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( Interaction with the Surrounding Water Plays a Key Role in
\"" Determining the Aggregation Propensity of Proteins™*

Song-Ho Chong and Sihyun Ham*

Abstract: Understanding the molecular determinants of the
relative propensities of proteins to aggregate in a cellular
environment is a central issue for treating protein-aggregation
diseases and developing peptide-based therapeutics. Despite
the expectation that protein aggregation can largely be
attributed to direct protein—protein interactions, a crucial role
the surrounding water in determining the aggregation propen-
sity of proteins both in vitro and in vivo was identified. The
overall protein hydrophobicity, defined solely by the hydration
free energy of a protein in its monomeric state sampling its
equilibrium structures, was shown to be the predominant
determinant of protein aggregation propensity in aqueous
solution. Striking discrimination of positively and negatively
charged residues by the surrounding water was also found.
This effect depends on the protein net charge and plays
a crucial role in regulating the solubility of the protein. These
results pave the way for the design of aggregation-resistant
proteins as biotherapeutics.

A number of human diseases are associated with the
formation of toxic protein aggregates.l!l Protein aggregation
also represents a major bottleneck for the biotechnological
production of polypeptide-based drugs”® and antibody-based
reagents.”) Several sequence-based algorithms have thus been
developed to rationalize and predict protein aggregation
propensity.*”’l However, the role of water in protein aggre-
gation has been largely unexplored owing to the perception
that protein adhesion (protein—protein interaction) is the
main actor and the surrounding water is just a spectator and
can be disregarded when trying to understand protein
aggregation phenomena. Indeed, almost all studies on the
prediction of protein aggregation have mainly focused on
sequence characteristics such as intermolecular f-structure-
forming propensity.* ! Such a protein-centric view, however,
ignores water as an active constituent of biological sys-
tems.""¥ In fact, whether a protein remains soluble or
becomes aggregation-prone in aqueous environments should
intrinsically rely on its affinity toward water in its monomeric
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state. The main focus of the present work is to uncover the
controlling role of water in discriminating aggregation-prone
proteins from soluble ones and thereby to contribute to the
understanding and prediction of protein aggregation propen-
sity.

An interaction induced by water such as the hydrophobic
effect is often invoked to explain biomolecular self-assembly
in aqueous media.'*'1 According to statistical thermody-
namics, the water-mediated force is quantified by the hydra-
tion free energy G4 (the change in free energy from gas to
aqueous phases), which characterizes the affinity of a protein
for the solvent water.'” Molecules with larger Ghyq values are
more hydrophobic and the hydrophobic interaction between
them is thus more effective. A key question is whether this
concept of hydrophobicity applies beyond the conventional
levels of small molecules or individual amino acids and
whether a more hydrophobic protein is more prone to
aggregate in aqueous environments. While the overall protein
hydrophobicity (protein hydration free energy Gy,q) is not
directly experimentally accessible,!'”! recent developments in
computational tools make it possible to approach this
quantity. First, owing to advances in computing power and
refinements of force fields, molecular dynamics (MD) simu-
lations have developed into a powerful and accurate tool for
protein conformational studies.'®'! Second, the molecular
theory of solvation has been much advanced in recent years,
thus allowing us to compute® and analyze > protein
hydration free energy based on simulated protein conforma-
tions.

In this study, we quantified the overall protein hydro-
phobicity based on these advanced computational tools by
applying them to intrinsically disordered proteins [22 mutants
of amyloid-p (AP42) protein and 21 mutants of the N-
terminal domain of the Escherichia coli protein HypF (HypF-
N)] as well as to natively folded proteins [15 mutants of
human muscle acylphosphatase (AcP)], the aggregation
propensities of which have been experimentally characterized
in vitro®*?! and in vivo.”** (see Figure 1b,c for the struc-
tures and sequences of the wild-type proteins; all of the
mutants studied are specified in Tables S1-S3 in the Support-
ing Information.) For each of these proteins, we performed
extensive all-atom, explicit-water MD simulations to sample
their equilibrium solution structures. (See the Supporting
Information.) The hydration free energy G, for each protein
was then computed by applying the integral-equation theory
of liquids® ! to simulated protein conformations and the
resulting average Gy is identified as the overall protein
hydrophobicity: a larger (i.e., more positive) Gy value is
associated with increased protein hydrophobicity.
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Figure 1. Correlation between experimental protein aggregation propensity and calculated protein hydro-
phobicity. a) Changes in the experimental aggregation propensity log(fm./fu) upon mutation are plotted
against the difference in the hydration free energy [AG,,q= Gy, q(mut)—Gy,4(wt)] for the mutant and wild-
type variants of AB42 (left-hand panels), HypF-N (middle panels), and AcP (right-hand pannels). The
Pearson correlation coefficient (R) and statistical significance (P value) are also displayed. b) Snapshot
structures generated by simulations for the intrinsically disordered A342, the folding-incompetent HypF-N,

