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Abstract

The structure and dynamics of the water hydrating peptides and proteins are examined here at atomic resolution
via molecular dynamics simulations. Detailed solvation density and residence time data fonain®@o acids in
an end-capped AXA tripeptide motif are presented. In addition, the solvation of the protein chymotrypsin inhibitor 2
is investigated as a point of comparison. Residues on the surface of proteins are not isolated; they interact both
locally and non-locally in sequence space, and comparison of the solvation properties of each amino acid in both the
peptide and protein allow us to distinguish inherent solvation properties from context-dependent perturbations due to
neighboring residues. This work moves beyond traditional radial distribution functions and presents graphical
representations of preferential solvation and orientation of water by side chains and the main chain. The combination
of 0.3 ps of simulation data improves the statistical sampling over previous studies and reveals the significance of
bridging water molecules that stabilize and mediate side chain—side chain, side chain—main chain and main chain—
main chain interactions at the solvation interface.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction distribution functions, which are valuable as stan-
dards for theoretical endeavors. In addition, there

The structure and dynamics of pure water and have been many experimental studies of the sol-

the water—protein interface are critical components vation of simple organic molecules and iof{8—

in the behavior of biological systems. The work 5] and references thergin which show that

of J.T. Edsall and colleagues has done much to splvation of a solute induces fundamental changes

iluminate this arena of SCienCB]. Advances in in the Comp|exity of the first-shell hydrogen_

neutron diffraction equipment and isotopic substi- bonding networks of water with respect to the bulk

tution methods, as well as new methods for fitting [6—9. Such information has been used to build

experimental data, such as empirical potential ,54els of solvatior{10,11.

structure refinemenﬁZ], now provide error analy-_ Experimental studies of protein hydration in

sis of experimentally derived pure-water radial crystal structures[12,13, in combination with

*Corresponding author.. simulations based on crystal hydration data
E-mail address: daggett@u.washington.edV. Dagget). [14,1, have demonstrated preferential solvation
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and variations in local diffusion around classes of
atomic centers. NMR studies have also provided
much information about protein hydratigh6,17.

Theoretical studies have illuminated complex sol-
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differences in solvation behavior to the side chain
effects.

Radial distribution functiond RDF) are com-
monly used to present graphically the structural

vent-dependent processes, such as helix—coil tran-characteristics of solutions. Unfortunately, normal-

sitions in peptides and the formation @fhairpins
[18,19, the unfolding[20] and the collapse and
partial refolding of proteins in pure wat¢21—-23
and mixed solvent$22], and the nature of inverse
temperature transitions in elastin peptidéd], as
well as the fundamental hydration properties of
proteins(reviewed in[25,24).

Since its conception and later publication, the
flexible three-centeF3C) water model[27] has
been shown to be a good classical approximation
of water[7,27-29. The model’s ability to repro-

ized RDFs are not as meaningful for protein atoms
as for water, because the protéivater interface

is grossly asymmetric. Another approach is to use
raw pair distribution datanon-normalized RDF
pair count3. These are also radially tabulated, but
they are not directly comparable across residues or
charge groups. The analysis of peptide and protein
systems in solution, therefore, requires a method
for the normalization of water density around
specific charge groups. To this end, we present a
method of normalizing the raw counts of water

structural and dynamic, make it suitable for use in
solvation studies of organic molecules, peptides
and proteins, sugars and nucleic acids.

Here we present a minimal set of data to
demonstrate the applicability of the F3C water
model and a survey of water interaction with
peptides and the protein chymotrypsin inhibitor 2
(CI2). Further information regarding the parame-
terization of the F3C water model and its simula-
tion properties can be found elsewhd&7—31.
Here we supplement those previous studies by
focusing on the solvation of 20 end-capped ala-

nine-based tripeptides. These results are then com-

pared and contrasted with the results of similar
studies of a stable, well-studied protein system,
Cl2.

The examination of end-capped tripeptides per-
mits a view of the conduct of primitive model
systems in solution. The tripeptides are highly
mobile and the central side chain is forced to
interact with solvating waters. These tripeptides
are then very useful in determining the range of
possible solute behaviors for each residue. End-

capping to reduce charge effects and the choice of

the smallest possible side chain for the neighboring
residues(Ala) are important in allowing the side
chains to display many possible solvation states.
The length of the peptide chain in these simula-
tions severely limits the degree to which main-
chain groups can directly interact, further limiting

ized local-solvent function, which we call a solvent
density function(SDP).

Time-averaged images of local water oxygen
density and orientation persistence are used to
further augment information provided by these
normalized average densities. These images pro-
vide a graphical representation of local water
oxygen density around particular groups, as well
as measures of water orientation persistence. The
peaks and valleys of the solvent density function
can be clearly observed in these three-dimensional
images.

It is important to understand how the peptide
results apply to full protein systems. To this end,
the analysis methods employed for the tripeptides
have also been applied to CI2. In this way, we can
investigate the inherent solvation tendencies of the
amino acid side chains, as well as context-depend-
ent perturbations in the protein.

