forH,blue forN,
red for O, and yellow for S, and residues 66-74 are highlighted in a brighter shade.

FIGURE 4: Changes in the solvent composition of the local domain
upon protein expansion for Sim U4 with respect to Sim U2. (A)
Differences in the cumulative number of glycerol, ΔnXP(r< R), and
water, ΔnWP(r < R), molecules. (B) Volume increments ΔV(r, r þ
0.1 Å) and the radial concentration of water cWP

100%W(r) for HEL in
pure water. (C) ΔnWP(r)/ΔnWP

100%W(r) ratio that is a measure of the
degree of preferential hydration of volume increments.
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hydration decreases for increasing radial distances and practi-
cally vanishes for r values of >4 Å.

Similarly, volume increments of the local domain for Sim U1
and Sim U3 with respect to Sim U2 are preferentially hydrated
near the protein surface. This indicates that conformational
changes generally lead to volume increments in the local domain
which are preferentially hydrated near the protein surface.
Besides, we find that one glycerol molecule in close contact with
the protein surface in Sim U2 is replaced with water molecules in
SimU3 (Figure S4 of the Supporting Information). This indicates
that conformational changes in Sim U3 not only cause volume
increments in the local domain that are preferentially hydrated
but also cause the reorientation of protein N and O atoms
resulting in the loss of one protein surface locus with a high
affinity for glycerol.

Taking together the observations described above, we con-
clude that the reorientation of proteinN andO atoms resulting in
the change in glycerol-binding loci may either increase or
decrease ΓXP for specific protein conformations. On the other
hand, preferential hydration of volume increments generally
leads to decreases in ΓXP for expanded protein conformations.
Origins of Preferential Hydration of Volume Increments

of the LocalDomain.Tounderstandwhy volume increments in
the local domain are generally preferentially hydrated, we
investigate the physicochemical origins of preferential interac-
tions. Taking into account the value of ΓXP for Sim E2 (Table 1),
we estimate structural and energetic contributions to ΓXP for Sim
F1: ΓXP,EX

Sim F1=-21.1 (eq 4), ΓXP,VDW
Sim F1=20.3 (eq 5), and

ΓXP,EL
Sim F1=-6.3 (eq 7). Thus, van der Waals interactions

nearly entirely compensate for the excluded volume effect, and
the overall value of ΓXP is negative because of the negative
contribution of electrostatic interactions. Similar conclusions are
drawn for all other simulations. Noteworthy is the fact that the
compensation of the excluded volume effect by van der Waals
interactions explains why models that account for only the
excluded volume (or entropic contributions in general) are not
able to predict the effects of glycerol on protein equilibria (39, 67).
On the other hand, the correspondence of ΓXP with ΓXP,EL

Sim F1

explains the success of the electrostatic model of Bolen and co-
workers (68) for the effects of glycerol on the chemical potential
of the protein backbone.

Structural and energetic contributions of differences ΔΓXP for
SimU1, SimU3, and SimU4with respect to SimU2 are listed in
Table 2. As expected, values of ΔΓXP,EX are negative because of
the expansion of the local domain at radial distances between 1.0
and 2.3 Å (eq 4). Unexpectedly, the protein surface area differs
little between different simulations, and therefore, values of
ΔΓXP,VDW are minor (eq 6). However, what is most surprising
is that differences in ΓXP are mainly caused by electrostatic
interactions. The fact that ΔΓXP,EL is most negative for Sim U3
corresponds well with the reorientation of protein N and O
atoms, leading to the loss of specific glycerol-binding loci as
pointed out before, yet values ofΔΓXP,EL for SimU1 and SimU4

are also markedly negative. This indicates that electrostatic
interactions play a major role in the preferential hydration of
volume increments in the local domain near the protein surface.

