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ABSTRACT Water—protein  interactions
drive protein folding, stabilize the folded struc-
ture, and influence molecular recognition and
catalysis. We analyzed the closest protein con-
tacts of 10,837 water molecules in crystallo-
graphic structures to define a specific hydro-
philicity scale reflecting specific rather than
bulk solvent interactions. The tendencies of dif-
ferent atom and residue types to be the nearest
protein neighbors of bound water molecules
correlated with other hydrophobicity scales,
verified the relevance of crystallographically
determined water positions, and provided a di-
rect experimental measure of water affinity in
the context of the folded protein. This specific
hydrophilicity was highly correlated with hy-
drogen-bonding capacity, and correlated better
with experimental than computationally de-
rived measures of partitioning between aque-
ous and organic phases. Atoms with related
chemistry clustered with respect to the number
of bound water molecules. Neutral and nega-
tively charged oxygen atoms were the most hy-
drophilie, followed by positively-charged then
neutral nitrogen atoms, followed by carbon and
sulfur atoms. Agreement between observed
side-chain specific hydrophilicity values and
values derived from the atomic hydrophilicity
scale showed that hydrophilicity values can be
synthesized for different functional groups,
such as unusual side or main chains, discontin-
uous epitopes, and drug molecules. Two meth-
ods of atomic hydrophilicity analysis provided
a measure of complementarity in the interfaces
of trypsin:pancreatic trypsin inhibitor and HIV
protease:U-75875 inhibitor complexes.
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INTRODUCTION

Interactions between amino acid residues and
their aqueous and protein environments together

determine protein folding and mediate intermolecu-
lar interactions."” Protein—water stereochemistry
and hydrogen bonding have been extensively ana-
lyzed in crystallographic and NMR structures®1°
and recently reviewed.'® Because protein crystals
contain 27-77% water,'™'® surface-exposed residues
(not in protein—protein interfaces) in these crystals
are well-solvated. While bulk water surrounds all
surface-exposed atoms in proteins, bound water mol-
ecules, whose time-averaged positions are measured
by crystallography, represent persistent, energeti-
cally favored interactions between solvent and pro-
tein.'"® Here, we develop “specific hydrophilicity”
scales reflecting specific water interactions, rather
than bulk solvation, from the positions of water mol- -
ecules bound to protein surfaces in 56 X-ray crystal-
lographic structures. We compare these new scales
with hydrophilicity and hydrophobicity scales based
on different properties of amino acids and their an-
alogs, such as solvent-exposed surface area,?°—22
parametric fits to free energy or surface exposure
data,?®“% and preference for aqueous versus organic
phases.?”2? The high correlation observed between
the side-chain and residue crystallographic specific
hydrophilicity scales and other experimentally de-
termined hydrophilicity scales dispels the commonly
held view that crystallographic surface-bound water
is primarily determined by the crystal lattice rather
than specific chemical interactions.

The atomic specific hydrophilicity values for every
atom type occurring in proteins (e.g., Ala C,, Ala Cg,

..) were determined to identify atom types with
similar hydration and to provide an atomic hydro-
philicity scale appropriate for detailed analysis of
protein interactions. We then evaluated the influ-
ence of intraprotein hydrogen bonds and salt bridges
on the relative hydrophilicities of different atoms.
This atomic specific hydrophilicity scale measured
by surface-bound water molecules was validated by
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the close correspondence of synthesized and ob-
served specific hydrophilicity values for the 19 dif-
ferent amino acid side chains. Synthesized side-
chain values were calculated by summing atomic
hydrophilicity values for the atoms in each side
chain. Thus, this new structure-based, experimental
atomic scale is applicable for calculating hydro-
_ philicity for functional groups similar to those in
proteins, including discontinuous epitopes and drug
molecules. Here, we use it to analyze complementa-
rity in protein:protein and protein:drug interfaces.

METHODS
Developing a Crystallographic Hydration
Database for Proteins

Specific hydrophilicity scales were determined
from a database of 56 high-resolution crystallo-
graphic protein structures with reliable bound wa-
ter positions by evaluating for each type of atom or
residue the average number of closely bound water
molecules with crystallographically defined posi-
tions. Only protein structures with resolution =2.1
A, R-factor =23%, no interpenetrations of protein
molecules in the crystal lattice, a range of tempera-
ture factors or occupancies indicating rigorous re-
finement, and =20 bound waters were included. Pro-
tein Data Bank codes for these proteins are 451c,
2act, 2alp, 4ape, 2apr, 2aza, 1bp2, 3c2c, lcer, 2ccy,
2cdv, 2cga, Hcha, Hepa, 2cpp, letf, 2cts, 2eyp, 4dfr,
3ebx, lecd, 3est, 1fb4, 1ger, 1gdl, 1gpl, 3grs, 4hhb,
lins, 2lhb, 3lym, 2lzm, 1mbd, 2mhr, 2ovo, 9pap,
1pcy, 2pka, 2prk, 5pti, 2rhe, 3rp2, brsa, Srxn, lsge,
1sn3, 2so0d, 2tgp, 2tgt, 3tln, lton, 1tpa, ltpp, lubq,
3wga, and 2wrp.

Each water molecule within 4.0 A (1 A = 0.1 nm)
of a surface-exposed protein atom was assigned to
the single closest such atom, thus requiring that
each hydrated protein atom be the primary contact
for its bound water molecules. This assignment still
allowed multiple water molecules to hydrate one
protein atom. Only surface-exposed atoms and resi-
dues were considered, so that all were compared in
the same solvent-exposed environment. For compar-
ison, statistics were also gathered for assigning each
water molecule to all surface-exposed protein atoms
within 4 A. In both cases, only nonhydrogen atoms
were considered, because crystallographic data usu-
ally do not provide hydrogen positions. To avoid po-
tential artifacts, water molecules within protein—
protein interfaces (in oligomeric interfaces or crystal
contacts) were not included, since their binding de-
terminants are potentially different.