2. Methods
2.1. Molecular dynamics simulations

All simulations were performed using an in-
house version of the programncap [32], a
previously described force field for proteii33],
and the flexible three-centg=3C) water model
[27]. Molecular dynamics simulations were per-
formed in the NVE ensemble. A non-bonded
energy cut-off range of 8 A was used. A force-



D.A. Beck et al. / Biophysical Chemistry 100 (2003) 221-237 223

shifted truncation scheme was used to truncate 4mp .
smoothly the interaction energy and force values ”idea':T(r =) &)
[27,33. Systems were heated to 298 K and simu-
lations carried out for 15 ns. The first 1 ns Wheren(r,”’) is the raw count in a spherical shell
(5% 10P steps was designated for equilibration. ~ €xtending fromr to » from an atomic center
The pure water simulation consisted of 298 F3C factored by the number of atoms under consider-
water molecules at the experimental density of ation; niea(r,') is the number of atoms expected
0.997 gm cnmi® [34]. A total of 20 tripeptide in an ideal gas at the same density over the range
simulations were conducted, each substituting a r to r'.
different central residue into the acetylated and The asymmetry in peptide and protein confor-
amidated Ala-based tripeptide motif #@+X-Ala. mations results in the occlusion of the solvation
These systems were solvated with a F3C water shell volume of a given charge group by neigh-
box extending at leas8 A from any solute atom, boring protein atoms. Therefore, in a solvation
and the box volume was adjusted to reproduce the shell with radiusr,, the raw water oxygen counts
experimental density. The number of water mole- O(rs) require normalization before comparisons
cules in these simulations ranged from 397 to 488. can be made across residues and charge groups.
Cl2 was similarly solvated. The detailed CI2 pro- The normalization factor is the solvent-accessible
tocols have been documented elsewhise]. A volume of the shell. This volumeV(r,), for a
total of 0.33ps of simulation time was calculated. given charge group, was calculated by erecting a
0.2-A grid (where each grid point represents 0.008

2.2. Analysis of molecular dynamics simulations A®) over simulation space and counting the grid
points withinr, of any of the group’s atoms. Grid

Analysis of the molecular dynamics simulations POINts within the van der Waals volume of protein
utilized the final 14 ns at a sampling frequency of atoms were marked as occluded and not included

0.2 ps for a total of X 10* frames. For pure water in this volume sum. The accessible volume was
simulations, the self-diffusion coefficieltD) and averaged over the final 14 ns of each simulation.
radial distribution function(RDF) were deter- 1he normalized valuepo(ry) in Eq' (4), is the
mined. First, solvent-accessible shell properties Water oxygen(numbe) density A"%. Density val-
(water oxygen density and water oxygen residence UeS were multiplied by 1_00 to improve readab|I_|ty
time), solvent density functiofSDP), and orien- in Tables 2 and 3. For this study, the flrsgsolvatlon
tation persistence data were calculated for all Shell was considered to have of 3.5 A (the
simulations. Molecular dynamics data for 0.308 rationale for using this cut-off is explained belaw

ws of simulation time were analyzed in this o(ry)
manner. po(rd=—— 4
The pure-water diffusion coefficientD) was V(ry

computed from the mean square displacement of 114

) . . . solvent-accessible shell methodology
all atoms using the Einstein relatid@5]:

described above has been extended to produce a
1 solvent density function(SDF). In this method,
D=4 lim (|r(¢)—r(t)[) (D only non-occluded grid points in the shell frorg
o to rJ were included in the volume sum, denoted
wherer(z) is the atomic position at time In this as V(rgre). Similarly, only water oxygens in this
study A(#,¢') was 0.2 ps. The RDF values for the range were included in the raw count®(rgr¢).
pure water simulation were calculated using Egs. The shell number density for this range can be

(2) and (3) [36]: expressed as:
1 RE n(r,r') o O(rst'y
g[r—i— EA(F’F )] = 7nidea(r,r,) 2 po(rsr’ 9= Virary (5
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For these analyses, was enumerated from 1.5 to and SDFs developed here. It should be noted that
6.0 A with A(r.,rJ) of 0.1 A. there are other methods for the calculation of
Graphics that depict water oxygen density and residence times, e.g[40]. Other methods can
water orientation persistence were computed for produce higher residence times than the averages
all 20 residues in the central position of the AXA provided here. We have presented some compari-
tripeptide and for several surface residues of Cl2. sons using other methods, and, in general, the
For a given frame in the trajectory, the periodic qualitative/relative values are similar to those
box was re-centered on the resi€isleof interest presented in this work, although the absolute val-

using the best fit method of Kearslejd7] for ues can be sensitive to the method employed.
heavy atom positions to realign the protein to an
initial reference frame. Water counts and orienta- 3. Results
tions were calculated by erecting a 0.2-A grid and
sorting water oxygen atoms onto the grid. For 3.1. Liquid water
each water oxygen, a molecular bisector was cal-
culated extending to the midpoint of a line con- The SElf-diI’fUSiOﬂ coefficient for the F3C water
necting the two water hydrogen atoms. At the end model, 0.23 & ps* , is in excellent agreement
of the analysis ru7x10* frame3 the molecular ~ With the experimental value of 0.23°A p5 [44].
bisector vector for each grid point was averaged This agreement is important, especially considered
by the number of oxygen visits. A persistent In the context of the other, widely used water
orientation produces a longer vector, while a highly models[45]. The F3C model was parameterized
variable orientation produces a smaller, nearly t0 reproduce several other bulk properties through
point-like vector. It is important to note that the @ range of temperaturd27,3d, but these are not
molecular-dipole orientation vector cannot be used Strictly relevant to this study.
to distinguish between two configurations with _ Critical values for the water—water RDFs from
molecular bisectors that are parallel to one another. Simulation and experiment are shown in Table 1.
Images of these data were rendered using a locally The F3C simulation data exhibit a slightly exag-
modified version ofvoLscriPT [38]. Water ori-  gerated first peak3.18 pair3 as compared with
entation vectors are colored with the hydrogens at Neutron _ diffraction data of 2.760.32 and
the white end, fading to the appropriate color 2.79+0.30 palrs.[2]. Previous gOO expenme.ntal
(based on the density scalfer the oxygen. data[46] determined this peak to be 3.31 pairs at
As a measure of side-chain conformational sam- 2-/0 A—t0 which the F??C mOdE_" s in_best
pling, thex, and x, order parameters were calcu- agreement. X-Ray dlf_fractlon .StUd'eS at 298 K
lated [39]. The form of O(x,) is in Eq. (6). The suggest that the location of this peak may be as