Methods to identify interac-
tion regions through estima-
tion of the desolvation free
energy’®! will also be useful
since protein contact forma-
tion involves the removal of
interfacial water.

The dominance of the
electrostatic interaction in reg-
ulating protein hydrophobicity
implies a greater relevance for
charged residues compared to
neutral ones. In fact, we find
from the site-directed thermo-
dynamic analysis that the
charged residues more signifi-
cantly influence the hydration
free energy than the neutral
ones (Figure 2). Quite unex-
pectedly, we observe a con-
trasting role of positively (Lys
and Arg) and negatively (Glu
and Asp) charged residues
when embedded in the protein
context (Figure 2). The nega-
tively charged residues exhibit

and the folded form of AcP. Each structure is color-coded according to primary sequence, ranging from
blue at the N terminus to red at the C terminus. c) Sequences for wild-type AB42, HypF-N, and AcP.
Positively charged residues are indicated in blue, negatively charged residues in red, and neutral residues

in black. The total net charge of each protein is also displayed.

The correlation between the experimental aggregation
propensity and the computed protein hydrophobicity (Fig-
ure 1a) is striking considering the large variation in the
aggregation propensities, the distinct nature of the underlying
protein structures, and different types of mutations involved.
These results show that it is the water surrounding a protein,
rather than the protein itself, which is the predominant factor
that controls the extent to which a protein is aggregation-
prone in aqueous environments. This is corroborated by the
observation that representative sequence-based models
focusing on intermolecular B-structure-forming propensity
do not consistently yield such high correlation with the
experimental data (Figure S1 in the Supporting Information).
Furthermore, we found that it is the electrostatic term in the
protein—water interaction that dictates the protein hydro-
phobicity (Figure S2). This finding implies that the water-
induced interaction that causes proteins to aggregate is long-
range in nature. In fact, we have recently demonstrated that
the long-range water-mediated force is primarily responsible
for two aggregating proteins approaching each other from
a large separation to within contact distance./”! After proteins
make atomic contacts, direct protein—protein interactions will
then come into play. The intermolecular (-sheet-forming
propensity, taken into account in sequence-based algorithms
to identify aggregation-prone regions,®'% will play a major
role in the subsequent structural reorganization step toward
the formation of ordered aggregates called amyloid fibrils.
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much more negative hydration
free energy (i.e., a much
greater affinity for water)
than the positively charged
ones in both AB42 (Figure 2b)
and HypF-N (Figure 2¢), the
net charges of which are negative. Just the opposite trend is
observed for AcP, the net charge of which is positive: the
positively charged residues display significantly more nega-
tive hydration free energy than the negatively charged ones
(Figure 2d). It is well recognized that chaotropes (Lys and
Arg side chains) bind water more weakly than kosmotropes
(Glu and Asp side chains).’” In addition, the three or four
methylenes in Arg and Lys side chains may play more
significant hydrophobic roles compared to the one or two
methylenes in Asp and Glu side chains. These features are in
fact reflected in the hydration free energy for the free charged
amino acids (Figure 2a). However, this argument based on
the free charged amino acids does not rationalize the
strikingly distinct behavior of positively and negatively
charged residues when embedded in the protein.

