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Abstract

The solubility of proteins and other macro-
molecular solutes plays an important role in
numerous biological, chemical, and medicinal
processes. An important determinant of pro-
tein solubility is the solvation free energy of the
protein, which quantifies the overall strength
of the interactions between the protein and
the aqueous solution that surrounds it. Here
we present an all-atom explicit-solvent com-
putational framework for the rapid estimation
of protein solvation free energies. Using this
framework, we estimate the hydration free en-
ergy of Hydrophobin II, an amphiphilic fungal
protein, in a computationally efficient manner.
We further explore how the protein hydration
free energy is influenced by enhancing flexibility
and by the addition of sodium chloride, and find
that it increases in both cases, making protein
hydration less favorable.

Introduction

Due to the importance of protein solubility in
biotechnology, structural biology, and numer-
ous human diseases, characterizing protein sol-
ubility and developing strategies to enhance it
are active areas of research.™ For example,
immuno-therapy often requires solubilizing pro-

teins in high concentrations to maximize ther-
apeutic efficiency while minimizing detrimental
effects like high solution viscosity.®* Addition-
ally, low solubility is thought to play an im-
portant role in diseases caused by aggregation-
prone proteins. Understanding and controlling
these phenomena requires a fundamental un-
derstanding of protein solubility, and its depen-
dence on the properties of both the protein and
its surrounding environment; the protein size,
shape, polarity, and conformational flexibility,
as well as the presence of co-solvents and other
additives can all have a significant influence on
protein solubility. %0

Although protein solubility is influenced by
the complex interplay between protein-water
and protein-protein interactions (and the pos-
sibility of protein unfolding), it has been sug-
gested that the solubility of a protein varies
monotonically with its hydration free energy,
AG.® Thus, being able to efficiently estimate
AG is an important first step towards better
understanding protein solubility, and modulat-
ing AG offers a means to influence protein sol-
ubility. The hydration free energy of a protein
also sheds light more directly on protein dehy-
dration and rehydration processes, which are
important for the storage of biologics as freeze-
dried powders and for their subsequent recon-
stitution into therapeutics.
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However, computing the hydration free ener-
gies of proteins is very expensive due to their
large size and complex surfaces, which display
nanoscale chemical and topographical hetero-
geneity. In this work, we introduce a frame-
work for estimating the solvation free energies
of large, complex solutes, such as proteins, in a
highly efficient manner, from all atom molec-
ular dynamics (MD) simulations that explic-
itly account for the solvent. By incorporat-
ing the solvent explicitly, we are able to cap-
ture the context-dependent hydration behavior
that arises at the chemically and topographi-
cally heterogeneous protein surfaces, 221 and
thereby, to describe protein solvation thermo-
dynamics more accurately than implicit solvent
approaches.2? Moreover, such a framework is
transferable, and allows us to readily incorpo-
rate co-solvents, which can not only alter solu-
tion properties in a non-trivial manner, but also
interact directly with the protein.21H20

To efficiently compute protein hydration free
energies while retaining the accuracy and trans-
ferability afforded by explicit solvent, we extend
classic potential distribution theory (PDT)2%28
and quasi-chemical theory (QCT) ideas,?? and
combine these concepts with novel simulation
techniques™ to rapidly compute hydration
free energies following the thermodynamic cy-
cle in Fig. [ The computational framework
allows us to obtain initial estimates of pro-
tein hydration free energies orders of magnitude
faster than conventional approaches; the accu-
racy of those estimates can then be improved,
as needed, through further computation. Using
this methodology, we study the hydration of the
protein Hydrophobin IT (HFBII), a small fungal
protein, which is also utilized in biotechnology
and materials science due to its amphiphilic-
ity.3182 For simplicity, we first illustrate our ap-
proach by solvating a rigid protein molecule in
water. We then relax this condition to eluci-
date the effects of flexibility on protein hydra-
tion, and further demonstrate the utility of our
approach by studying how the addition of NaCl
influences HFBII hydration.
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Figure 1: The hydration free energy, AG, of
the protein Hydrophobin II, is defined as the
free energy change upon insertion of the protein
(from vaccum) into the solvent. To efficiently
compute AG, we use the thermodynamic cy-
cle shown here. In a first step, a cavity that is
somewhat larger than the protein is created in
bulk water, with a free energy change of AG_,,.
In a second step, the solute is inserted into the
cavity. The corresponding free energy, AGiys,
can be computed efficiently when short-ranged
solute-solvent interactions are absent. Finally,
the cavity is filled by the solvent molecules,
with the corresponding free energy, AGg), be-
ing dominated by short-ranged solute-solvent
interactions, such as hydrogen bonds.

Estimating Protein Hydra-
tion Free Energies

Upon hydration, a protein not only displaces
water from the region it occupies, it also alters
water structure in its vicinity. Consequently,
there is no tangible overlap between the ensem-
bles before and after protein hydration, mak-
ing it unfeasible to compute the protein’s hy-
dration free energy, AG (or its excess chemical
potential, to be precise), by directly inserting
the protein into water. To address this chal-
lenge, solute-solvent interactions can be turned
on in tiny increments, chosen to ensure over-



lap between adjacent alchemical states. By ad-
equately sampling such a series of alchemical
states, the hydration free energies of the solute
of interest as well as all the alchemical inter-
mediates can then be accurately estimated 230
However, due to the numerous long simulations
required,®” such approaches can exact a steep
computational cost for hydrating even small
molecules. #8058 Noreover, because the al-
chemical intermediates are unphysical species,
it is challenging to extract physical insight from
their hydration free energies, or to ascertain
how those hydration free energies might change
in response to physical perturbations, such as
a change in temperature or the addition of salt
to the solution.