. _high as 2.86°A[47]. Of particular importance is
éﬁa?r:dri:)bpi)ﬁ;amsrtggszicreases from 1.0 as Slde'[he offset of the second peak, which the F3C

model reproduces. Considering the experimental
1 error in data sets A and B, the F3C model
O(x.)=1— 5<Axn>2 () overestimates the number of pairs in the first peak
by fewer than 0.07 and 0.05 pairs’A , respective-
Residence times for the first solvent-accessible ly, for the range 2.67-2.73 A. This slight over-
shell (0.0-3.5 A are reported for the charge counting in the first-shell gOO is also reflected in
groups of all 20 amino-acid side chains. The the first shell gOH. As with the gOO, this value
residence time was considered to be the average(1.60 pairs is slightly left-skewed. The gHH peaks
amount of time a given water oxygen spent in the and valley from simulation are well within exper-
first shell—this value is averaged over all water imental error for both sets of experiments, with
molecules. As withvs in Eq. (4), 3.5 A was used the first peak(1.28+0.13 for A, 1.37A0.13 for
to delineate the end of the first solvent-accessible B) almost optimally placed by the F3C simulation
shell after examination of experimental RD2s4] in distance from the central ato®2.35 A). The
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average water residence time for the first solvation gens favor hydrogen bonds with first-shell waters
shell (0.0-3.5 A was 1.25+0.02 ps. Another  that bridge to semi-ordered second-shell waters
commonly used distance range, 0.0— 4.5 A, which (residue right in Fig. 1 off the NH3 head group.
counts many waters in the second solvation shell, The central Leu of the end-capped Ala tripeptide
gives an average residence time of 148809 ps. in Fig. 1b shows similar organization of solvent
waters around its amide hydrogen and carbonyl
oxygen. The hydrophobic terminal-methyl groups
of the side chain are solvated by two intersecting

3.2. End-capped Ala-based tripeptides

Fig. 1 depicts the time-averaged water oxygen
density and water molecular bisector orientations
with respect to two of the tripeptide central resi-

shells of disordered water. Imagés) and (b)
utilize the same numerical values for color scale
assignments of water oxygen density and strength

of molecular dipole orientation, and can therefore
be compared directly.

First-solvent-accessible-shell water oxygen den-
sity and the average water-oxygen residence time
amount of ordering(denoted by the length of for every residue’'s charge groups are listed in
water dipole orientation vectorson its first-shell ~ Table 2. Boxplots of data from like charge groups
waters. This ordering, in turn, establishes solid, across all residues are presented in Fig. 2. From
but less well-ordered water density in the second the data in Fig. 2a, there is a weak relationship
shell (concentration of red pointsThe molecular ~ between a charge group’s polarity and its first-
plane of first-shell waters tends to be parallel to shell water oxygen density. There is a stronger
the hydrophobic shaft of the side chain. Although relationship between a group’s polarity and its
these waters are unrestricted relative to thoseresidence time—groups that are charged and/or
hydrogen bonding directly with polar groups, they highly polar have longer residence times than non-

dues,(a) Lys and(b) Leu. In this figure, higher

local water density is indicated by blue points and
more persistent water dipole orientation by longer
vectors. The Lys NH head group exerts a fair

rarely situate themselves with their hydrogens
facing the hydrophobic portion of the Lys side-

polar/neutral groups (Fig. 2bAn example of the
effect of charge on residence time is t#sp and

chain stem—this has been observed for other Glu) carboxyl residence time of 5.390.01 ps,

aliphatic hydrocarbon chain§7,29. The main-

chain amide hydrogen is highly capable of hydro-
gen bonding to water oxygens, thereby inducing
local solvent structure. Main-chain carbonyl oxy-

Table 1

which is higher than any other polar group and
much higher than any non-polar group.