Electrostatic interactions between solvent molecules and the
protein are mostly located at polar atoms of the protein surface,
i.e., N and O atoms. This implies that preferential hydration of
volume incrementsmostly occurs at proteinN andO atoms (with
the exception of N and O atoms at specific glycerol-binding loci).
In our previous study (53), we showed that glycerol molecules
interacting with such proteinN and O atoms (i.e., class 1 glycerol
molecules) preferentially adopt orientations whereby one of the
outer O atoms of glycerol (O1 or O3) is hydrogen-bonded to
the protein surface and the vector connecting the hydrogen-
bonded O atom with O2 is nearly perpendicular to the protein
surface (Figure 5). For such orientations, glycerol atoms are
further excluded from the protein surface as would be the case
for random orientations of glycerol molecules (Figure 5). On
the basis of the calculated values of ΓXP and local volumes
dV(r) for Sim U4 and SimU2, we find that the average exclusion
of glycerol molecules from the protein surface is approxi-
mately 4.0 Å:

ΓSimU4
XP - ΓSimU2

XP =-cX

Z 4:0Å

1:0Å
½dVSimU4ðrÞ- dVSimU2ðrÞ� ð12Þ

This is considerably larger than the excluded volume for
randomly oriented glycerol molecules as it is assumed for the
calculation of the excluded volume effect [r < 2.3 Å (eq 4)]. We
conclude therefore that preferential hydration of volume incre-
ments of the local domain of a protein in glycerol/water mixtures
mainly arises from the electrostatic orientation of glycerol at the
protein surface.
Glycerol-Induced Protein Compaction. Remarkably, ΓXP

values for Sim U1, Sim U3, and Sim U4 agree well with
experiment (Table 1). Hence, we assume that the ensemble

Table 2: Structural and Energetic Contributions to Differences ΔΓXP
a

simulation ΔΓXP ΔΓXP,EX ΔΓXP,VDW ΔΓXP,EL

U1 -2.7 -0.6 0.0 -2.1

U3 -4.3 -0.2 0.1 -4.1

U4 -3.4 -1.0 0.3 -2.6

aDifferences with respect to Sim U2.

FIGURE 5: Preferential hydration of volume increments mainly re-
sults from electrostatic orientation of glycerol at the protein surface.
The centers of mass of water (blue circle) and randomly oriented
glycerol (red circle) are excluded from the protein van der Waals
surface up to radial distances of 1.0 and 2.3 Å, respectively. Notably,
the excluded volume effect corresponds with the preferential hydra-
tion of the solvent region from 1.0 to 2.3 Å (eq 4). However, because
of the electrostatic orientation of glycerol (pink rectangle), glycerol
atoms are further excluded from the protein surface and the average
exclusion of glycerol molecules is increased to 4.0 Å. Consequently,
when the protein expands, volume increments of the solvent region
from 1.0 to 4.0 Å are preferentially hydrated.
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averaged value of ΓXP for native HEL equals the average value of
these ΓXP values. The corresponding transfer free energy
(ΔμP,tr

mPf0) of native HEL from pure water to 30% (v/v) glycerol
is approximately 20 kJ/mol (eq 11). In contrast,ΓXP for SimU2 is
significantly higher. We attribute the difference to restricted
conformational sampling with a bias toward protein conforma-
tions resembling the crystal structure. This is apparent from the
agreement between ΓXP of Sim U2 and ΓXP of the crystal
structure (Sim F1) and the nonappearance of the experimentally
observed conformational disorder in the loop regions of
HEL (64, 65) for Sim U2 (Figure 2).

Values of ΓXP for simulations with constrained coordinates
(Table 1) correspond with transfer energies ranging form 5 to
20 kJ/mol. The wide range of transfer energies of distinct
nativelike protein conformations indicates that glycerol consid-
erably changes the topology of the energy landscape of the native
protein (Figure 6). Reorientation of protein N and O atoms
between distinct protein conformations altering glycerol-binding
loci leads to uneven changes in the energy landscape, whereas
preferential hydration of volume increments of the local domain
upon protein expansion results in an overall change in the protein
energy landscape in favor of compact protein confor-
mations (Figure 6). Considering the importance of protein
conformations and dynamics of the native ensemble for protein
functionality (11-13), adequate characterization of glycerol-
induced changes in the energy landscape is elementary for
understanding the effects of glycerol on protein functionality
and protein reactions (27-30). That is why studies combining
molecular dynamics simulations and preferential interaction
theory hold untapped potential for comprehension of the effects
of glycerol and other cosolvents on protein functionality and
protein reactions.