A 4 A cut-off distance was used to include all wa-
ter molecules in the first hydration shell, defined by
the observed radial distribution of water molecules
(see Fig. 1). The 4 A distance also allowed for inclu-
sion of all van der Waals contacts of water molecules
with protein, some of which would have been ex-
cluded automatically by the 3.5 A criterion used in

other studies. More restrictive hydrogen-bond crite-
ria were intentionally avoided, because this would
introduce the assumption that hydrogen bonding is
necessary for water binding (a bias already present
in the assignment of many crystallographic water
molecules). Protein surface shape is also a major de-
terminant of water binding.?® Geometric criteria for
hydrogen bonds between water and protein led to
the exclusion of ~40% of bound water molecules in
another study.'” While this could be advantageous
for the purpose of predicting water molecule posi-
tions, our goal was to study all water molecules in
the first hydration layer.

Measuring Specific Hydrophilicity by
Water Binding

The interactions between 10,837 surface-bound
water molecules and the atoms in 14,001 surface-
exposed residues were compiled, and hydration val-
ues were calculated by dividing the total number of
water molecules closely bound to side-chain and
main-chain atoms in solvent-exposed residues by
the total number of solvent-exposed residues. Resi-
dues with any exposed surface area® were consid-
ered solvent-exposed. Similarly, atomic hydrophilic-
ity was determined from the number of water
molecules closely bound to each type of surface-ex-
posed atom (e.g., Ala carbonyl oxygen, Arg carbonyl
oxygen, . . .) divided by the total number of surface-
exposed atoms of that type. These specific hydro-
philicity measures are equivalent to the average
number of closely-bound water molecules per sur-
face-exposed side chain, residue, or atom. Normal-
ization by number of surface-exposed atoms rather
than per unit surface area was chosen for two rea-
sons. First, for many applications of hydrophobicity—
hydrophilicity scales, the protein structure is not
known, and surface area values are unavailable.
Second, we investigated summing atomic hydration
values normalized by surface area to synthesize side
chains and found that these values do not approxi-
mate the observed side-chain hydration/area values
well. This is likely because an extra assumption is
being made: that each atom has average surface ex-
posure. Hydration normalized by number of atom
occurrences does approximate functional group val-
ues well, as shown in the Results.

Thanki et al.® have studied crystallographic hy-
dration, with a focus on the spatial arrangement of
bound water molecules around side chains. Their
study includes both buried and exposed residues and
all water molecules within a specified distance of the
protein (3.5 A for polar atoms and side chains, 5.0 A
for nonpolar) in 16 high-resolution protein struc-
tures, and uses the percentage of side and main
chains with at least one bound water molecule as a
measure of hydrophilicity. In their study as in ours,
hydrogen-bond criteria are not imposed. In order to
compare water binding of different residues within
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the same environment, we considered only surface-
exposed residues in contact with bulk solvent. For
each protein atom or residue, we used the number of
closely bound water molecules, not the proximity of
at least one water molecule, as a hydrophilicity mea-
sure. We also compared the results of assigning each

water molecule to all residues within the threshold

distance, versus assigning each to the closest protein
atom. -

Mapping Atomic Specific Hydrophilicity
Values Onto Molecular Interfaces

To analyze atomic hydrophilic complementarity
at interfaces between protein surfaces, buried and
" solvent-accessible molecular surfaces®" were calcu-
lated with a 1.6 A radius probe and the following
van der Waals radii including implicit hydrogens: O,
1.40 A; OH, 1.60 A; N, 1.54 A; NH, 1.70 A; NH,, 1.80
A; NH,, 2.00 A; CH, CH,, CH,, 2.00 A; C, 1.74 A,
CH(sp®), 1.86 A; S, 1.80 A; and SH, 1.85 A. Surfaces
were either calculated as dot surfaces with 20 dots
per A% by using MS®! and visualized using Biosym’s
InsightIl and the authors’ srftobiosym, or calculated
as triangulated surfaces by using MSP®? and visu-
alized using AVS®® and AVS modules developed by
Michael Pique and colleagues at The Scripps Re-
search Institute.

Twomethods were developed for evaluating atomic
hydrophilicity at protein surfaces. The first method
maps atomic hydrophilicity values directly onto the
surface of each atom. The specific hydrophilicity
value for one of five atomic groups (see Table III) is
assigned to each surface-exposed atom, and each mo-
lecular surface dot (or triangle vertex) is color-coded
according to the assigned value of the nearest atom.
The second method evaluates the average hydro-
philicity of an atom’s neighborhood, and was moti-
vated by the observation that any protein atom con-
tacting the inhibitor is likely to contact more than
one inhibitor atom (or vice versa). The atomic neigh-
borhood hydrophilicity of a surface point is calculated
by averaging the atomic specific hydrophilicity val-
ues (see Table III) for all surface-exposed atoms from
the same molecule that are within 4 A of that surface
point. These atomic neighborhood hydrophilicity val-
ues are color-mapped to the surface points (vertices
of triangles), and the colors are smoothed across each
triangular surface face by AVS.