Solvent density function plots calculated from
four of the tripeptide central residues are presented

Critical values of radial distribution function for all water from 15-ns molecular dynamics simulation

RDF pair Name First peak First valley Second peak
g height A g height A g height A
goo F3C 3.18 2.70 0.82 3.30 1.04 4.45
Exp. A 2.75+0.32 2.73 0.780.14 3.36 1.16-0.13 4.50
Exp. B 2.79+0.30 2.85 0.940.17 3.63 1.1%0.13 4.26
goH* F3C 1.60 1.65 0.18 2.35 1.49 3.20
Exp. A 1.12+0.16 1.77 0.220.05 2.40 1.5%0.10 3.33
Exp. B 1.09+0.14 1.83 0.25-0.05 2.43 1.55-0.10 3.30
gHH? F3C 1.34 2.35 0.69 2.95 117 3.90
Exp. A 1.28+0.13 2.34 0.76-0.08 2.94 1.16-0.07 3.84
Exp. B 1.3A40.13 2.34 0.820.08 291 1.820.07 3.75

There were 298 molecules of F3C water at experimental density in the periodic box. Statistics were calculated over the last 14

ns with a sampling frequency of 0.2 ps. Experimental data are from neutron diffraction with isotopic subsfzi&&n

2Intramolecular pairs are ignored.
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in Fig. 3. Two oppositely charged residugs) four residues—the same is true foGnd Gx
Asp and(b) Lys, are shown as models of polar groups, where the first peak has contributions from
amino acids. The first solvation shell of the Asp waters interacting with both the main-chain amide
carboxyl group is highly populated over a narrow and carbonyl groups. Differences in the profiles
(~05 A) range. The main-chain polar groups for the main-chain amide group are dendipeak
have slightly broader first site peaks at predictable heigh, but not distancépeak locatiop depend-
distances. Lys has somewhat similar main-chain ent. The trend of most groupsyl6 A to have
characteristics, although the main-chain amide is similar shell water density is an indication that at
much more densely solvated than that of Asp. this distance, most waters appear as bulk to the
Also in Fig. 3 are SDF data from an aromatic solute. This is not true for a few select atoms,
residue, (c) Tyr, and an aliphatic hydrophobic which are within the structural core of a residue
residue,(d) lle. Main-chain carbonyl groups have and still have a fair number of peptide atoms at
SDF profiles that are fairly consistent across these this distance with their own local solvent structure.

Fig. 1. Stereo images of time-averaged water oxygen density and orientation persistence. Data collected from molecular dynamics
simulations of(a) Lys and(b) Leu substituted into the end-capped AXA tripeptide motif. Areas of high water oxygen density are
shown with points and vectors. The density color scale is ascending ROY&B orange, yellow, green, blueVector length

indicates orientation persistence for an area of high density. For reference, the final simulation structure of the central residue is
displayed with ball and stick.
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3.3. Chymotrypsin inhibitor 2 Table 2

227

Properties of the hydration shell and side chains of all20nino

A native simulation of Cl2 was chosen to

acids in the tripeptide A-X—-Ala

illustrate protein—water interactions. CI2 is very central
stable in simulations and has been extensively residue
studied in vitro and in silicd30]. Fig. 4 is the 15-

ns snapshot of CI2. It is apparent from the explicit Non-polar; aliphatic

residues in this figure that side chains interact with €V

one another on the protein surface and that not all

‘surface’ residues are totally exposed to solvent. a5

This partial solvation is the case for both hydro-

phobic and polar residues, as well as structured

and unstructured parts of the protein. To illustrate .

this behavior, we focus on two examples: Asp 52 o, )-0.99
and Lys 53, which are the first two residues in a o(y,)=0.99
solvent-exposed loop that ends at Asn 56; and Tyr

42, lle 44 and Val 63, which participate in a
solvent-exposed hydrophobic cluster.

Such side chain—side chain interactions can V&
interrupt some protein—water interactions and per-
turb others. Fig. 5a portrays the 15-ns snapshot
focusing on Asp 52 and Lys 53. As with the Lys
tripeptide, the first-solvation-shell waters have
molecular planes parallel to the side-chain hydro- Leu
phobic stem. Another view of the Asp 52 and Lys ©(x2)=0.63
53 neighbors is shown in Fig. 5b. Note that the
amide hydrogen of Asp 52 and the carbonyl of
Asn 56 are hydrogen-bonded at the entrance of
the loop. The core loop region, formed by Lys 53,
Leu 54, Asp 55 and Asn 56, is ‘crowned’ by the lle
water molecule in the center of the snapshot. The ©(x2)=0.93
core residues of the loop are forming hydrogen
bonds to the crown water with their main-chain
amide hydrogens. Leu 54, in particular, has a short
hydrogen bond with the crown water. The signifi-
cance of the crown water is demonstrated by the Aromaric
high average residence time of 12:82.84 ps. Phe
Residues 52-55 have their main-chain carbonyl
vectors oriented away from the loop itself. A
second watefcenter top of the imagecoordinates
with the Asp 52 side-chain carboxyl group, the
crown water and another main-chain amide group
to further stabilize this loop.

Hydration-shell water statistics for these resi-
dues are provided in Table 3. The carboxyl groups Tyr
and main-chain carbonyl group of Asp 52 have O(x)=054
much higher water oxygen residence times and ©(2)=0:36
water density than the tripeptide. The Lys 53 side-