Alternatively, approaches based on quasi-
chemical theory (QCT) prescribe using the
thermodynamic cycle shown in Fig. for
estimating solvation free energies in three
steps.*?2 In the first step, a cavity somewhat
larger than the protein is created, incurring a
free energy cost AGea,. Then, the protein is
inserted into the cavity with an accompanying
free energetic change of AGjysert- Finally, the
cavity is filled by the surrounding water, result-
ing in a free energy change of AGygy. The total
protein hydration free energy is then

AG == AGcaV + AGYinsert + AGﬁH' (1)

Because the protein is inserted in a pre-formed
cavity in step 2 of the QCT approach, inser-
tion does not lead to any short-ranged, rapidly-
varying interactions, such as hydrogen bonds or
repulsions from hard-core overlap; thus, the en-
sembles before and after protein insertion are
not too dissimilar. As we will show below, rea-
sonable estimates of AGeert can thus be ob-
tained by sampling the end states alone, with
more accurate estimates requiring only a few al-
chemical steps; in contrast, several hundred to
thousand alchemical steps may be required in
the absence of the pre-formed cavity. The ma-
jority of the computational burden in the QCT
formalism is then transferred to steps 1 and 3,
which involve the emptying and filling of v, re-
spectively. Because both steps involve manipu-
lating water density in v, we will leverage an un-

derstanding of the free energetics of water den-
sity fluctuations in bulk water (step 1)4¥4 and
in the protein hydration shell (step 3),2%% and
utilize computational methods for characteriz-
ing such free energeticst 0304347 t6 efficiently es-
timate AGew and AGgn. Moreover, because
steps 1 and 2 of the QCT thermodynamic cy-
cle involve simple physical processes, estimating
the effect of perturbations on their free energet-
ics can be relatively straightforward, as we will
illustrate.

To compute each of the components of AG,
we make use of biased simulations which sample
the following generalized Hamiltonian,

Hao(R) = Ho(R) — U(R) + AU (R) + N,(R),

- 2
where R represents the positions of all atoms in
the system, and H, is the Hamiltonian associ-
ated with the explicitly solvated protein, which
includes intra-molecular protein-protein inter-
actions, solvent-solvent interactions, as well as
protein-solvent interactions with interaction en-
ergy, U(R). The parameter, A, is used to re-
versibly couple (A = 1) or decouple (A = 0) the
protein and the solvent. N, (R) is the smoothed
number of water oxygens in the volume, v,
which encompasses the protein and its first hy-
dration shell; the volume, v, is formally defined
as the union of spherical sub-volumes of radius
r, = 0.6 nm centered on every protein heavy
atom. Although the choice of r, is somewhat
arbitrary, it exerts a substantial influence on
the efficiency of the approach; considerations
governing our choice of r, above are discussed
in detail in the Appendix. The parameter, ¢,
is used to modulate the number of waters in
v reversibly; as ¢ is increased, waters are sys-
tematically displaced from v, resulting in the
formation of a cavity as ¢ — oo. To ensure
that the forces arising from this biasing poten-
tial are continuous,*¥ the smoothed number of
waters, N,(R), is biased following procedures
outlined in Ref. 30l Associated with the above
Hamiltonian, H, 4, we further define a partition
function,

Zyg = /dﬁ {e’ﬁﬂw(ﬁ)} : (3)



the corresponding free energy,

1
G)\@ = _EIHZ)\’(b’ (4)

and the average of an observable O(R),

_ ! I =
(OR)),, = a/dR{O(R)e BHas( >},
_ (5)
where [ dR indicates an integration over con-
figuration space. Then, the cavity creation free
energy can be obtained as

AGeay = Gog — Goy, (6)

in the limit of ¢c¢ — oo, the protein insertion
free energy is given by,

AGinsert = G1,6c — Goge (7)
and the filling free energy is
AGsn = Gro — G gc- (8)
The total protein solvation free energy is
AG = G — Goy, 9)

and can be obtained from the sum of its com-
ponents (Eq. [1]).

The approach described above is fairly gen-
eral, and can be used to estimate the solvation
free energies of complex solutes in diverse sol-
vation environments, ranging from solvent mix-
tures to interfaces. To illustrate its utility in
computing protein hydration free energies, here
we estimate AG for the amphiphilic protein hy-
drophobin IT (PDB ID: 2B97).%8 Hydrophobin
IT is a small protein with large hydrophobic
and hydrophilic regions on its surface,!” and
has served as a model biomolecule for study-
ing protein-water interactions. ™1 For expe-
diency, we will first consider the solvation of a
rigid protein molecule, such that the positions
of all its heavy atoms are constrained; the par-
ticular configuration to which the protein atoms
are constrained was drawn randomly from an
equilibrium simulation of a solvated (and fully
flexible) protein. In the subsequent section, we
will then relax this constraint and elucidate how

the protein hydration free energy is influenced
by its flexibility. We now discuss the estima-
tion of the components of AG for the rigid Hy-
drophobin IT protein. The simulation methods
and the force fields that we use in our calcula-
tions are described in the SI.

Cavity Creation Free Energy

To create a cavity that is large enough to
accommodate a protein, we make use of the
potential ¢N,, which linearly couples to the
smoothed number of water oxygen atoms, N,,
in the volume, v.*¥ The corresponding free en-
ergy can then be efficiently obtained through
thermodynamic integration

éc
AGcav = / d¢ <Nv(ﬁ>> : (10)
0 0,0
Evaluation of Eq. and sampling using N,-
dependent potentials in molecular dynamics
(MD) simulations is performed following pre-
vious work.t™Y% The integrand in Eq. in-
volves averages, which can be estimated very
efficiently using short simulations, if the un-
derlying distributions are unimodal. Addition-

ally, because <]\7v (I_{)> is a monotonically de-
07

caying function of ¢,*7 only a few data points
are needed to accurately evaluate the integral

in Eq. . For Hydrophobin II, <NU (f_{)> is
0

shown n Fig. 2 as a function of ¢; the shaded
region in the figure corresponds to the integral
in Eq. [I0] and yields SAGc., = 613 + 1, where
the error bars indicate one standard deviation
as determined from block averaging. We note
that this error estimate incorporates errors from
the finite simulation length used to estimate

<NU (E)> , but not the integration errors aris-
0,¢

)

at a fi-

ing from the knowledge of <Nv (E)>0¢

nite number of ¢-values.