RESULTS AND DISCUSSION
Side-Chain Specific Hydrophilicity Correlates
With Hydrogen-Bonding Capacity

The specific hydrophilicity scale (Table I) mea-
sured by side-chain hydration discriminated be-
tween hydrophilic and hydrophobic residues and
linked hydration to hydrogen-bonding capacity. The
observed radial distribution function for water mol-
ecules within our database (Fig. 1) was used to de-
fine the water molecules within the first hydration

shell to be included in determining the hydrophilic-
ity scales. The number of bound water molecules as
a function of the distance from the nearest protein
atom falls off beyond 4 A (Fig. 1). This matches wa-
ter radial distribution funections published for insu-
lin®** and liquid water,®® which show the second hy-
dration shell to begin at 4 A.

Specific hydrophilicity (black bars, Fig. 2) varied
10-fold among the different side chains, from an av-
erage of ~1.2 hydrations per occurrence for Arg
down to ~0.12 for Val. The hydrophilic side chains
Arg, Glu, Asp, Gln, Asn, Lys, His, Tyr, Thr, and Ser
each bound more than 0.6 water molecules on aver-
age, while the more hydrophobic side chains Trp,
Pro, Met, Ala, Phe, Leu, Ile, Cys, and Val each
bound fewer than 0.4. This signifies that bound wa-
ter molecules can have a nonpolar side chain as
their primary (closest) contact. Water binding data
also provided independent hydrophilicity values for
the different residues’ main chains (Table I). Most
main chains bind an average of ~0.4 water mole-
cules; however, the main chains of the smallest res-
idues were significantly more hydrated on average
(Ala, 0.58 hydrations, and Gly, 0.68 hydrations),
likely due to their structural context and greater
accessibility of the main chain.

Specific hydrophilicity for side chains correlated
highly (linear correlation coefficient, r = 0.97) with
the number of potential unbifurcated hydrogen
bonds (according to Stickle et al.*®) the side chains
could form: 5 for Arg, 4 for Glu, Asp, Gln, Asn; 3 for
Lys, Thr, Ser; 2 for His, Tyr; 1 for Trp; and 0 for the
other side chains. Other studies cite hydrogen bond-
ing as a major determinant for water affinity'-'*'?
and show aromaticity to be favorable for hydrogen
bonding.*®7 This agrees with our side-chain hydra-
tion data ranking His and Tyr side chains as slightly
more hydrophilic than Thr and Ser, despite having
more carbon atoms and less hydrogen-bonding ca-
pacity. Complementarily, Fourier transform infra-
red spectroscopy establishes that hydrogen bonding
between water molecules within the hydration shells
of free amino acids increases with increasing side-
chain hydrophobicity.”® In folded proteins, hydra-
tion through protein—water hydrogen bonds com-
petes not only with this interwater hydrogen
bonding, but also with intraprotein hydrogen bond-
ing, as discussed later in the context of atomic hy-
drophilicity.

Comparison of Side-Chain Specific
Hydrophilicity With Other Scales

When compared with other hydrophilicity scales,
the specific hydrophilicity scales (Table I) correlated
best with experimental, rather than than derived,
measures of partitioning between aqueous and or-
ganic phases. The linear correlation coefficient with
side-chain free energy of transfer between cyclohex-
ane and water®®*? was r = —0.95 (Fig. 3) and with
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TABLE I Specific Hydrophilicity Scales for
Main Chains, Side Chains, and Residues in
Folded Proteins*

Hydrations per occurrence

Surface-
exposed Main Side
occurrences chain chain Residue
ALA 947 0.58 0.20 0.78
ARG 456 0.42 1.16 1.58
ASN 660 0.37 0.83 1.20
ASP 660 0.38 0.97 1.35
CYS 295 0.42 0.12 0.55
GLN 452 0.35 0.84 1.19
GLU 643 0.45 1.00 1.45
GLY 1040 0.68 — 0.68
HIS 299 0.28 0.71 0.99
ILE 431 0.33 0.14 0.47
LEU 692 0.39 0.16 0.56
LYS 837 0.35 0.75 1.10
MET 151 0.39 0.27 0.66
PHE 357 0.30 0.17 0.47
PRO 580 0.35 0.34 0.69
SER 963 0.39 0.61 1.00
THR T7h 0.42 0.64 1.05
TRP 186 0.34 0.37 0.70
TYR 4565 0.34 0.66 1.00
VAL 687 0.38 0.12 0.51

#*The average number of hydrations (bound water molecules)
per occurrence measures specific hydrophilicity and was calcu-
lated by dividing the total number of water molecules bound to
all surface-exposed main chains, side chains, or residues by the
total number of surface-exposed occurrences of the residue. Of
all residues in the 56-protein database, 82.6% had some sur-
face exposure, as gauged by using the M5 solvent-accessible
molecular surface program®! with a probe radius of 1.6 A, den-
sity of 4 dots per A%, and van der Waals radii given in the text.

residue retention on reversed-phase HPLC, using a
pH 7.5 average scale,”® was r = —0.93. (Compari-
sons to published side-chain hydrophilicity scales
were made with our side-chain scale; likewise, resi-
due scales were compared to our residue scale.) Cor-
relation was also high (r = 0.95) between side-chain
specific hydrophilicity and the percentage, in 16
crystallographic structures, of exposed and buried
side chains having a water molecule® within 3.5 A
(see Table 4 in ref. 8). Slightly lower correlations
were found with consensus residue scales deter-
mined by averaging several different experimental
measures (correlation with consensus hydrophobic-
ity,* r = —0.91; with hydropathy,** r = —0.89);
with an octanol-water partition scale,?” r —0.86;
and with an area-based scale,”* r = —0.80. No con-
sistent outliers were found when the side-chain or
residue-specific hydrophilicity scales were compared
to a number of hydrophilicity scales.