The shift of the native ensemble of HEL to more compact and
less flexible conformations in glycerol/water mixtures qualita-
tively agrees with the experimentally measured decrease in the
partial specific volume and the compressibility of HEL in 30%
(v/v) glycerol (20). Interestingly, Gregory (22) attributed the
decrease in the hydrogen exchange rate of slowly exchanging
amide protons of HEL in the presence of glycerol to the increase
in the level of preferential hydration of expanded protein

conformations. On the basis of a two-state model, differences
in ΔμP,tr

mPf0 between expanded and compact protein conforma-
tions that agree well with our results were estimated (22). In
contrast, the hydrogen exchange rate of fast exchanging protons
was not affected by preferential hydration. This agrees with our
finding that the motion of protein side chains does not signifi-
cantly affect ΓXP.

Glycerol-induced protein compaction is also observed for
other proteins (21, 23, 42). What is more, protein compaction
is also induced by other polyols such as sorbitol (23) and
sucrose (18, 19). The structural similarity of polyols suggests that
the physicochemical origins of preferential hydration of volume
increments of the local domain identified for HEL in aqueous
glycerol (i.e., electrostatic orientation of glycerol at the protein
surface and the excluded volume effect) also cause protein
compaction observed for other polyols. The increase in the level
of polyol-induced protein compaction with respect to the mole-
cular size of polyols (23) can be attributed to the excluded volume
effect. In fact, for larger polyols, the excluded volume will be
predominantly determined by the molecular size of the polyol.
This explains why models that take into account only the
molecular size of the polyol are successful for large polyols such
as sugars (67). However, for smaller polyols, the increase in the
excluded volume due to the electrostatic orientation of polyol
molecules cannot be disregarded. This is the case for glycerol for
which preferential hydration of volume increments mainly origi-
nates from the electrostatic orientation of glycerol at the protein
surface. Thus, understanding of polyol-induced protein compac-
tion and stabilization requires estimation of the preferential
hydration, taking into account the molecular size of the polyol,
the electrostatic orientation of polyol molecules at the protein
surface, and the volume increments of the local domain upon
protein expansion. This importantly adds to the common con-
ception that protein compaction is caused by the excluded
volume effect as determined from the molecular size which leads
to protein conformations with minimal surface area (18, 19, 24).

Despite the overall shift toward more compact conformations,
polyols can cause local conformational changes leading to
increased flexibility of certain protein segments (35-37). More-
over, effects of glycerol on the local protein flexibility and the
chemical potential of a protein depend on the local properties of
the protein surface (42, 69). These experimental observations
agree with our findings that glycerol is preferentially excluded
frommost protein surface loci but preferentially bound to certain
protein surface loci (53). Thus, even though volume increments of
the local domain are generally preferentially hydrated, volume
increments of some local solvent regions in the local domainmay
be preferentially solvated. For such solvent regions, glycerol
would induce local conformational changes that maximize the
volume of these solvent regions.
Preferential Interactions with Hydrophobic Surfaces.

Preferential interactions of glycerol with hydrophobic surfaces
are investigated by switching off solvent-protein electrostatic
interactions (SimE1). For the hydrophobic surface with the same
topology as HEL, water becomes more excluded and glycerol
becomes enriched compared to the surface of HEL (Figure 7A).
As a result, the preferential interaction coefficient becomes
strongly positive for the hydrophobic surface (Table 1). At the
hydrophobic surface, glycerol orientations are preferred whereby
glycerol C atoms are in direct contact with the hydrophobic
surface and O atoms point toward the solvent (Figure 7B). In
contrast, relatively few water O atoms make contact with the

FIGURE 6: Semiquantitative schematic of the energy landscape of
nativeHEL in pure water (blue) and in 30% (v/v) glycerol (red).ΔμP,
tr
N is the ensemble averaged transfer free energy of native HEL, and

ΔμP,trs is the transfer free energy of a specific protein conformation of
native HEL. Despite significant differences with respect to the
conformational coordinate, values of ΔμP,trs are generally smaller
for compact protein conformations.Relative values of the free energy
are scaled on the basis of the experimental values of the free energy of
unfolding of HEL in pure water (ΔGU

100%W = 43 kJ/mol) and in
30% (v/v) glycerol (ΔGU

30%glyc = 53 kJ/mol) (94).
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protein surface. Besides, characteristic residence times at
the hydrophobic surface are considerably longer for glycerol
(1.85 ns) than for water (0.13 ns). Thus, the picture in which
glycerol acts as an energetically favorable amphiphilic interface
between the hydrophobic surface and polar solvent atoms arises.