Note of caution: Large volumes (v 2 1 nm?)
in bulk water tend to exhibit collective dewet-
ting, which results in <Nv (I_{)> decreas-

ing sharply over a small range of ¢-values
(Fig. 2h).%346 Such collective dewetting can, for



certain values of ¢, lead to bimodal distribu-

tions, P?(N) = <5(]\va(f_{) —N)> , of water
0,¢

v
numbers in v. The associated hysteresis can

lead to inaccuracies in estimating <Nv (P_{)> :
07¢
and systematic errors in AGew.** To quan-

tify such errors, we suggest performing two
sets of simulations to obtain the dependence of

<Nv(ﬁ)>0¢ on ¢: one initialized with a dry

v devoid of any waters, and another initialized
with a wet v that is filled with waters. The true
value of AG.., is then bounded by the estimates
obtained from the two sets of simulations. If
more refined estimates are desired, sufficiently
strong parabolic potentials, which result in uni-
modal biased water number distributions, must
be used. We have done so here, using umbrella
sampling with biasing potentials that are ei-
ther linear or harmonic in N, to sample this
order parameter over its entire range. From
these calculations, we have obtained a highly
accurate estimate of SAG.,, = 600 £ 16, albeit
at roughly 400 times the computational cost of
the estimate obtained using Eq. [10] (2200 ns vs
5 ns), as detailed in the SI. Thus, the thermody-
namic integration estimate of AG.,, obtained
from Eq. [10] gives rise to a relatively small er-
ror of 2.2 %, which can be improved systemat-
ically by performing simulations at additional
¢-values.

Conversely, a reasonable first estimate for
AG, can be obtained even without perform-
ing simulations. From a physical standpoint,
the first step of the QCT thermodynamic cy-
cle corresponds to the creation of vapor-liquid
interfacial area, so that,

AG’cav ~ /YSPC/EA > O, (11)

where yspc/ is the liquid-vapor surface tension
of our water model, and A is the surface area of
v. In Eq. [IT] we have ignored the contribution
to AGeay from (P — Py )v, which tends to be
negligible for the formation of nanoscale cavi-
ties in water at ambient conditions,* but can
become important at high pressures, or for sol-
vation in low-surface tension liquids; here, P,
is the saturation pressure. Although quantita-

tively accurate determination of AG.,, is com-
plicated by the presence of nanoscale bumps
and crevices on the protein (and thereby on v),
and by the non-trivial dependence of the surface
tension on such nanoscale curvature, Eq.[11|can
nevertheless be used to obtain a rough estimate
of AG.,,. In particular, we use the zero curva-
ture value® of yspo/p &~ 60.5 mJ/m?, and the
solvent accessible surface, A ~ 41 nm?, deter-
mined by rolling a water-sized probe over the
surface of the protein (see SI for details) us-
ing the g_sas tool, which is part of the GRO-
MACS MD simulation package.®! With these
estimates, we obtain SAG., ~ 599, in excel-
lent agreement with both the thermodynamic
integration (BAGc., = 613) and umbrella sam-
pling (BAG.., = 600) estimates. More impor-
tantly, Eq. provides a straightforward ap-
proach for anticipating how AG..,, ought to
change in response to physical perturbations,
such as changes in temperature, pressure, or the
addition of salt to the solution.

Protein Insertion Free Energy

To compute the free energy of inserting the pro-
tein into a pre-formed cavity, AG,s, we cou-
ple the solute-solvent interaction energy, U(R),
linearly to a parameter, A, which varies from
zero (non-interacting solute) to one (fully in-
teracting solute). Analogous to the estimation
of AGeay, the insertion free energy can also be
obtained by thermodynamic integration,

AGhns = /0 " Um®),, . (2

Here, the subscripts A and ¢¢ indicate that
the ensemble average is obtained by sampling
in the presence of the scaled solute-solvent in-
teractions AU(R), and a large enough ¢-value
(denoted by ¢¢) to maintain a cavity devoid
of any water molecules. For Hydrophobin II,
(UR)) oo decreases monotonically as A s in-
creased from 0 to 1, as shown in Fig. 2b; the
shaded region corresponds to the integral in
Eq. and results in SAG;,s = —111.0 &£ 0.3.
As shown in the SI, five A-states spanning from
0 to 1 in increments of A\ = 0.25, are sufficient
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Figure 2: (a) The free energy, AGe,y,, of creating a protein-shaped cavity in water (by choosing
r, = 0.6 nm), is given by the integral of <]\~fv (E)> over ¢, and is indicated by the shaded region
0,¢

)

(Eq. . (b) In the second step of the thermodynamic cycle shown in Figure , the protein is
inserted inside the cavity. The insertion free energy, AGi,, can be obtained by integrating the

dependence of the average energy, <U (I_{)> Moo OVer the range of the coupling parameter, 0 < \ <1

(Ea. [12).

Symbols indicate simulation data and the shaded region indicates the integral, AGiys.

(c) Filling the cavity in the presence of the protein is the reverse of emptying the protein hydration

shell. Here we show how the number of waters in the hydration shell,

(N.(R)).