The scales described above differ in how residues
are represented (residue within a folded protein ver-
sus amino acid analog or peptide) and in the prop-
erty being measured (tendency of water to bind one
side chain over another versus tendency of side

chain to prefer water over another solvent), as well
as reflect intrinsic variability and errors in the mea-
surements. The scales presented here measure spe-
cific hydrophilicity as the propensity of surface-ex-
posed atoms and residues in folded proteins to bind
water molecules, and thus may contribute to a more
complete description of protein solvation that in-
cludes terms for both explicit binding to solvent and
extent of exposure to bulk solvent. Note that even
though crystallographic hydration represents only
the well-ordered water molecules in contact with
protein, this scale correlates highly with free energy
hydrophilicity measures. Thus, our results suggest
that interactions between protein and bound water
are fundamentally similar to the interactions be-
tween protein and bulk (fluid) water, which 1s mea-
sured in the partition experiments.

Atomic Hydrophilicity Values Cluster

Since several earlier studies assumed that certain
atom types had equivalent hydrophilicity and then
derived group hydrophilicity values, a major goal of
this work was to measure the hydrophilicity of each
atom type (presented in Table II), then deduce which
atoms were equivalently hydrophilic. When the av-
erage number of hydrations per occurrence was
graphed for each atom type (Fig. 4), specific hydro-
philicity values for atom types with similar chemis-
try were found to cluster. Neutral and negatively
charged oxygen atoms were the most hydrophilic,
followed by positively charged nitrogen atoms, fol-
lowed by neutral nitrogens, followed by carbons and
sulfurs (O ~ 0~ > N" > N = C ~ 8, where “~"
indicates similar hydrophilicity values, “=" means
“more hydrophilic than,” and == means “much more
hydrophilic than”). Specific hydrophilicity values for
charged and neutral nitrogen and oxygen atoms
were sufficiently different to keep them as separate
groups, and carbon and sulfur atoms were suffi-
ciently similar to be grouped together (Table III).

Five atomic groups were derived: (1) neutral oxy-
gen group: all carbonyl oxygen atoms plus Gln, Asn,
Ser, Thr, and Tyr side-chain oxygens; (2) negative
oxygen group: Asp and Glu side-chain oxygens; (3)
positive nitrogen group: His, Lys, and Arg side chain
nitrogens excepting Arg N_, which is fairly neutral
(according to partial charge values tabulated in Bio-
sym Technologies’ Discover consistent valence force-
field*®); (4) neutral nitrogen group: all main-chain
nitrogens, Trp, Asn, and Gln side-chain nitrogens,
and Arg N_; and (5) carbon/sulfur group: all carbon
and sulfur atoms. Changing the criteria for mem-
bership in the positive and neutral nitrogen groups
(from N * including all Arg, His, and Lys side-chain
nitrogen atoms to N including only Arg N, Arg
N, 2, and Lys N,) had a negligible effect on the value
for neutral nitrogen hydration (excluding the Pro
main-chain nitrogen, values for neutral nitrogen
atom types ranged from 0.353-0.358 hydrations/oc-
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Fig. 1. Radial distribution function for all water molecules in
the database's 56 protein structures. The number of water mole-
cules is graphed as a function of distance between the oxygen
atom of each water molecule and the nearest protein atom. The
peak at ~2.8 A encompasses water molecules that are hydrogen-
bonded to protein. Water molecules up to 4 A from protein surface

atons, comprising the first hydration shell of proteins, were in-
cluded in the atomic and residue hydrophilicity study. These water
molecules interact with protein via hydrogen bonds, shape-depen-
dent constraints on water mobility, packing, or electrostatic inter-
actions.
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Fig. 2. Side-chain specific hydrophilicity at protein surfaces. Specific hydrophilicity was mea-
sured by the average number of bound water molecules (black bars) and also synthesized (gray
bars) from atomic values as described in the text. The mast hydrophilic side chains (Arg through
Trp) all contained oxygen and nitrogen atoms with hydrogen-bonding capability, whereas side
chains containing only carbon, sulfur, and hydrogen (Pro through Val) bound significantly less

water,

currence) and limited effect on positive nitrogen hy-
dration values (0.420-0.460 hydrations/occurrence).
In each of the two negatively charged side chains,
the two oxygen atoms had similar average hydra-
tion values (Asp OD1 and ODZ2, 0.546 hydrations/
occurrence each; Glu OE1, 0.481, and OEZ2, 0.469). If
we reassigned the Asp atom names OD1 and OD2

with the new OD1 consistently being the side-chain
oxygen atom with more surface exposure (and sim-
ilarly reassigned Glu OE1 and OE2), we found that
new OD1 was more exposed and more hydrated than
new ODZ2, while new OEl was more exposed but
somewhat less hydrated than new OE2. Thus, there
was no obvious trend in increased hydration with
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Fig. 3. Comparison between two experimentally determined
side-chain hydrophilicity measures: free energy of transfer be-
tween a nonpolar phase (cyclohexane) and water, and specific
hydrophilicity measured by water binding. Free energy of trans-
fer*®® and average number of hydrations were linearly related,
with a correlation coefficient of r = —0.95. (Hydrophobicity scales
are inversely correlated to hydrophilicity scales, and therefore the
comparison yields a negative correlation coefficient.) Whereas
Arg appears 1o be less hydrated than expected by comparison to
the cyclohexane-—»water partition scale, Arg is more hydrated than
expected when compared to an HPLC-based scale.” The relative
hydration of residues can be understood by examining the hydro-
gen-bonding atoms' environments, as discussed in the atomic
hydrophilicity section.

increased surface exposure. Furthermore, all nega-
tively charged oxygen atoms except OD1 remained
significantly less hydrated than neutral oxygen at-
oms.