This picture qualitatively agrees with the transfer free energy of
CH2 groups for transfer from pure water to aqueous glycerol
which is characterized by favorable enthalpic contributions that
outweigh unfavorable entropic contributions (70). Preferential
interaction of glycerol with hydrophobic surfaces is also evident
from the negative transfer free energy for transfer of toluene from
pure water to glycerol/water mixtures (71) and the decrease in the
surface tension of water by glycerol (23). In contrast, glycerol is
preferentially excluded from native proteins (38), and the excess
enthalpy of transfer of HEL from pure water to 30% (v/v)
glycerol/water mixtures is unfavorable (72). Interestingly, glycer-
ol is also preferentially excluded from hydrophobically modified
cellulose (73). Moreover, the preferential hydration of glycerol
does not correlate with the protein hydrophobicity (38), and no
preferential interaction of glycerol is observed at protein surface
regions with few polar atoms (53). These observations suggest
that a limited amount of polar atoms prevents preferential
interactions of glycerol with hydrophobic surfaces.

Further insight into preferential interactions of glycerol with
hydrophobic surfaces is obtained by comparing local concentra-
tion maps for water and glycerol for HEL and for the hydro-
phobic surface with the same topology (Figure 8). Such local
concentration maps show solvent regions that are preferentially
hydrated and solvated (53). Preferentially hydrated solvent
regions occur only at the protein surface and not at the hydro-
phobic surface, but preferentially solvated regions occur for both
the protein surface and the hydrophobic surface and are located
at depressions in the protein surface. Remarkably, preferentially
solvated solvent regions differ between the protein and the
hydrophobic surface in that (1) the combined volume comprised

by preferentially solvated regions is considerably larger for the
hydrophobic surface than for the protein surface and (2) several
of these regions are located at different surface loci.

Interestingly, certain solvent regions that are preferentially
solvated are located at the same surface loci of the protein and the
hydrophobic surface (Figure 8). Even in such regions glycerol
interactions are different for the protein and the hydrophobic
surface. This is illustrated by the difference in the interactions of
glycerol with the side chain of Trp62 for the protein versus the
hydrophobic surface. Notably, Trp62 is located in the sugar-
binding site of HEL where it is part of the largest hydrophobic
region of the protein surface (74). For the protein, glycerol is
predominantly oriented such that C atomsmake contact with the
side chain of Trp62 and one hydrogen bond is formed with the O
atom of Asp101 (Figure 9A). However, for the hydrophobic
surface, glycerol molecules populate the entire pocket between
Trp62 and Asp101 where it predominantly adapts orientations
whereby C atoms make contact with the hydrophobic surface
and O atoms point toward the polar solvent (Figure 9B). Such
orientations correspond with the amphiphilic interface orienta-
tion of glycerol at the hydrophobic surface (Figure 7B). Interac-
tions of glycerol with the protein and the hydrophobic surface
also differ for other preferentially solvated regions. This becomes
evident when considering that preferentially solvated solvent
regions in the local domain of HEL are located near depressions
in the protein surface that consist of two or more polar protein
atoms and also have affinity for water (53): glycerol-protein
interactions at such protein loci will obviously differ from
glycerol-protein interactions at the hydrophobic surface. There-
fore, we conclude that native HEL lacks preferentially solvated
hydrophobic surface regions that favor amphiphilic interface
orientations of glycerol.

To evaluate the effects of preferential interactions of glycerol
with hydrophobic surfaces on protein stability, the following
questions are pertinent. What are the characteristics of prefer-
entially solvated hydrophobic surface regions that favor amphi-
philic interface orientations of glycerol? Do such hydrophobic
surface regions occur for other protein conformations? We
pointed out earlier that regions on the hydrophobic surface that
are preferentially solvated by glycerol are located at surface
depressions. Besides, the examination of glycerol-protein inter-
actions near Trp62 shows that the mere presence of a polar
protein atom in the vicinity of a hydrophobic surface region may
considerably change the solvation characteristics in this region.
Notably, the minimum distance between Trp62 and the O atom
of Asp101 that favors hydrogen bonding with the glycerol
molecule at Trp62 (Figure 9A), which is ca. 7.5 Å, gives an idea

FIGURE 7: Radial distribution functions (RDFs) of (A) the centers of
mass of water and glycerol at the protein surface and at a hydro-
phobic surface and (B) C and O atoms of water and glycerol with
respect to a hydrophobic surface. Atom RDFs indicate that glycerol
prefers orientations in which C atoms make contact with the protein
surface and O atoms point toward the solvent, similar to the glycerol
orientation in the inset.