, decreases with

¢, with AGjgp being the negative of the area that is indicated by the shaded regién (Eq. .

to achieve phase space overlap between neigh-
boring A-ensembles. Thus, umbrella sampling
can be used to obtain highly accurate estimates
of AGiys,”#? and yields BAGi, = —110.8£0.3
in excellent agreement with the result obtained
from Eq. [12]

Fig. also highlights the roughly linear de-
pendence of (U(R)), oo 01 A; such linear re-
sponse suggests that a reasonably accurate es-
timate of AGj,s could be obtained by sampling
the end states alone, using#»54=7

AGips ~ % [<U(E)>o,¢c + <U(E)>1,¢c] - (13)

The linear response approximation of Eq.[13|re-
sults in BAG,s &= —112.740.5, which is in good
agreement with the results obtained from ther-
modynamic integration (Eq. and umbrella
sampling, both of which yield SAG;,s =& —111.

To rationalize the linear relationship between
(UR)) oo and A, we first recognize that lin-
ear respdnse is underpinned by the correspond-
ing distributions of the solute-solvent interac-
tion energy, PA(U) = (6(UR) — U)>A¢c’ fol-
lowing Gaussian statistics. As shown in the
Appendix, Py(U) is indeed Gaussian to a very
good approximation when Hydrophobin II is

inserted into a cavity that is sufficiently large
(for r, > 0.6 nm). For r, > 0.6 nm, cav-
ity creation eliminates the entire first hydra-
tion shell of the protein, so that strong, short-
ranged protein-water interactions like hydrogen
bonding do not contribute to AGj,; instead,
U(R) is dominated by long-ranged interactions
that vary slowly over molecular length scales,
e.g., polarization of the liquid-vapor interface
by the partial charges on the protein. Such
slowly varying interactions do not alter the lig-
uid structure in a drastic manner, and there-
fore, they follow Gaussian statistics and display
linear response, 423442504700

Due to the attractive nature of the dispersion
interactions, and the long-ranged electrostatics
that give rise to solvent polarization, we expect
that AGy,s < 0. Moreover, for large r,, elec-
trostatic interactions are expected to dominate
AG;,s. In this case, a simple and physically-
motivated estimate of AGi,s can be obtained
even without performing simulations. For the
charge-neutral Hydrophobin II, we approximate
the leading order dipolar contribution to AGj,s
by using Kirkwood’s expression for the free en-
ergy of inserting a dipole into a spherical cavity



that is in a uniform dielectric solvent,®!

p2 (e —1)

A ins ~ T3 .
¢ R3 (2e +1)

(14)
Here, p is the dipole moment of the solute, R
is the radius of the spherical cavity, and ¢ is
the dielectric constant of the solvent. The force
field used to describe the protein yields p =~
73 D, in reasonable agreement with the esti-
mate of 107 D obtained from the PDB structure
using the Protein Dipole Moments Server.%
Note that more hydrophilic proteins have sig-
nificantly larger dipole moments; for example,
i~ 340 D for Cytochrome C.%¥ To estimate an
effective size for the protein, we use the solvent
accessible surface area A ~ 41 nm?, and assume
R ~ (/A/4r = 1.8 nm. Using these values
of p and R in Eq. along with the dielec-
tric constant of SPC/E water (¢ = 71), yields
BAG;,s = —107, in reasonable agreement with
our most accurate estimate of SAG;,s = —111.
At first glance, such agreement may seem spec-
tacular given the simplicity of the assumptions
we make along the way; however, dielectric con-
tinuum theories, including Eq. are expected
to provide a reasonable description of solvation
processes when long-ranged electrostatics domi-
nate,” and changes in local, short-ranged in-
teractions are negligible. Analogous theoreti-
cal descriptions for dispersion interactions can
also be obtained when the harshly repulsive ex-
cluded volume cores of the solute are not in-
volved in the solvation process.#® Moreover, the
success of Eq. [I4]in estimating AG;,s also pro-
vides a means for understanding how certain
physical perturbations are likely to influence
AGiy,s, for example, how AG;,s responds to a
change in temperature, T', can be readily esti-
mated using a knowledge of (7).

Filling Free Energy

In the final step of the thermodynamic cycle,
the cavity is filled by the solvent, as shown in
Fig.[l] Because filling the cavity is the reverse of
creating the cavity around the protein, the fill-
ing free energy, AGyy, is the negative of the cor-
responding cavity creation free energy. There-

fore, we employ the same formalism that was
used in step 1, but with protein-water interac-
tions turned on (A = 1),

)

AG = — /Ooodfb(z%(E)} )

Due to the presence of strong, short-ranged
electrostatic interactions between certain re-
gions of the protein and water, removing the
last few waters from the protein hydration shell
is challenging. To address this challenge and
ensure reversible dewetting of the protein hy-
dration shell, we employ a slightly different defi-
nition of N,(R), as described in detail in the SI.
Briefly, our previous definition of N, (R), which
counts the number of waters in the protein hy-
dration shell, is now augmented to include an
additional potential on waters that are closest
to the protein (within 0.3 nm), and participate
in strong, short-ranged interactions with the

protein. The response, <Nv(ﬁ)> , is shown
17¢

in Fig. 2k, and upon integration according to
Eq. [15] yields a filling free energy of SAGg; =
—1541 4+ 14. We note_that the decrease of
<NU (E)>1 ) with ¢ (Fig. [2c) is much more grad-
ual than that of <]\7U (R) ; (Fig. ) The rel-
atively gradual dewetting of protein hydration
shells arises from the fact that typical protein
hydration shells display the entire spectrum of
chemistries from hydrophobic to hydrophilic, as
discussed in detail in Ref.|47. As a result, AGgxy
can be efficiently obtained using simulations at
only a few ¢-values. Moreover, as the fraction
of exposed protein residues that are hydrophilic
increases, the variation of <Nv(f_{)>1 ) with ¢
is expected to become increasingly livnear,”*46
so that for a given computational investment,
smaller errors in AGgy can be expected for more
hydrophilic proteins.