The key to understanding this contrasting behavior lies in
the long-distance hydration structure surrounding the protein
surface (Figure 3). As a result of the long-range nature of the
electrostatic term dominating the charged-residue—water
interaction, the long-distance hydration structure of a charged
residue is also affected by the neighboring charged residues:
the equilibrium water distribution is determined primarily by
the net charge produced by those residues. In the case of
a protein with a negative net charge, such as Af42 and HypF-
N, this yields a long-range water orientational distribution in
which the net dipole moment of water is directed toward the
protein (blue water molecules shown in Figure 3b,c). The
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Figure 2. Site-directed analysis of protein hydration free energy.

a) Hydration free energy of the free charged amino acids in the form
of N-acetyl-X-N'-methylamide (CH;-CO-NH-CHR-CO-NH-CH; with R
denoting the side-chain group). b—d) The contribution of each of
constituent amino acids to the hydration free energy of wild-type Ap42
(b), HypF-N (c), and AcP (d). The contributions from positively
charged residues are shown in blue, those from negatively charged
residues in red, and those from neutral residues in black.

a) b) wild-type AB42( 3)

/”f \/Y )

protein

C) wild-type HypF-N (-2) d) wild-type AcP (+5)

protein

Figure 3. Long-range orientational distribution of the water surround-
ing the protein surface. The protein surfaces are colored according to
the surface charge (blue for positively and red for negatively charged
regions) and the water molecules, shown as spheres, are colored
according to the direction of the dipole moment [blue indicates

a dipole moment directed toward the protein and red indicates

a dipole moment pointed away from the protein; see panel (a)]. Water
molecules close (< 8 A) to the protein surface, the orientation which
depends on the local chemical details of the surface, are not shown.
The orientational distribution of the water molecules at greater
distances is determined primarily by the net charge of the protein.
There are thus more “dipole-towards” (blue) water molecules around
the negatively charged AB42 (b) and HypF-N (c), whereas there are
more “dipole-away” (red) water molecules around the positively
charged AcP (d). These long-range “polarized” water molecules in turn
discriminate between charged residues on the protein surface.
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resulting interaction between charges on the protein surface
and the water dipole at long-range becomes unfavorable for
the positively charged residues and favorable for the neg-
atively charged residues. The long-range hydration structure
surrounding a protein with a negative net charge thus results
in a thermodynamic preference for negatively charged
residues over positively charged ones on the protein surface.
Applying the same argument, the opposite discrimination of
positively and negatively charged residues results on the
surface of a protein with a positive net charge, such as AcP,
because the net dipole moment of solvent water at long
distances will in this case be reversed, i.e., directed outward
from the protein (red water molecules displayed in Fig-
ure 3d). The contrasting behavior of positively and negatively
charged residues is thus caused by “cross talk” between
charged residues on the protein surface and the solvent water
molecules in the long-range hydration layers.

The striking discrimination of positively and negatively
charged residues depending on the protein net charge has
significant implications for various fields including biotech-
nology and biomedical sciences. One can control the aggre-
gation propensity of a protein through site-directed muta-
genesis by using the following design principles. When the net
charge of a protein is negative, mutating neutral amino acid to
negatively (positively) charged ones will in principle increase
(decrease) the solubility in water. Just the opposite will result
when the protein net charge is positive: mutating neutral
amino acid to negatively (positively) charged ones will
diminish (enhance) the protein solubility in water. These
design principles are consistent with the recently reported
solubility measurements for ribonuclease Sa, which has
a negative net charge:® 1) Glu and Asp contribute more
favorably to protein solubility than do any of the other amino
acids, 2) Lys and Arg contribute unfavorably to protein
solubility, and 3) Lys provides a favorable contribution to the
solubility when there is an excess of positive charge on the
protein. The contrasting behavior of charged amino acids
depending on the net protein charge also provides an
explanation for the experimental observation that, in the
entire Escherichia coli protein ensemble, proteins with
a higher content of negatively charged residues tend to be
more soluble than those with more positively charged
residues®™ because the net charge of soluble proteins is
mostly negative under physiological conditions.

The identification of the factors that determine whether
a protein is aggregation prone or remains soluble in aqueous
environments is of central importance in addressing protein-
aggregation diseases. The major findings of the present study
are that the overall protein hydrophobicity, as quantified by
the hydration free energy, is the predominant determinant of
protein aggregation propensity both in vitro and in vivo and
that protein hydrophobicity is significantly influenced by the
contrasting behavior of positively and negatively charged
residues depending on the net charge of the protein. Our
computational tools that deal with protein three-dimensional
structure and hydration thermodynamics enable the ab initio
prediction of the effects of mutations on protein aggregation
propensity, and the derived design principles for developing
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aggregation-resistant proteins will find a wide range of
applications in biotechnology and biotherapeutics.
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