Group Shell Residence

densify time®
(X107 A% (p9

NH 2.48 1.02
Ca (CHy) 2.56 0.73
co 2.79 1.13
NH 2.72 1.40
Ca (CH) 2.72 0.68
CB (CHy) 2.22 0.73
co 2.84 1.26
N 0.87 0.24
Ca (CH) 3.28 0.97
CB (CHy 2.37 0.65
Cy (CHy) 2.25 0.61
Cd (CH,) 2.40 0.65
co 2.94 1.61
NH 3.44 1.86
O(x,)=0.87  Ca (CH) 2.38 0.71
CB (CHp) 2.27 0.86
Cy* (CHy) 1.93 0.44
Cy? (CHy) 1.90 0.45
co 3.20 1.64
NH 3.24 1.84
Ca (CH) 2.42 0.61
O(x2)=0.53  CB (CH) 2.94 0.86
Cy (CH) 2.27 0.50
C3* (CHy) 2.05 0.60
C32 (CHy) 2.02 0.61
co 2.87 1.33
NH 3.40 2.31
Ca (CH) 2.76 0.65
O(x2)=0.60  CB (CH,) 3.46 0.90
Cy? (CHy) 1.99 0.66
Cy*' (CHp) 2.14 0.55
C3 (CHy) 2.01 0.59
co 3.10 1.38
NH 3.29 1.72
O(x1)=0.60  Cua (CH) 2.85 0.70
O(x2)=0.19  CB (CHp) 2.60 0.79
Cy (C) 1.72 0.36
C3! (CH) 2.26 0.50
Ce! (CH) 2.18 0.49
C¢ (CH) 2.17 0.51
Ce? (CH) 2.21 0.49
C52 (CH) 2.34 0.51
co 2.91 1.38
NH 2.57 1.35
Co (CH) 2.89 0.75
CB (CHyp) 2.52 0.77
Cy (C) 1.48 0.34
C3! (CH) 2.28 0.54
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Table 2(Continued) Table 2(Continued)
Central Group Shell Residence Central Group Shell Residence
residue density timeP residue density timeP
(X102 A™®) (p9) (X10* A™®) (p9
Ce' (CH) 2.45 0.56 Sy (SH) 1.75 0.27
Ct (O 341 0.46 CcO 2.80 1.27
RO 2B D oo craed
R Asp NH 2.65 1.34
C32 (CH) 221 0.54 O(x,)=0.88
co 3.32 1.38 X1 . Ca (CH) 3.60 0.93
Trp NH 291 1.68 O(x2)=0.35  CB (CH,) 3.32 0.97
O(x)=057  Ca (CH) 2.61 0.66 Cy (COO) 3.23 5.40
O(x;)=0.18  CB (CH,) 257 0.80 co 4.76 131
Glu NH 3.19 1.75
Cy (O 1.62 0.36 _
Cs? (CH) 212 0.55 O(x1)=0.62  Ca (CH) 2.52 0.64
Net (NH) 2.12 0.74 O(x»)=0.88 CB (CHyp) 3.73 1.00
C&? (C) 2.17 0.43 Cy (CHp) 3.12 0.78
C¢* (CH) 2.20 0.51 Cd (COO) 2.99 5.38
Cm (CH) 2.10 0.50 CcOo 2.75 1.22
C¢? (CH) 2.10 0.50 Arg NH 291 1.54
Ce® (CH) 2.19 0.51 O(x1)=0.47  Ca (CH) 2.64 0.67
C32 (C) 2.67 0.43 O(x2)=0.81 CB (CHyp) 2.82 0.83
co 2.93 1.3t Cy (CHy) 2.40 0.67
Polar, uncharged C3 (CHyp) 2.49 0.74
Asn NH 2.84 1.64 Ne (NH) 2.15 0.93
O(x)=0.76  Ca (CH) 2.63 0.67 Ct (O 2.44 0.42
O(x2)=0.54  CB (CH,) 2.81 0.89 Nn® (NH) 1.94 1.04
Cy (CO) 2.32 1.01 N2 (NH) 2.03 111
NS (NH,) 1.99 0.75 CcO 2.96 1.33
co 3.06 1.25 Lys NH 2.79 1.69
Gin NH 330 1.45 O(x1)=0.62  Cu (CH) 2.48 0.64
O(x)=0.60  Cu (CH) 3.02 0.77 Ox2)=064  Cp (CH,) 2.70 0.83
O(x2)=0.59  CB (CH,) 2.73 0.78 Cy (CHy) 2.33 0.63
Cy (CO) 2.39 0.63 Co (CHy) 2.56 0.68
Cs (CO) 2.20 0.96 Ce (CHp) 2.45 0.61
Ne (NHy) 1.94 0.73 N¢ (NH3) 1.58 1.63
CcO 3.06 1.40 CO 2.85 1.32
Ser NH 2.53 1.17 His NH 2.84 1.69
Ca (CH) 3.14 0.85 O(x1)=0.52  Ca (CH) 2.68 0.70
CB (CHy) 2.59 0.72 CB (CH,) 2.70 0.82
Oy (OH) 2.42 1.06 Cy (O 0.98 0.30
co 3.34 1.37 N3* (NH) 2.17 0.70
Thr NH 2.48 1.34 N32 (N,2CH)  2.07 0.75
Ca (CH) 3.15 0.86 co 2.88 1.25
CB (CH) 3.00 0.70
Oy* (OH) 253 1.12 Statistics are calculated from the last 14 ns with a sampling
Cy2 (CHy) 225 0.72 frequency of 0.2 ps.
co 3.52 1.45 #Water oxygen density in the first solvent-accessible (=15
Met NH 3.12 154 3.5 A). The range of standard deviations for density values in this
O(x)=061  Ca (CH) 2.68 0.69 able is 0.12-02810° A %, . .
CB (CHy) 2 E3 077 Water oxygen residence time in the f|r§t _solvent-acc_essmle
shell (0.0-3.5 A. The range of standard deviations for residence
Cy (CHy) 2.04 0.57 time values in this table is 0.01-0.11 ps.
S5 (S) 1.55 0.27
Ce (CHy) 1.92 0.56
co 2.97 1.32
Cys NH 2.70 1.72
Ca (CH) 2.34 0.63