From a physical standpoint, the filling free en-
ergy corresponds to the work required to form
strong, short-ranged, and generally favorable,
protein—water interactions. As such, we expect
AGs < 0. However, because the free ener-
getics of such local interactions depend sensi-
tively on the chemical and topographical pat-



terning of the protein surface,™®™" we expect

that in contrast with AG ., and AGj,s, it will
be challenging to develop an approximate an-
alytical expression for AGygy. Moreover, short-
ranged solute-water interactions also give rise
to non-linear response and asymmetries in the
solvation of charged and polar solutes,®"64762
which are not captured by simple solvation
models, such as Born theory™ and Kirkwood’s
Eq. [14%Y Consequently, the dependence of
AGjyy on physical perturbations, such as the in-
troduction of mutations or the inclusion of salt,
is expected to be non-trivial; nevertheless, us-
ing the methods presented here, it is possible to
characterize AGyg under conditions that may
be of interest.

Total Protein Hydration Free En-
ergy

Following Eq. [T} the total hydration free energy
of the protein is obtained from the sum of the
three contributions depicted in Fig. [I, and for
Hydrophobin II, it is SAG = —1039 + 14, in
agreement with the significantly more expensive
umbrella sampling-based estimate of SAG =
—1057 4+ 24. While this indicates that protein-
water interactions are favorable for HFBII, the
magnitude of SAG for HFBII is nearly half
than that reported for the similarly sized pro-
tein, Cytochrome C, which is highly charged.?2
The smaller magnitude of AG for HFBII can
be attributed to the large number of exposed
hydrophobic groups on the surface of the pro-
tein, which are not present in Cytochrome C,
and other proteins which internalize most of
their hydrophobic groups in the solvent inacces-
sible protein core. The surface hydrophobicity
of HFBII reduces the magnitude of the favor-
able term, AGygy, and, to a lesser extent, that
of AGj,s, when compared to more hydrophilic
proteins.

Finally, we highlight the computational effi-
ciency of our approach for estimating AG, and
contrast it with the cost associated with typical
alchemical transformation based approaches.
In particular, the AG estimate for HFBII was
obtained from approximately 15 ns of simula-
tion data in total, distributed across approxi-

mately 25 simulations. Moreover, if the error
associated with such an estimate (roughly 2 %
here) is unsatisfactory, the AG estimate can
be progressively refined by adding more sim-
ulations in an adaptive manner. For example,
the number of simulations used to determine
AGeay, AGiys, or AGgy (Figure [2)) can be in-
creased, thereby decreasing the numerical inte-
gration error, at only a modest increase in the
computational expense; we implement such a
strategy to study the effects of salt concentra-
tion on protein hydration below. In contrast,
although an alchemical approach is expected to
provide a highly accurate estimate for AG, such
an estimate can only be obtained upon expend-
ing a substantial computational cost. In other
words, if only 15 ns of simulation in total were
available, it would be challenging to obtain a
AG-estimate for Hydrophobin II, however ap-
proximate, using the alchemical route. Thus,
with a well chosen 7, initial estimates of solva-
tion free energies of large macromolecules, such
as proteins, can be obtained with a computa-
tional effort that is similar to (or even less than)
that required for small molecules;**™ such es-
timates can then be systematically refined de-
pending on the available computational budget.

The Role of Protein Flexibil-
ity

In the previous section, we estimated the solva-
tion free energy of a rigid protein. In this sec-
tion, we incorporate the effects of protein flex-
ibility on its hydration free energy. We mod-
ulate protein flexibility by applying harmonic
restraints to all the heavy atoms of the protein;
in particular, we apply a potential

Nprot

K
Ur = 5 ZZI |I'i — I'Z‘70|2, (].6)

where & is a force constant, Ny, is the number
of protein heavy atoms, and r; o is the restraint
position of atom i. For k = 0, the protein is
fully flexible, whereas in the limit of large «, the
protein becomes rigid; « thus serves to modu-
late protein flexibility. To estimate the solva-



tion free energy of a partially flexible protein,
we first recognize that whether a protein is sol-
vated or in vacuum, there is a free energetic cost
associated with restraining the protein. More-
over, the relative cost of restraining the protein
in water and in vacuum ought to determine the
dependence of AG on k.

To formalize this notion, we define the free
energetic cost of turning on the restraint po-
tential in vacuum (vac) to be AGY™ (), and
that in the solvated (sol) state to be AGE™ (k).
We then augment the thermodynamic cycle of
Figure (1] with two additional steps. Before in-
serting the partially flexible protein, we first in-
crease the restraints on the protein in vacuum
by increasing the force constant from x to a
large value (say, kc — oo) until the protein
conformation becomes rigid. The free energy
of this step is AGY™ (ko) — AGY™ (k). We
then carry out the insertion and filling steps of
the thermodynamic cycle in Figure [1| using the
rigid protein, as before. After the rigid pro-
tein has been solvated, we can relax the re-
straints in the solvated state from k¢ to the
finite k of interest. The free energy of this
process is AGEY (k) — AGFY(k¢). The pro-
tein solvation free energy as a function of the
restraint strength, AG(k), is then the sum of
the solvation free energy of the rigid protein,
AGhigia = AG(ke), evaluated in the previous
section, and the free energies of the two addi-
tional steps described above.

AG(K) = AGyigia + [AGY™) (k0) — AGEY (k)]

— [AGE"“‘C)(m) — AGESOD(F;)} . (17)
Moreover, the hydration free energy of the fully
flexible protein, AGhex = AG(k — 0), is then
given by

AGhex = AGyigiat+ [AGY™ (ko) — AGE (k¢)] .
(18)
From Equations [I7] and [1§]

AG(k) = AGpex — [AGY™ (k) — AGE (8)] .