Assigning each bound water molecule to the clos-
est atom (as presented in the figures and tables),
rather than to all atoms within the 4.0 A cut-off
distance, improved discrimination between atom
types. When we compared hydration values for each
chemically equivalent atom type (e.g., all methyl
carbons, or all carbonyl carbons) derived from as-
signing each bound water molecule to the closest
protein atom, versus assigning each water molecule
to all protein atoms within 4.0 A, we found that only
in the case of closest assignment were chemically
equivalent atoms hydrated to a similar extent. For
instance, when total hydration per occurrence was
measured, carbon atoms had similar values to oxy-
gen and nitrogen atoms. When closest hydration
was measured, carbon atoms were only —1/10 as hy-
drated as polar atoms, as expected. Furthermore,
changing from measuring closest hydration to total
hydration resulted in roughly the same proportion-
ality constant for most polar atoms, while there was

no such linear relationship for carbon atoms. Both of

these observations pointed to total hydration as be-
ing too inclusive and nonspecific, possibly because

541

TABLE II. Specific Hydrophilicity Values for All

Atom Types in Proteins*

Surface-exposed

Hydrations per

occurrences occurrence
ALA N 375 0.355
ALA CA 543 0.072
ALAC 305 0.007
ALA O 635 0.584
ALA CB 819 0.232
ARG N 115 0.470
ARG CA 179 0.039
ARG C 86 0.012
ARG O 216 0.606
ARG CB 275 0.033
ARG CG 283 0.085 -
ARG CD 337 0.172
ARG NE 299 0.237
ARG CZ 230 0.026
ARG NH1 384 0.440
ARG NH2 398 0.445
ASN N 177 0.367
ASN CA 329 0.021
ASN C 181 0.017
ASN O 362 0.448
ASN CB 500 0.088
ASN CG 327 0.040
ASN OD1 484 0.459
ASN ND2 560 0.464
ASP N 229 0.301
ASP CA 370 0.011
ASP C 157 0.006
ASP O 3562 0.503
ASP CB 522 0.082
ASP CG 463 0.037
ASP OD1 522 0.546
ASP OD2 538 0.546
CYS N 75 0.400
CYS CA 110 0.036
CYSC 69 0.014
CYS O Tal. . . 0.583
CYS CB 160 0.100
CYS SG 151 0.139
GLN N 82 0.415
GLN CA 200 0.040
GLN C 114 0.009
GLN O 297 0.502
GLN CB 296 0.064
GLN CG 310 0.116
GLN CD 255 0.020
GLN 0OE1 351 0.453
GLN NE2 365 0.416
GLU N 213 0.343
GLU CA 348 0.040
GLU C 163 0.006
GLU O 392 0.513
GLU CB 497 0.070
GLU CG 532 0.109
GLU CD 510 0.014
GLU OE1 574 0.481
GLU OE2 552 0.469
GLY N 555 0.312
GLY CA 954 0.139
(continued)
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TABLE II (Continued) TABLE II. (Continued)
Surface-exposed Hydrations per Surface-exposed Hydrations per
occurrences accurrence occurrences occurrence
GLY C 542 0.028 PRO O 369 0.488
GLY O 725 0.521 PRO CB 455 0.132
HIS N 64 0.359 PRO CG 452 0.164
HIS CA 129 0.023 PRO CD 437 0.146
HIS C 45 0.022 SER N 372 0.245
HIS O 129 0.442 SER CA 881 0.022
HIS CB 162 0.099 SER C 276 0.000
HIS CG 67 0.060 SER O 558 0.491
HIS CD2 171 0.140 SER CB 828 0.150
HIS ND1 145 0.441 SER OG 814 0.568
HIS CE1 224 0.165 THR N 212 0.292
HIS NE2 187 0.353 THR CA 386 0.021
ILE N 79 0.380 THR C 154 0.000
ILE CA 124 0.024 THR O 419 0.601
ILE C 43 0.000 THR CB 501 0.054
ILE O 202 0.545 THR 0G1 629 0.536
ILE CB 112 0.018 THR CG2 669 0.193
ILE CG1 194 0.031 TRP N 42 0.429
ILE CG2 241 0.124 TRP CA 65 0.046
ILE CD1 264 0.087 TRP C 32 0.031
LEU N 159 0.584 TRP O 72 0.569
LEU CA 193 0.010 TRP CB 81 0.049
LEUC 130 0.000 TRP CG 5 0.000
LEU O 367 0.548 TRP CD1 87 0.149
LEU CB 315 0.035 TRP CD2 15 0.067
LEU CG 198 0.020 TRP NE1 86 0.349
LEU CD1 383 0.125 TRP CE2 20 0.100
LEU CD2 426 0.117 TRP CE3 37 0.027
LYSN 207 0.271 TRP CZ2 83 0.072
LYS CA 425 0.012 TRP CZ3 56 0.071
LYSC 213 0.009 TRP CH2 61 0.115
LYS O 468 0.474 TYR N 99 0.374
LYS CB 616 0.060 TYR CA 155 0.006
LYS CG 655 0.076 TYR C 68 0.074
LYS CD 703 0.081 TYR O 198 0.551
LYS CE 766 0.129 TYR CB 216 0.069
LYS NZ 811 0.476 TYR CG 46 0.022
MET N 35 0.486 TYR CD1 168 0.083
MET CA 66 0.030 TYR CD2 178 0.051
MET C 33 0.030 TYR CE1 250 0.068
MET O 66 0.591 TYR CE2 262 0.050
MET CB 76 0.132 TYR CZ 111 0.036
MET CG 95 0.095 TYR OH 356 0.635
MET SD 65 0.015 VAL N 166 0.482
MET CE 101 0.208 VAL CA 226 0.013
PHE N 69 0.406 VAL C 84 0.000
PHE CA 142 0.014 VAL O 339 0.534
PHE C 54 0.000 VAL CB 232 0.000
PHE O 1563 0.503 VAL CG1 459 0.085
PHE CB 172 0.029 VAL CG2 416 0.106
gg% g(D}l lég 883? *The average number of hydrations (bound water molecules)