FIGURE 8: Local concentration maps for water (dark blue) and
glycerol (dark red) for HEL (A; results from Sim F1) and for the
hydrophobic surface with the same topology as the protein (B; results
from Sim E1). Isosurfaces show the solvent regions where gWP(rB) >
1.5 or gXP(rB)>1.5. Protein atoms are colored as inFigure 3, andTrp
62 is highlighted in a darker shade.
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of the extent of the surrounding surface that might interfere with
interactions between glycerol and the hydrophobic surface
region. Cooperative interactions of a glycerol molecule with
polar protein atoms complicate the identification of characteri-
stics of preferentially solvated hydrophobic surface regions that
favor amphiphilic interface orientations of glycerol. Identifica-
tion of the characteristics of such hydrophobic surface regions is
further complicated by the complex effects of the surface
topology on glycerol-protein interactions. Accounting for all
these effects appears to be a daunting task; nevertheless, the
analysis of solvation characteristics of the hydrophobic surface
with the same topology as HEL reveals that large protein surface
depressions with contiguous hydrophobicity generally favor
amphiphilic interface orientations of glycerol. Notably, the
hydrophobic surface depression should be large enough to host
amphiphilic interface orientations of glycerol without interfer-
ence of neighboring polar atoms, and the topology of the
depression should be such that glycerol molecules can form
an interface between the hydrophobic surface and the polar
solvent.

Native HEL lacks preferentially solvated hydrophobic surface
regions that favor amphiphilic interface orientations of glycerol.
Examination of glycerolmolecules resolved in two protein crystal
structures indicates that such glycerol orientations are also
unusual for other native proteins: of a total of 12 glycerol
molecules resolved in PDB entries 1FJS and 2W40, only one
glycerol molecule is oriented such that C atoms contact the
hydrophobic surface region and O atoms point toward the
solvent (Figure 9C); the other 11 glycerol molecules form multi-
ple hydrogen bonds with the protein surface. This further
suggests that native protein surfaces generally have few or no
hydrophobic surface regions that favor amphiphilic interface
orientations of glycerol, and therefore, the contribution of such
hydrophobic surface regions to ΓXP values of native proteins will
be minimal.

The strongly positive value of ΓXP for Sim E1 [38.5 ( 1.1
(Table 1)] indicates the strong preferential solvation of hydro-
phobic surface regions that favor amphiphilic interface orienta-
tions of glycerol. Hence, ΓXP would increase significantly as a
result of protein conformational changes, leading to the creation
of such hydrophobic surface regions. Protein conformations
sampled in our simulations are mostly nativelike, and we do
not observe such hydrophobic regions; however, it is conceivable
that such hydrophobic regions occur for non-native protein
conformations. The occurrence of such hydrophobic regions is
most probable for protein conformations with large patches of
contiguous surface hydrophobicity. In contrast to the native and

unfolded conformations in which hydrophobic side chains are
scattered relatively randomly in many small hydrophobic re-
gions, protein conformations with large patches of contiguous
surface hydrophobicity are prone to aggregate (7). Hence, we
hypothesize that preferential solvation of hydrophobic regions
that favor amphiphilic interface orientations of glycerol generally
leads to an increase in ΓXP for aggregation-prone intermediates
with respect to the native and the totally unfolded state.