CB (CHy) 2.37 0.74
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Fig. 2. Properties of water oxygens in the first solvent-accessible shell of tripeptide charge dgedupater oxygen density; and
(b) water-oxygen residence time in the solvent-accessible volume extending 3.5 A from a given group. In parentheses is the number
of samples that contributed to the statistics from the 20 end-capped AXA tripeptide simulations. Aromatic charge groups are denoted

with an ‘a’ before their name. Water—water simulation data are shown for reference.

chain amide group and main-chain carbonyl group distance of 6.2#0.91 A, and lle 44 and Val 63,
have higher residences time when compared with 3.86+0.76 A. The accessible first-solvation-shell
the tripeptide data. water oxygen properties for these residues are
The time-averaged water density and molecular reported in Table 3. The Tyr statistics for both
orientation image for these residues are shown in properties appear very similar to those from the
Fig. 6. Areas of low solvent water density illustrate tripeptides, and indeed this residue is exposed to
the volume excluded to water by side chain inter- solvent in much the same way as in the peptide
actions and neighboring residues. Also present aresimulations. The exception is the higher residence
two hyper-ordered water bridges between the main- time of 2.12 ps for the carbonyl group as compared
chain polar groups shown by molecular dipole with 1.38 ps in the peptides. Some water is
orientation vectors of the blughigh water density excluded from lle 44 by the bulky Tyr 42, which
fading to white(water hydrogeh may account for its much lowerdCsolvent density
The SDF data for Asp 52 and Lys 53 are plotted and lower main-chain residence times. Val 63 is
in Fig. 3e,f, respectively. The Asp amide does not oriented such that the N-terminal portion of its
have a first solvation site peak, as is present in the backbone and most of its side chain are not
tripeptide plot(a). Lys 53 has a wider first site  exposed to solvent. TheC lies closest to solva-
peak than that of the tripeptide Lyb); this group tion waters, which is reflected in a higher solvent
also has a pronounced second peak at 3.6 A. Indensity than most of its other groups, but lower
addition, most of the side-chain aliphatic hydro- still than the tripeptide data. The Val 63 carbonyl
carbon groups have right-shifted peaks with respect group has an extremely high density.
to the tripeptide. Finally, in Fig. 3g,h, SDF plots for Tyr 42 and
A hydrophobic cluster is formed by Tyr 42, lle lle 44, respectively, are shown. The Tyr 42 hydrox-
44 and Val 63 on the surface of CI2. Over the last yl group has an exaggerated first peak over the
14 ns of the simulation, Tyr 42 and lle 44 have a tripeptide (c). Also different is the main-chain
mean side-chain distance of 4:65.69 A. Simi- amide group, which has a wider, reduced-density
larly, Tyr 42 and Val 63 have a mean side-chain first site peak. lle 44 is the most strikingly different
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Po(3.5A) x 10°

pol(3.5A) x 10°

po(3.5A) x 10?

Pol3.5A) x 10°

Fig. 3. Solvent density function plots of four residues in varying solvent environments. Data presented are from simulédiens of
d) end-capped AXA tripeptides an@—-h CI2. Residues arela,e Asp; (b,f) Lys; (c,g) Tyr; and (d,h) lle. Asp 52(e) and Lys

53 (f) are directly interacting at side chain termini and the backbone is initiating a crowned loop. Tgp 42d lle 44(h) are
involved in a solvent-exposed hydrophobic patch.
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e Lys 53

r’Asp 52

Fig. 4. 15-ns snapshot of CI2 from molecular dynamics sim-
ulation at 298 K. Two sets of locally interacting surface resi-
dues have been explicitly displayed: the local polar interaction
of Asp 52 and Lys 53; and the hydrophobic cluster formed by
Tyr 42, lle 44 and Val 63.

(b)
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when compared to the tripeptide SDe)—the
amide peak is dramatically attenuated and wid-
ened, while the @ first site peak is completely
absent.

4, Discussion

Both the macroscopic and microscopic structural
and dynamic properties of liquid water at 298 K
are well reproduced by the F3C water mog&r].
Dynamic properties, such as the self-diffusion
coefficient, are important indicators of the accu-
racy of solvent model behavior, as well as the
simulation protocols. The experimental value for
self-diffusion is easily and accurately obtained.
Structural quantities, such as the radial distribution
function, solvent density function and solvation-
shell water oxygen statistics, give well-defined
descriptions of average water structure.

The choice of 3.5 A as the distance cut-off for
the first hydration shell is appropriate, as it cap-
tures only those pairs in the first peak, i.e. it most
precisely maps the waters of hydration to the
charge groups under investigation. Other studies
have used 4.5 A as the end of the first shell—this
cut-off counts many pairs that are truly in the
second shell. Further evidence for the use of a

Fig. 5. Snapshots from CI2 simulation focusing on Asp 52 and Lys(&Bthe side chaingAsp 52 left, Lys 53 right with first
shell waters(H,O oxygens in green and (b) the five-residue loop, starting at Asp 52 and its crowning water and associated

hydrogen bonding networkdashed lines).