per occurrence measures specific hydrophilicity and was caleu-

PHE CD2 157 0.076 lated by dividing the total number of water molecules bound
PHE CE1 142 0.099 closely to all surface-exposed atoms by the total number of
PHE CE2 187 0.048 surface-exposed occurrences of the atom.

PHE CZ 173 0.081

PRO N 63 0.016

PRO CA 285 0.049

PRO C 172 0.035

(continued)
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Fig. 4. Distribution of atomic hydration values. To determine
which atoms are similar or distinct with respect to water binding,
we graphed the number of atom types (e.g, Ala amide nitrogen,
Ala C_, . . ) at each hydration per occurrence value, Each atom
type contributed one vertical unit to the graph, and atoms were
grouped as described in the text. Oxygen atoms were the most
hydrated (top graph), with negatively charged oxygen (black bars)
slightly less hydrated on average than neutral oxygen (gray bars).

TABLE III. Specific Hydrophilicity Values for
Protein Atoms

Hydrations per occurrence®

Neutral oxygen 0.53
Negative oxygen 0.51
Positive nitrogen 0.44
Neutral nitrogen 0.356
Carbon, sulfur 0.08

*The average number of hydrations per occurrence was calcu-
lated over all atoms within each group (see text).

water molecules were also being assigned to carbon
atoms proximal to hydrophilic atoms.

Synthesizing Specific Hydrophilicity Values
for Functional Groups

To evaluate whether these five specific hydro-
philicity values for atoms (Table III), which are av-
erages over many atoms in many residues, can be
used to represent hydrophilicity in different con-
texts, atomic hydrophilicity values were summed for
the atoms in each of the 19 side-chain types to syn-
thesize side-chain values. Synthesizing atomic hy-
drophilicity values to calculate the hydrophilicity of
functional groups requires knowledge, or an esti-
mate, of the surface exposure of each atom. This re-
quirement is based both upon the assumption that
interaction with water requires surface exposure,
and upon our tests showing that when surface expo-
sure is ignored, the synthesized hydrophilicity val-
ues are consistently overestimated. However, a bi-

Nitrogens (center graph) were the next most hydrated, overlap-
ping the oxygen distribution, and positively charged nitrogens
(black bars) were somewhat more hydrated than neutral nitrogens
(gray bars). Proline’s amide nitrogen, with no hydrogen-bonding
capacity, had the lowest nitrogen hydration value (leftmost bar).
Carbon and sulfur atoms (bottom graph; note change of y-axis
scale) were the least hydrated, with sulfur values at 0.05 and 0.15
hydrations per occurrence.

nary measure of surface exposure—either an atom
is exposed and thus can bind water, or it is not ex-
posed and cannot bind water—was sufficient for
very good synthesized estimates of side-chain hydro-
philicity (see Fig. 2). We were unable to deduce any
simple set of atomic groups (e.g., neutral O, nega-
tively charged O, or other groupings based upon co-
valent bond partners and branching) that would
give good approximations of both the likelihood of
being surface exposed, and the average number of
bound water molecules; atom types with similar
likelihood of being surface-exposed do not group the
same way as atom types with similar hydration.
However, for an atom of unknown surface exposure,
the likelihood of surface exposure can be calculated
as follows. The probability that an Asp O, atom is
surface-exposed is simply (number of surface-ex-
posed Asp O, atoms in the database)/(number of
Asp residues in the database), or 522/660 (values
from Tables I and II). An estimate of the hydration of
an Asp O, atom of unknown surface exposure
equals its likelihood of being surface-exposed multi-
plied by the average number of waters bound to a
surface-exposed negatively charged oxygen atom
{found in Table III), or (522/660) x 0.51 hydrations
= 0.40 hydrations on average.

Good estimates of the observed side-chain hydro-
philicity values were obtained using this synthesis
procedure, as shown in Figure 2. Group atomic hy-
drophilicity values in Table III were multiplied by
the estimates of the atoms’ surface exposures from
the values in Tables [ and II. The correlation coeffi-
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cient between the synthesized (grey bars) and ob-
served side-chain values (black bars) in Figure 2
was 0.99, and between the synthesized side-chain
values and side-chain free energy of transfer from
cyclohexane to water®®'® was —0.94. The close
match between synthesized and observed values for
the chemically diverse side chains validates using
these atomic hydrophilicity values for measuring
the hydrophilicity of a variety of structural and
functional groups in proteins and protein-like mol-
ecules. In cases in which the solvent exposures of the
molecule’s atoms are known, hydrophilicity values
from Table IIT are summed only for the solvent-ex-
posed atoms, and no contribution is made for atoms
without solvent exposure. The application of atomic
hydrophilicity to study complementarity in protein
interfaces (e.g., the trypsin:pancreatic trypsin in-
hibitor and HIV protease:U-75875 interfaces dis-
cussed later in this paper) involves surface atoms
only; thus, the values in Table III can be used di-
rectly, without requiring an estimate of surface ex-
posure.