Aggregation-prone protein folding intermediates are not sui-
table for study under equilibrium, and therefore, ΓXP values of
such intermediates cannot be measured. Moreover, the lack of
atomic-level structures of aggregation-prone protein folding
intermediates prohibits molecular dynamics investigations
of preferential interactions of such intermediates in aqueous
glycerol. Therefore, the hypothesis that preferential solvation
of hydrophobic surface regions that favor amphiphilic interface
orientations of glycerol generally leads to the increase in ΓXP for
aggregation-prone intermediates with respect to the native and
the totally unfolded state cannot be verified directly. Never-
theless, this hypothesis is corroborated by its congruency with the
current understanding of the structural nature of aggregation-
prone protein conformations and the insight into preferential
interactions of hydrophobic surface regions in aqueous glycerol.
Inhibition of Protein Aggregation. It is commonly accepted

that protein aggregation occurs through (1) partial unfolding of
the native protein leading to the partial exposure of the hydro-
phobic core and the formation of large patches of contiguous
surface hydrophobicity, followed by (2) interprotein interactions
of exposed hydrophobic patches leading to protein association
(Figure 10) (7, 10). We propose that glycerol inhibits both steps.
First, glycerol prevents partial unfolding of the native protein in
the same way as it induces protein compaction. This is because in
the initial stages of unfolding the protein expands without
significant changes in the protein surface composition. In that
case, volume increments of the local domain will be preferentially
hydrated and the compact native conformation is favored.
However, as unfolding proceeds, large patches of contiguous
hydrophobicity are exposed to the solvent. As discussed in the
previous section, hydrophobic regions that favor amphiphilic
interface orientations of glycerol are preferentially solvated and
large patches of contiguous hydrophobicity have a high propen-
sity to favor amphiphilic interface orientations of glycerol.
Preferential solvation of such patches at the surface of aggrega-
tion-prone intermediates will stabilize partially unfolded inter-
mediates with respect to the transition state that leads to
association of these intermediates (Figure 10). Consequently,
the association of partially unfolded intermediates is inhibited.

FIGURE 9: Preferred glycerol orientations at Trp62 of HEL (A; results from Sim F1), at the corresponding surface region of the hydrophobic
surfacewith the same topology asHEL (B; results fromSimE1), and at the hydrophobic surface region formedbyPro126, Pro131, andLys134 of
Factor Xa (C; glycerol molecule resolved in PDB entry 1FJS). Glycerol and proteins are depicted as in Figure 3, and atoms of Trp62 are
highlighted in a darker shade; atoms of the hydrophobic surface are uniformly colored cyan.
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Preferential solvation of large patches of contiguous hydro-
phobicity would decrease the free energy of aggregation-prone
unfolding intermediates not only with respect to the association
transition state but alsowith respect to the folding transition state
(Figure 10). This is in accord with the stabilizing effect of glycerol
on folding intermediates (26, 45-48) and the decrease in both the
aggregation rate and the folding rate (31, 46) during refolding of
proteins in the presence of glycerol. According to themechanisms
proposed in Figure 10, the rate of the first-order refolding
reaction decreases less than the rate of the second-order associa-
tion reaction. This explains why the yield of refolding increases in
the presence of glycerol.

Also, the increase in the colloidal stability of HEL solutions
caused by glycerol (75) agrees with the proposed mechanisms of
glycerol-induced inhibition of protein aggregation. Moreover,
glycerol reduces the level of binding of hydrophobic probes to
unstable proteins (44, 76). This has been attributed to the
glycerol-induced rearrangement of hydrophobic surface regions
into the protein interior. However, if glycerol would merely
induce the burial of hydrophobic surface regions into the protein
interior, glycerol would also promote the association of hydro-
phobic surface regions into protein aggregates. In contrast, the
mechanisms proposed by us suggest that glycerol inhibits binding
of hydrophobic probes by competingwith hydrophobic probes to
interact with the hydrophobic surface regions.

Preferential solvation of large patches of contiguous hydro-
phobicity in aggregation-prone intermediates inhibits protein
association of such intermediates. On the other hand, preferential
exclusion of glycerol from most native protein surface regions
[with specific glycerol-binding loci being a notable exception (53)]
and preferential hydration of volume increments upon protein
expansion are essential for inducing conformational stability and
preventing unfolding of the native protein. Our findings on the
preferential interaction characteristics of glycerol and the inferred
protein stabilizationmechanisms prompted us to further examine
(1) the extent to which these characteristics apply to other

cosolvents and (2) themolecular properties of glycerol underlying
these mechanisms.