(19)
From Egs. [I§ and[19] it is clear that by estimat-
ing AGy"” (k) and AGESOD(/@) over the entire
range of k-values, the corresponding estimates

of AG(k) can be readily obtained. Solvation
free energies™ as well as free energy differences
between conformational states™™ have previ-
ously been estimated using similar procedures.

The free energies associated with turning
on the restraint potential in the solvated and
vacuum states of the protein are shown in
Fig. . As k is increased, both AGY™
and AGP® increase, as expected. However,
only the difference between these free ener-
gies, shown in Fig. Bp, contributes to AG(k)
(Eq. . For the protein, Hydrophobin II,
AGﬁvac)(/i) — AGESQD(/@) is positive for all &-
values, and plateaus at approximately 432 kgT
for large x. Then, according to Eq. the
solvation free energy of the fully flexible pro-
tein, AGgex = —607 kgT. In comparison,
the solvation free energy of the rigid protein,
AGhigia = —1039 kT, suggesting a substantial
influence of flexibility on the protein solvation
free energy.

The protein solvation free energy as a func-
tion of the restraint strength, AG(k), can also
be readily obtained using Eq. [19] and is shown
in Fig. k. AG(k) decreases monotonically (fa-
vorable) with increasing k, indicating that pro-
tein hydration becomes more favorable as the
protein is made increasingly rigid. This de-
crease in the hydration free energy of a pro-
tein stems directly from the greater expense of
restraining a protein in vacuum than in water
(Eq. [19). In other words, a solvated protein is
better able to respond to the inclusion of re-
straints than a protein in vacuum, likely be-
cause when a solvated protein is restrained, it
can relax not only through changes to its own
structure, but also through reorientation of its
hydration waters. To better illustrate the re-
lationship between the hydration free energy
of a protein and its flexibility, in Fig. [Bd, we
additionally plot AG as a function of the root
mean squared displacement (RMSD) of the pro-
tein computed in the partially flexible hydrated
state, and referenced to the corresponding rigid
protein. As the protein becomes more flexible,
its RMSD increases, and is accompanied by a
concomitant increase in AG. Our finding that a
rigid protein is hydrated more favorably is also
consistent with the work of Debenedetti and co-
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Figure 3: (a) As the force constant r is increased, there is an increase in the free energetic cost
of turning on the restraint potential for both the vacuum and the solvated states. (b) However,
the difference between these free energetic costs, which determines how the protein hydration free
energy varies with x, plateaus at high k-values when the protein conformation is essentially rigid.
(c¢) The protein hydration free energy decreases as the restraints on the protein heavy atoms are
increased, suggesting that the protein is solvated more favorably as it becomes more rigid. (d) This
is confirmed by examining the solvation free energy of a partially flexible protein as a function of

its RMSD in the solvated state.

workers, who demonstrated that the thermody-
namic drive for water sorption by protein crys-
tals increases when the rigidity of the proteins
in the crystal is enhanced, either artificially or
physically via disulfide bonds. 2%

The Role of Salt Content

Most proteins can be rendered insoluble by the
addition of certain salts; such a “salting out” of
proteins is a commonly employed protein purifi-
cation technique.?® However, the phenomenon
of salting-out depends on the nature of both the
protein and the salt, and a molecular level un-
derstanding of specific ion effects in protein sol-
ubility, the so-called Hofmeister effects,™% re-
mains elusive.™™ To shed light on how salt
influences the strength of protein-water inter-
actions for the HFBII protein, we estimate AG
as well as its components, AGeav, AGinsert, and
AGqy, as a function of sodium chloride concen-
tration, c. Because the protein hydration shell
now contains salt ions in addition to water, we
augment the definition of N,(R) to addition-
ally include the salt ions in v. The hydration
free energy of the rigid protein as a function
of salt concentration is shown in Fig. fh, and
consistent with a “salting out” of solution, AG
indeed increases (unfavorable) upon addition of
NaCl. To uncover the molecular origins of this
phenomenon, here we further examine the ef-

fects of salt concentration on the components
of AG.

The vapor-liquid surface tension of water in-
creases upon addition of NaCl as ions are ex-
cluded from the interface, and correspondingly,
we expect AGy to increase with ¢.™ As shown
in Fig. @p, the dependence of AG.,, on ¢ can
indeed be described by

AGC&V<C) ~ A(VSPC/E + CA7>’ (20)
where A~ is the linear slope of the change in
surface tension with NaCl concentration. More-
over, an unconstrained linear fit to the sim-
ulated AG..,-values yields a reasonable esti-
mate for A ~ 41.6 nm? (assuming yspo/p =
60.6 mJ/nm?), and Ay = 1.5 mN m™'/ M,
which in good agreement with the value of
roughly 2 mN m~'/ M obtained experimen-
tally.®0

Assuming that the insertion of the protein
into the pre-formed cavity is dominated by
long-ranged electrostatic interactions, we can
once again use classic continuum treatments to
understand how AG,,s depends on salt concen-
tation. In particular, the theory developed by
Kirkwood®*¥ predicts that

%”(%“)2@, (21)

where an estimate for AGj,s(0) can be provided

AGins<C) ~ AGinS<O) -
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Figure 4: (a) The hydration free energy of Hydrophobin II, obtained from the simulations (symbols),
increases with increasing NaCl concentration, consistent with the mild salting out effect of this salt.
Error bars are determined by block averaging and represent one standard deviation. (b) The cavity
creation component of the hydration free energy, AG..,, increases approximately linearly with NaCl
concentration, consistent with the change in surface tension upon addition of salt. The dashed line
is a fit to Eq. , as described in the text. (c¢) The insertion free energy, AGiysers, decreases roughly
linearly with increasing salt concentration. The dashed line corresponds to AGipser(c) predicted
by Eq. [21] with AGjysert(0) determined from simulation and a fixed dielectric constant, whereas the
dotted line incorporates a c-dependent dielectric constant, £(c), via Eq. (d) The filling free
energy, AGjyy, increases as NaCl is added to the solution.

by Eq. Because our focus here is on the c-
dependence of AGj,s, here we use the simulated
value of AGj,s(0) instead. Plugging previously
discussed estimates of the cavity radius, R, the
protein dipole moment, p, and the dielectric
constant of SPC/E water, ¢, into Eq. 21} we
obtain a functional form for AGj,s(c), which is
depicted by the dashed line in Fig. [k, and is in
qualitative agreement with the simulated data.
The agreement is noteworthy given that it was
obtained without the use of any fit parameters.