Comparing Atomic Specific Hydrophilicity
With Solvation Models

Rather than measure hydrophilicity from water
binding, other researchers have developed atomic
hydrophilicity scales by deriving best fits to transfer
free energy or solvent-exposed surface area mea-
surements for residues or their fragments. Holm and
Sander®® model the solvation preference of atoms in
proteins by evaluating the percent of each atom’s
neighbors that are protein, modeling the rest of
space as solvent, then calculating the likelihood that
each atom type will have a given percentage of sol-
vent neighbors. (The Holm and Sander solvation
preference value for an atom depends on the atom’s
degree of accessibility; therefore, there is no direct
way to compare solvation preference to specific hy-
drophilicity.) Eisenberg and colleagues® ! model
an atom’s free energy of transfer from the protein
interior into aqueous solvent by the product of the
atom’s accessible surface area and a solvation pa-
rameter specific to that atom group, which is derived
by fitting the sum of atomic values for each residue
to experimentally measured transfer free energy
values for residues®. Their order in solvation pa-
rameters is N*™ ~ O~ = O/N > S = C, where O/N
indicates that they assumed O and N to be equiva-
lent and grouped them before caleulating the solva-
tion parameter.

The scale of Lesser and Rose* models hydro-
philicity by mean atomic surface area buried upon
folding, yielding the hydrophilicity order O"/N* =
O/N > C/S. Abraham and Leo”® use partition coef-
ficients measured for many organic compounds to
derive free energy of transfer values for amino acid
fragments, resulting in a ranking of COO =

NHi = OH ~ NH, = 8 > C (see their Table 1).
Thanki et al.® tabulate the total number of water
molecules within 3.5 A of polar functional groups in
their study of the stereochemistry of protein—water
interactions. When we divided their total number
of water molecules per polar group by the total
number of residues containing that group (their Ta-
ble 3), the derived hydrophilicity order was O~ =
N'>0=>N.

Probing the Influence of Structural
Environment on Atomic Hydrophilicity

Our experimentally defined specific hydrophilic-
ity scale agrees with the consensus of the above -
scales, 0 = N™ > 8§ = C. To understand why we
find neutral oxygen to be hydrated similarly to neg-
atively charged oxygen (Table III), the neighborhood
of each oxygen or nitrogen atom was analyzed with
regard to how many hydrogen bonds the atom could
potentially form, how this number related to the
number of water molecules bound, and what balance
was attained in the competition between hydrogen
bonds to water molecules and to protein atoms. For
surface-exposed oxygen and nitrogen atoms, the per-
centage of potential hydrogen bonds to water mole-
cules (out of all possible hydrogen bonds) was esti-
mated by dividing the number of neighboring water
molecules (within 4 A) by the number of neighbor-
ing water molecules and protein atoms with appro-
priate hydrogen-bond (or salt-bridge) character. By
multiplying this expected percentage of hydrogen
bonds to water by the maximum number of un-
shared hydrogen bonds each atom can make (e.g., a
carbonyl oxygen can make 2 hydrogen bonds; an
amide nitrogen, one), the following numbers of hy-
drogen bonds to water were obtained: 1.53 per neu-
tral oxygen atom, 1.40 per positive nitrogen atom,
1.38 per negative oxygen atom, and 0.79 per neutral
nitrogen atom. This ranking in number of hydrogen
bonds to water (Q > N* ~ O~ = N) explains why
the atomic specific hydrophilicity scale ranks O =
O~ and N* = N. The greater hydration of O~ rela-
tive to N in the atomic hydrophilicity scale is con-
sistent with the stricter geometrical constraints on
hydrogen-bond angles for nitrogen atoms than for
oxygen atoms.'' The similarity in hydrogen-bond
and specific hydrophilicity ranking for atoms sup-
ports hydrogen bonding (and competition for hydro-
gen bonds by nearby protein atoms) as a major de-
terminant in water binding by protein atoms.

Atomic Electrostatic Forces Influence
Specific Hydrophilicity

Both electronegativity and charge delocalization,
in addition to hydrogen-bonding geometry, also tend
to make nitrogen atoms less hydrated than oxygen
atoms, consistent with specific hydrophilicity data.
Electronegativity makes O-H bonds more polar
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Fig. 5. Evaluating molecular recognition using
atomic hydrophilicity. The molecular surfaces of
bovine trypsin (left) and BPTI (right) buried in their
interface have been shifted apart sideways to al-
low comparison of the surfaces' specific hydro-
philicities. The inhibitory lysine of BPTI (right) pro-
trudes from the center of the surface and is
encompassed by the active site pocket of trypsin
(left). Solvent-accessible molecular surface points
were color-coded by the specific hydrophilicity val-
ues of atoms contributing to the surface, with a
gradient from most hydrophilic (blue) to least {red)
neutral oxygen, biue; negative oxygen, blue-
green; positive nitragen, green; neutral nitrogen,
yellow, carbon and sulfur, red. Note patches of
similar surface coloration between the trypsin and
inhibitor surfaces, indicating hydrophilic comple-
mentarity at the atomic scale. The hydrophobic
patch in the central pocket of trypsin's interface
surface is offset by three buried water molecules
(blue spheres in left figure), one making a critical
contact with the lysine side chain of the inhibitor.
These water molecules also contribute to favor-
able interactions with the lysine by providing hy-
drophilic contacts and filling small cavities in the
interface. See ref. 49 for a detailed analysis of
water binding to trypsin and ils aclive site. Trypsin
and BPTI structural coordinates are from Protein
Data Bank entry 1TPA %7 and buried surfaces
were calculaled using MS®' as described in Meth-
ods.