Earlier, we rationalized that the mechanisms of glycerol-
induced protein compaction, i.e., through preferential hydration
of volume increments of the local domain due to electrostatic
orientation of glycerol at the protein surface and due to the
excluded volume effect, also apply to other polyols. The proposed
mechanism for the inhibition of the association of aggregation-
prone intermediates, i.e., stabilization of aggregation-prone
intermediates through preferential solvation of hydrophobic
surface regions that favor amphiphilic interface orientations of
the cosolvent, is also congruent with experimental data of protein
refolding in the presence of polyols other than glycerol. For
example, Dong et al. (77) showed that protein-protein interac-
tions of partially denatured HEL intermediates become more
repulsive in the presence of trehalose. Remarkably, the effects of
trehalose on protein-protein interactions of native HEL and fully
denatured HEL are less pronounced. These results agree with the
proposed mechanism for glycerol-induced inhibition of protein
association due to the stabilization of partially unfolded inter-
mediates with hydrophobic surface regions that favor amphiphilic
interface orientations of glycerol. However, further research is
needed to confirm the validity of thismechanism for other polyols.

In contrast to glycerol, more hydrophobic cosolvents such as
ethanol preferentially interact with native hydrophobic surface
regions (78) and decrease the conformational stability (78, 79).
Interestingly, also ethylene glycol, with a hydrophobicity is
comparable to that of glycerol, decreases the conformational
stability for many (but not all) proteins (15, 79, 80). Since
ethylene glycol is smaller than glycerol, a reduced but never-
theless stabilizing effect is expected due to preferential hydration
of volume increments of the local domain. We propose that
destabilization by ethylene glycol occurs for native proteins with
a relatively high surface coverage of hydrophobic surface regions
that are large enough to favor amphiphilic interface orientations
of ethylene glycol. In that case, protein expansion would be
favored as the gain in ΓXP due to preferential solvation of these
hydrophobic surface regions will offset the decrease inΓXP due to
preferential hydration of other surface regions. Moreover, we
expect that most of the hydrophobic surface regions that are
preferentially solvated by ethylene glycol will not be preferen-
tially solvated by glycerol as they would be too small to favor
amphiphilic interface orientations of glycerol. This suggests that
the molecular size of the cosolvent critically affects preferential
interactions with hydrophobic surfaces.

Other cosolvents such as polyethylene glycols and arginine also
preferentially interact with certain hydrophobic regions (81, 82).
Although they do not considerably enhance the conformational
stability of native proteins, they can stabilize partially unfolded
intermediates (32, 82) and can be effective aggregation inhibitors
during refolding (31, 32, 81-83). Similarly, various linear di- and
polyamines (84, 85) and amino acid esters (86) inhibit protein
aggregation without enhancing the conformational stability of the
native protein. All these cosolvents are comprised of adjacent C
atoms surrounded by polar atoms. We propose that like glycerol,
such cosolvents preferentially interact with hydrophobic surface
regions through the formation of amphiphilic interfaces and there-
fore inhibit the association of aggregation-prone intermediates.

Also, the protein denaturant urea preferentially interacts
with hydrophobic surface regions of small solutes and pro-
teins (87-90). At nondenaturing concentrations (<2 M), urea is
widely used to inhibit aggregation during refolding and is known

FIGURE 10: Proposed mechanisms of the inhibition of protein ag-
gregation by glycerol. The free energy along the reaction coordinate
in the absence of glycerol is shownas a solid line and in the presence of
glycerol as a dashed line. Glycerol prevents partial unfolding of the
native protein due to preferential hydration of the expanded transi-
tion state (Nq) compared to the native state (N). Moreover, glycerol
prevents the association of aggregation-prone intermediates (I) due
to preferential interactions with large patches of contiguous hydro-
phobicity that are buried in the protein interior forNandN

q

and form
protein-protein interactions in aggregate A2 and transition state
A2

q. Although the free energy diagram represents a specific aggrega-
tion pathway, the proposedmechanisms also apply to other aggrega-
tion pathways (95).
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to improve the refolding yield for many (but not all) proteins (32,
91, 92). This effect which is attributed to a strong deceleration of
aggregation as compared to folding (32) can be explained by the
samemechanism as glycerol-induced inhibition of protein associa-
tion. However, different from glycerol, urea also preferentially
interacts with backbone polar groups and charged side chains of
the protein surface and has a destabilizing effect on the native
protein state (87, 89, 90). Depending on the nature of the changes
in the protein surface along the aggregation pathway, this
destabilizing effect might outdo the stabilizing effect due to
preferential interactions of urea with hydrophobic surface regions.
Hence, effects of urea on protein refolding will depend on the
surface characteristics of the folding intermediates.