232

Table 3
Properties of the hydration shell and side chains of CI2

Residue Group Shell Residence
density*. timeP
(X1? A™®) (ps
Polar, charged
ASP 52 NH 0.56 0.22
O(x,)=0.98 Ca (CH) 5.64 0.71
O(x2)=0.93 CB (CHp) 4.77 1.20
Cy (COO) 3.45 6.49
co 3.97 2.16
Lys 53 NH 6.90 1.54
O(x1)=0.80  Cq (CH) 2.47 0.75
O(x2)=0.85 CB (CHp) 3.46 0.88
Cy (CHy) 2.71 0.69
Cd (CH,) 2.46 0.74
Ce (CHp) 2.53 0.71
NZ (NH,) 2.09 1.76
co 2.56 2.07
Aromatic
Tyr 42 NH 2.63 1.16
O(x,)=0.98 Ca (CH) 2.33 0.68
O(x2)=0.54 CB (CHp 2.35 0.78
Cy (C) 1.43 0.37
C3! (CH) 2.05 0.54
Ce! (CH) 2.14 0.55
Cct (O 3.33 0.43
On (OH) 2.17 1.15
Cs? (CH) 2.42 0.66
C52 (CH) 2.19 0.54
co 2.99 2.12
Non-polar, aliphatic
lle 44 NH 4.68 1.59
O(x1)=0.36 Ca (CH) 0.10 0.38
O(x2)=0.87 CB (CH,) 1.78 0.61
Cvy? (CHy) 1.66 0.74
Cy* (CHp) 2.76 0.77
Cd (CH,) 1.97 0.63
co 3.03 1.37
val 63 NH 1.34 0.35
O(x,)=0.98 Ca (CH) 0.27 0.34
CB (CHp) 0.06 0.47
Cy* (CHy) 0.06 0.39
Cy? (CHy) 1.46 0.62
co 7.39 2.20

Statistics are calculated from the last 14 ns with a sampling
frequency of 0.2 ps.

a\Water oxygen density in the first solvent accessible ite0—
3.5 A). The range of standard deviations for densities in this table
is 0.20-0.34 10 A~3.

b Water oxygen residence time in the first solvent accessible
shell (0.0-3.5 A. The range of standard deviations for residence
time values in this table is 0.02—-0.25 ps.

D.A. Beck et al. / Biophysical Chemistry 100 (2003) 221-237

short cut-off distance for the hydration shell can
be found in a recent study describing very good
agreement between simulation and experiment
[41], in which the authors concluded that the first
hydration layer is approximatel3 A thick. In
addition, Perutz et Oal[42] also asserted that the
hydration layer is 3 A, based on Perutz’s findings
in 1946 that these waters are unavailable as a
solvent for diffusible electrolytes. Finally, recent
studies by Zewail and co-workers aimed at map-
ping protein hydration on the femtosecond times-
cale support the residence times described in this
work [43]. They found that the primary component
of dynamic solvation times is 1.1 ps—a value in
good agreement with the average residence times
calculated using the methods employed here.

The hydration shell properties are useful as
references for bulk solvent behavior. Water that is
perturbed by protein atoms will have dramatically

Fig. 6. Time-averaged water oxygen density and orientation
persistence data for the CI2 simulation. Only density and atoms
within a 10-A radius of Asp 52 and Lys 53 are displayed. Areas

of high water oxygen density are shown with points and vec-

tors. The density color scale is ascending ROYGB. Vector

length indicates orientation persistence for an area of high den-
sity. For reference, the final simulation structure for the resi-

dues used in frame alignment is displayed with ball and stick.

Neighboring residues are displayed with lines between atomic
centers.
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different structural and dynamic characteristics. clearly by the ‘tufts’ of water in Figs. 1 and 6. In
From extension of the SDF for terminal methyl all cases, the main-chain amide and carbonyl
groups of the lle in a tripeptide to 8 A, it is groups were able to hyper-orient waters. It is not
apparent that waters beyond 7 A have bulk prop- uncommon to find tufts from two oppositely
erties—this is in agreement with other theoretical charged groups that are clearly interacting with
studies[43]. one another indirectly through a water, or directly
When considering the tripeptide simulations, it with water solvating the interaction.
is important to note how free the central residue  Aliphatic hydrocarbon groups exhibit decreasing
is to sample local solvation configurations. The first-shell solvent density with increasing number
residue is relatively unconstrained compared with of hydrogens, in agreement with previous theoret-
a surface residue in a protein system such as Cl2.jcal studies of the solvation of hydrocarbon chains
In this tripeptide motif, there are very few steric [29]. The outliers and distribution skews in the
restrictions from the peptide chain and no bulky statistics for these groups are a result of highly
neighboring residues. As a result, these systemspolar neighboring groups, such as COO and
provide excellent descriptions of possible solvation NH+. Not one of the solvent densitgrientation
sites and the expected behavior in fully solvent- persistence images shows these hydrocarbon

exposed situations. _ _ groups ordering first-shell waters. The residence
Despite the lack of a strict correlation between {ime for all groups of this type is sub-picosecond.
the polarity of a charge group and its first-shell  Aromatic groups have low residence times, but

solvent density in the boxplot of Fig. 2a, several 5 yery concise density range. This is a result of
interesting relationships are observed. Positive hoqny jgentical environments for most of these
c_harge groups eXh'.b't Iower' first-shell solvent den- groups—they are found clustered together on the
sity and higher residence times than most groups. rings, and thus experience very similar solvent