Fig. 8. Complementarity of atomic neighbor-
hood hydrophilicity between the HIV-1 prolease
and a high-affinity inhibitor, The solvent-accessi-
ble molecular surface?' of HIV-1 protease (Protein
Data Bank entry 1HIV) appears at bottom, sliced
along the long axis (from front of view to back) of
its cylindrical active site, with the elongated sur-
face of its semi-peptidyl inhibitor, U-75875 or
Noa-His-Hehy [CH{OHJCH{OH)] Vam-lle-Amp,“®
shifted above the ball-and-stick representation of
its atoms (carbon, green; nitrogen, biue; oxygen,
red). The white sphere in the background is Water
303, which binds to the main chain of the naph-
thoxyacetyl (Noa) residue in the inhibitor. Atomic
neighborhood hydrophilicity values, reflecting the
hydrophilic neighborhood that an atom on the ad-
jacent molecule senses upon binding, were calcu-
lated as described in Methods. Values for the pro-
tease and inhibitor were color-mapped to
distinguish peaks in the observed distribution of
alomic neighborhood hydrophilicity values (0-0.5
hydrations, red: 0.5-0.9 hydrations, yellow; 0.9—
1.4 hydrations, green; =1.4 hydrations, blug). Hy-
drophilic complementarity is apparent between the
backbone of the U-75875 inhibitor (blue regions
along long axis of the inhibitor surface at top) and
the active-site groove of the HIV-1 protease (blue
paiches on the protease surface beneath the in-
hibitor ball-and-stick model) and bound Water 303.
Complementarity of hydrophobic regions (yellow
and red) is seen between the inhibilor side-chains
and the active-site wall, at right.
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than N—H bonds. Therefore, oxygen atoms tend to
form somewhat stronger hydrogen bonds than nitro-
gen atoms, and thus be more hydrated than nitrogen
atoms. Charge delocalization from nitrogen, but not
oxygen, atoms onto adjacent carbon atoms®® also in-
fluences the atomic hydration values, tending to
lessen the hydrophilicity of nitrogen atoms, but not
oxygen atoms. With the exception of branching car-
bon atoms (which were consistently observed to
have reduced hydration regardless of covalent
neighbors), carbon atoms bonded to positively
charged nitrogen atoms were ~2 times as hydrated
as expected from their group values; enhanced hy-
dration of carbons atoms bonded to negatively
charged oxygen was neither observed nor expected.

Analyzing Hydrophilic/Hydrophobic
Complementarity at Molecular Interfaces

Just as the protein structural context gives in-
sights into the chemical and structural factors af-
fecting hydration, hydrophilicity values based on
hydration can provide insights into molecular inter-
actions at the atomic level. In protein—protein rec-
ognition, both shape and chemistry establish com-
plementarity. Coloring the interacting surfaces of
bovine pancreatic trypsin (EC 3.4.21.4) and bovine
pancreatic trypsin inhibitor (BPTI), Protein Data
Bank entry 1TPA,**~%7 by atomic specific hydro-
philicity values (Table III) reveals hydrophilic and
hydrophobic complementarity throughout the inter-
face (Fig. 5). Three-fourths of all hydrophilic regions
in each of the interfaces complement a hydrophilic
region on the other molecule, and two-thirds of all
hydrophilic regions show potential for complemen-
tary hydrogen bonds across the interface.

This method of analyzing hydrophilic/hydrophobic
surface complementarity, which also has been used
by others,?* shows very local surface complementa-
rity and is essentially equivalent to coloring surface
patches by atom type. An alternative, and possibly
more realistic, technique is to consider several
neighboring atoms’ contributions to the hydrophilic/
hydrophobic contact; this mirrors the fact that any
atom in the inhibitor is likely to contact several pro-
tein atoms simultaneously. We show this atomic
neighborhood hydrophilicity in Figure 6 for the in-
terface between HIV-1 protease and the semi-pepti-
dyl U-75875 inhibitor (Protein Data Bank entry
1HIV)*® by calculating, at each molecular surface
point buried in their interface, the average atomic
hydrophilicity within a 4 A sphere. By applying the
resultant atomic neighborhood hydrophilicity val-
ues as a color code on the molecular surfaces, the
strong hydrophilic complementarity between the
backbone of the inhibitor and the long groove axis of
the protease active site, as well as the hydrophobic
complementarity along the inhibitor’s periphery,
are evident (Fig. 6).

CONCLUSIONS

Specific hydrophilicity scales based on the binding
of water molecules to surface-exposed protein atoms
provide an experimental measure of water affinity
for any atom, functional group, or residue in the
context of the folded protein. The direct relationship
between this atomic hydrophilicity scale and its
structural database is advantageous because it al-
lows the roles of specific chemical and structural fac-
tors in protein—water interactions, including compe-
tition for hydrogen bonds, to be analyzed. The
appropriateness and applicability of the derived
atomic groupings were validated by close similarity
between the observed side-chain and residue specific
hydrophilicity scales and those synthesized from
atomic specific hydrophilicity values. For assess-
ment of water—protein interactions and hydrophobic
contacts relevant to a range of problems in drug
design and molecular recognition, these structure-
based, experimentally defined hydrophilicity scales
may prove especially useful for comparison to hydro-
philicity/hydrophobicity measured by bulk hydra-
tion.
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