The discussion given above suggests that several cosolvents
may inhibit the association of aggregation-prone intermediates
through preferential interactions with hydrophobic surface
regions that favor amphiphilic interface orientations of the
cosolvent. The effectiveness of this effect will depend on both
the affinity of hydrophobic surface regions for the hydrophobic
cosolvent interface and the polarity of the cosolvent interface
presented to the solvent. The importance of both the hydro-
phobicity and polarity of a cosolvent to inhibit protein aggrega-
tion was evidenced by Hirano et al. (93). Unfortunately, simple
metrics for preferential interactions of cosolvents with hydro-
phobic protein surface regions such as the cosolvent-induced
change in the solubility of hydrophobic amino acids (93) or the
cosolvent-induced change in the surface tension (38) are of
limited scope. The deficiency of such metrics is commonly
attributed to the specific dependency of cosolvent-protein
interactions on the physicochemical characteristics of both the
cosolvent and the protein surface (16, 41). This specificity
advocates for the comprehensive characterization of local sol-
vent-protein interactions in understanding how cosolvents
affect protein thermodynamics and protein aggregation. If
accurate force field parameters and relevant protein structures
are available, this can be achieved by molecular dynamics
simulations.

CONCLUSIONS

In this study, we have derived mechanisms of glycerol-induced
protein stabilization by combining the thermodynamic frame-
work of preferential interactions with molecular-level insight
into solvent-protein interactions. A series of 40 ns molecular
dynamics simulations for lysozyme in aqueous glycerol have
shown that conformational changes in the protein backbone
result in significant differences in the preferential interaction
coefficient. Two mechanisms underlying such differences have
been identified: (1) the creation or deletion of glycerol-binding
loci at the protein surface by specific reorientation of protein N
and O atoms that favor the formation of multiple hydrogen
bonds with glycerol and (2) preferential hydration of volume
increments of the local domain near the protein surface.

The first mechanism is responsible for specific changes in the
protein energy surface; the second mechanism causes the overall
shift of the native protein ensemble toward more compact
conformations. Contrary to the common conception that protein
compaction and stabilization by polyols are governed by the
molecular size of the polyol, glycerol-induced protein compac-
tion mainly originates from electrostatic interactions that induce
orientations of glycerol molecules at the protein surface such that
glycerol is further excluded. Furthermore, we propose that to

understand protein compaction and stabilization by other poly-
ols, the molecular size and orientation of polyol molecules at the
protein surface should be taken into account.

Large protein surface depressions with contiguous hydropho-
bicity that favor amphiphilic interface orientations of glycerol are
preferentially solvated. Such hydrophobic surface regions are
expected for aggregation-prone intermediates but not for other
protein conformations, and we argue that preferential solvation
of hydrophobic surface regions that favor amphiphilic interface
orientations of glycerol generally leads to an increase in ΓXP for
aggregation-prone intermediates with respect to other protein
conformations. Accordingly, we propose that glycerol prevents
protein aggregation by inhibiting protein unfolding and by
stabilizing aggregation-prone partially unfolded intermediates
through preferential interactions with hydrophobic surface
regions that favor amphiphilic interface orientations of glycerol.
Preferential interactions with hydrophobic surface regions also
occur for other cosolvents, including arginine andurea.However,
in contrast to glycerol,most of these cosolvents also preferentially
interact with hydrophobic surface regions of the native protein.
Consequently, they do not stabilize native proteins.

Preferential interaction characteristics of glycerol with the
protein surface, i.e., preferential interactions with glycerol-bind-
ing loci and hydrophobic surface regions that favor amphiphilic
interface orientations of glycerol, but preferential exclusion from
other surface regions, arise from the subtle and complex balance
of local physicochemical characteristics of the protein and the
cosolvent. Therefore, molecular-level characterization of solvent-
protein interactions is desired for the comprehension of the
effects of cosolvents on protein structure and stability. As
demonstrated in this study, molecular-level understanding of
mechanisms of the effects of cosolvents on protein structure and
stability can be obtained from molecular simulations combined
with preferential interaction theory.
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