Even more refined estimates of AGjys(c) can
be obtained by accounting for the dependence
of the dielectric constant on salt concentration,
which is provided by the theory of Gavish and
Promislow,®

&)

where Ae = £(0) — &5, Ems 18 the molten salt
limit of the dielectric constant, « is the excess
polarization of the ions, and L(z) = coth(z) —
1/z is the Langevin function. Following Gav-
ish and Promislow,®? we use e, = 51.42 and
a = 11.5 for NaCl solutions. Including this pre-
diction for £(c) in Eq. [21] yields the dotted line
in Fig. [, which is in even better agreement
with AGiys(c), particularly at higher salt con-
centration, suggesting that combining Eqgs.
and [22] yields excellent estimates of AGjys(c).

£(0) — AeL(3ac/Ag), (22)
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We note that although Eq. was origi-
nally intended to describe the electrostatic por-
tion of the total solvation free energy, AG,
the linear response assumptions inherent in the
theory are expected to be reasonably accu-
rate only for the long-ranged electrostatic in-
teractions captured by AGj,s, and not for the
corresponding short-ranged interactions that
contribute to AGg;.**Y Thus, the success of
Eqgs. [14] 1] and 22]in predicting AGiys, not just
qualitatively, but also quantitatively, is under-
pinned by the QCT partitioning of long-ranged
and short-ranged electrostatic interactions into
AGi,s and AGygy, respectively, and by a suitable
choice of r, (i.e., r, > 0.6 nm), which enforces
that partitioning in practice.

The filling of the cavity in the final step of the
QCT thermodynamic cycle is dominated by the
formation of strong short-ranged interactions,
such as hydrogen-bonding and local charge-
charge, ‘lon-pairing’ interactions. Fig. [4d high-
lights that the free energetics of this step, AGgy,
has a mnonlinear dependence on salt concen-
tration, with AGg; increasing monotonically
(less favorable) with increasing ¢. Thus, local
protein-water interactions are more favorable in
the absence of salt, and are weakened by the
addition of salt. In contrast, AG},s, which rep-
resents non-local long-ranged interactions, be-
comes more favorable (decreases) with increas-



ing salt content.

The increase in the total solvation free en-
ergy of the protein with increasing salt content
(Fig. [4h), i.e. ‘salting out’ of HFBII upon ad-
dition of NaCl, arises from AG.,, and AGg,
both of which become increasingly unfavorable
as salt is added and are opposed by AGis,
which becomes favorable with the addition of
salt. Thus, the increase in water-vapor surface
tension upon addition of salt, and the weaken-
ing of local protein-water interactions by NaCl
are responsible for the ‘salting out’ behavior.
In contrast, long-ranged protein-solvent inter-
actions, which can be accurately described by
continuum theories, tend to instead favor ‘salt-
ing in’ of the protein.

Conclusions

In this work, we introduce an efficient computa-
tional framework for estimating protein hydra-
tion free energies, AG, using all-atom MD sim-
ulations with an explicit representation of the
solvent. We hydrate the protein in three steps
(Fig. ; a cavity slightly larger than the protein
is first created in bulk water; the protein is then
introduced into that cavity to establish long-
ranged interactions between the protein and
water; finally, the short-ranged protein-water
interactions are formed by filling the cavity with
water. We show that to a good approximation,
the free energetics of cavity formation (AGeay)
can be estimated by considering the creation
of liquid-vapor interfacial area. Similarly, pro-
tein insertion free energetics (AGj,s) can be es-
timated by considering the polarization of the
liquid-vapor interface when a dipole (protein)
is introduced into the pre-formed cavity. In
contrast, the free energetics of the short-ranged
protein-water interactions (AGgy) depend non-
trivially on the chemical and topographical con-
text presented by the protein surface.t# ="

By leveraging an understanding of the free
energetics of water density fluctuations, both
in bulk water and in the protein hydration
shell 434683 and by employing efficient simula-
tion methods for characterizing such free ener-
getics, ™ we are able to mitigate the computa-
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tional expense of estimating AG.,, and AGgy,
thereby allowing us to estimate AG for the pro-
tein Hydrophobin II using only 15 ns of simu-
lation data. A particular strength of the ap-
proach is that approximate estimates of AG
(with errors of less than 5 %) can be obtained
with minimal computational effort, and if re-
quired, the accuracy can be progressively en-
hanced by spending more computational effort.
Due to its efficiency, the approach presented
here can serve as a basis for exploring the molec-
ular underpinnings of the diverse determinants
of biomolecular solubility, ranging from protein
mutations and solution additives, to environ-
mental conditions, such as temperature or pH.
Here, we explore how the hydration free energy
of a protein is influenced by its flexibility and
by the inclusion of salt in the solution.

We find that a protein can be hydrated more
favorably by enhancing its rigidity; for exam-
ple, by engineering it to have a higher content
of rigidifying residues, like proline,®**®7 a high
concentration of strong interactions, like salt
bridges and disulfide bonds,* 28789 oy through
chemical crosslinking.”?®? Conversely, enhanc-
ing protein flexibility would serve to lower its
propensity to remain hydrated, and in prin-
ciple, it could not only lower protein solubil-
ity, but also be used to trigger protein assem-
blies. Intra-protein interactions, such as disul-
fide bonds or salt bridges, are also used to stabi-
lize the folded state of a protein.®*®%¢8 I addi-
tion to stabilizing the folded state directly, our
findings suggest that such favorable interactions
ought to also favor the folded state indirectly
through their role in enhancing protein rigid-
ity. In particular, consider the solvent-induced
folding free energy, AGy,q, that is, the differ-
ence between the free energies of folding the
protein in water and in vacuum, which is equal
to the difference in the solvation free energies
of the folded and unfolded states, AGglq =
AGr — AGy. Because disulfide bonds and salt
bridges are typically broken when the protein
is unfolded, they ought to have little effect on
AGYy. In contrast, such interactions are present
in the folded state, and our results suggest that
by increasing protein rigidity, they make AGr,
and thereby AGy,q, more favorable.



We also find that the hydration free energy,
AG, of the protein Hydrophobin II increases
with increasing NaCl concentration, ¢, which is
consistent with the known decrease in the sol-
ubility of proteins upon addition of NaCl. The
increase in AG with increasing ¢ can be traced
to the corresponding increase in both AGeay ()
and AGgp(c). In contrast, AGis(c) decreases
(favoring hydration) as ¢ is increased. Be-
cause only long-ranged interactions contribute
to AGi,s, we do not expect its decrease upon
addition of salt to depend on the specific na-
ture of the salt ions. In contrast, we expect both
AG ..y (c) and AGgy(c) to depend on the partic-
ular salt ions being added to the solution. We
show that the c-dependence of AG.,, derives
primarily from that of the liquid-vapor surface
tension (c), which usually increases, but can
also decrease with increasing ¢, depending upon
which ions are added to the solution.®?#395 The
c-dependence of AGyy is also expected to be ion
specific, and AGygy(c) may either increase or de-
crease with increasing ¢, depending not only on
how protein-water interactions are modulated
by the presence of the ions, but also on the di-
rect ‘ion-pairing’ interactions between charged
protein residues and salt ions.
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Appendix: Choosing an Op-
timal r,

The physical significance of the free energy com-
ponents of AG (as defined by the QCT ther-
modynamic cycle of Fig. 1), as well as the over-
all computational efficiency of the approach are
strongly influenced by the size (and shape) of
the cavity volume, v, that is employed. We de-
fine v as the union of spherical sub-volumes of
radius r, centered on each of the protein heavy
atoms, so that it complements the size (and
shape) of the protein. For simplicity, here we
use the same r, for all protein heavy atoms,
but in principle a different r, can be chosen for
each heavy atom, if needed. When an addi-
tional inner volume is employed to reversibly
add /remove strongly bound water molecules in
the filling step (as detailed in the SI), the r,
discussed here refers to the outer volume; the
boundary of the inner volume is not varied.

The use of a cavity in the thermodynamic cy-
cle of Fig. 1 serves to partition protein-solvent
interactions into short- and long-ranged com-
ponents,?*#% 5o that upon insertion of the pro-
tein into the pre-formed cavity, it does not
experience short-ranged protein-water interac-
tions, such as repulsions or hydrogen bonds.
The radius 7, then represents the length-
scale over which these interactions are sepa-
rated, with long-ranged protein-water interac-
tions contributing to AGj.s, and and the corre-
sponding short-ranged interactions being cap-
tured by the sum of AG.., and AGgy.

If r, is chosen to be too small (e.g., the size
of protein heavy atoms or roughly 0.3 nm),
the protein experiences short-ranged interac-
tions upon insertion, with the alchemical ap-
proach being recovered in the limit of vanish-
ing r,. In this limit, AG.,, and AGg, vanish,
and AG is dominated by the protein insertion
free energy, AGi,s. However, to estimate AGys,
protein-water interactions must be turned on
incrementally, necessitating the simulation of a
large number of alchemical states, whose solva-
tion free energies are not particularly meaning-
ful from a physical standpoint.

In contrast, for a sufficiently large value of r,,
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Figure 5: (a) The average insertion energy de-
termined from simulation (Sim, points) and lin-
ear response theory (LRT), lines) agree for large
cavity sizes, while LRT fails as the cavity size
is decreased. (b) The difference between the
actual (sim) and LRT estimated average ener-
gies indicates that LRT becomes more accurate
as the size of the cavity, r,, is increased. The
shaded areas indicate the error in the inser-
tion free energy by using LRT, which becomes
smaller as r, is increased. Note that the areas
of the shaded regions are the same in (a) and
(b). Color scheme is the same in both panels.
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because the slowly-varying and long-ranged in-
teractions that contribute to AGj,s perturb the
solvent structure in gradual manner, we expect
(UR)) oo 10 respond linearly to A, that is:

LRT

xoe = (UR))g .
A [(U(E)}wc —

(UR)
(U®R),,.| @3

Correspondingly, we also expect Py(AAU) to
display Gaussian statistics, with increased over-
lap between adjacent A-ensembles as r, is in-
creased, enabling estimation of AGj,s with only
a few (or no) intermediate alchemical states.
However, the cancellation between the free en-
ergetics of cavity creation (AGey > 0) and
cavity filling (AGg < 0) increases as r, is in-
creased, resulting in substantial numerical un-
certainties in the free energetics of the short-
ranged solute-solvent interactions.

We thus recommend that r, (and correspond-
ingly, the cavity size) be chosen to be large
enough to yield distributions of Py(AAU) that
are Gaussian, but no longer to reduce cancel-
lation between AG,, and AGgy, and the as-
sociated uncertainty in AG.., + AGgzn. The
results in Figs. [ and [6] suggest that the ap-
propriate balance is provided by 7, = 0.6 nm,
which is roughly the size of a protein heavy
atom plus that of a water molecule. Thus, the
optimal choice of v corresponds to it encom-
passing roughly the first hydration shell of the
protein.
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