\Ilzvrotmr Filr?Sthil ar?d” 6’r ltV\(/:al? ?g ?bje_{_\;]ed th?t the conditions. The aromatic single-atom grougsr-
aters S Shetl are Well ordered. 1hese groups 1, ¢ and the N in Ppoand the neutral sulfur have
will hydrogen bond to a water oxygen—this ori- . : . )
very low residence times, reflecting their lack of

?e':,t,aetrloge(goé)gsegf 'Prezgg£%g:og]znﬁ gfg)ge errTltgso nd charge. In these cases, their local environments are
Y " much more a function of neighboring charge

and by association reduces the freedom of Othergroups. Like the aliphatic hydrocarbon groups,

potential hydrogen-bonding partners. As a result, .

fewer waters can occupy this shell. The residence there are no example_s of directly ordere_d_ waters

times for positively charged polar groups increase around these groups in the solvent densityen-
tation persistence images.

with polarity and available hydrogen bonding sites . i ) , -
(i.e. number of charge group hydrogensThe There is a relationship between a group’s ability

water oxygen is electronegative, and therefore has !0 orient local solvent molecules and the residence
a deep interaction-potential well with these groups. time of local waters. What is not clear is the nature
The depth of this well contributes to the residence Of this relationship. Is it the case that, by being
times. able to hold an individual water for a long period
Negative charge groups have higher first-shell Of time, a charge group can orient the water? Or,
density, in addition to longer residence times, when is it the opposite: by orienting a water to optimize
compared with most other groups. The residence its interaction, a group can hold it for a long period
times of Asp and Glu carboxyl groups are more of time? The latter is more likely—a water entering
than two-fold as long as any other group. These into a group’s solvation shell in a favorable ori-
negatively charged groups effectively orient the entation will have a longer residence time than
molecular bisector of solvent-accessible shell one entering in an unfavorable orientation. In
waters(Figs. 1 and &. conjunction, highly polar groups have the ability
Every polar side-chain group organizes one or to recruit and pre-orient waters at longer distances,
more water solvation sites. Examples are shown thereby increasing the local water residence time.
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An interesting feature of the SDF plots in Fig. high solvent density of polar groups when in
3, which is reflected in the statistics in Tables 2 hydrophobic contexts, as previously mentioned.
and 3, is the prominent increase in water oxygen The Lys 53 amide peak is much wider than the
density around the main-chain groups, the amide tripeptide peak for this amino acid. This perturba-
group in particular, of residues with hydrophobic tion may be the result of competition between the
side chains. This main-chain effect occurs even in NH groups of four residues for the crown water.
the cases of Arg and Lys, where the side-chain The N has only a slightly lowered peak, suggest-
polar groups are relatively distant from the main ing that its interaction with the Asp 52 carbonyl
chain. This finding suggests that these main-chain group only partially excludes water; indeed, from
groups enjoy more water interactions when there Fig. 6 it is possible to observe that this interaction
are fewer favorable interaction partners for water, is mediated by a water with a high average
i.e. more hydrocarbon and neutral groups in the residence time of 22.684.2 ps, and may neces-
local environmen{ <6.0 A). Furthermore, hydro- sitate its presence for formation. The pronounced

phobic groups sample fewer waters with shorter Second NH peak at 3.6 A arises from the crown-
residence times. water hydrogen bonding partfe) in the first

In protein systems, using CI2 as an example, shell of the side ch_air), possibly even the Lys 53
residue movement is rather restricted by contacts Né—ASP 52 Gy mediating water. , _
with neighboring residues and main chain orien- N both the tripeptides and CI2, main-chain and
tation. As a result, surface residues sample solventSide-chain polar groups can indirectly interact
less freely than when contained in a peptide. The through first- and second-solvation-shell bridging
extent of side chain mobility can be quantified waters. This effect is reflected in the short orien-
through, and x, order parameteréTables 2 and tation vectors in Fig. 1 and the. crown water of the
3). It is notable that the selected surface residues cc::rlozwﬁs\?va?gr_t)r/iz 5e35 lgoge;eglcoﬂq;?n Fclz?\éi?{—-;h;n
of CI2 exhibit order parameters closer to 1.0 than L onag o .
those from the tripeptide simulations. This lack of Cht?:n mt;ahractlmls, n a}[ﬂdltlon to;yirﬂ?eptgondln_g
o . N with another water in the second shell of the main
;:gfnd?r?; Ifriggglfggy dr:tsapcigsglgbelﬁef?azlthr?OSVee\c:POt%Se chain. This second water is in the first shell of the
ok - ’ ’ Asp 52 carboxyl group. A similar configuration is
characteristic tufts of persistently oriented waters sarelpled by tr)(e gLySp head-group firs%—solvation-
around solvent-exposed polar groups in the tripep-

ide simulati | b d for th : shell water and the main-chain crown water. In
tide simulations are also observed for the surface his manner, main-chain and side-chain solvation

residues of CI2. shells are inextricably linked by water—water inter-
The SDF profiles for Asp 52 and Lys 53 have gctions between them.
significant deviations from their tripeptide equiv- This crown water bridging may seem startling,

alents. Asp 52 does not have an amide first- pyt a cursory search of the Protein Databank
solvation-site peak, due to its stable and tight (ppB) turned up over 1000 structures with a water
hydrogen bond with the carbony! of the loop exit oxygen within 3.5 ‘A of four consecutive main-
residue, Asn 56, and the exclusion of water by the chain amide nitrogens. Of these structures, 41 have
hydrophobic side chains of Val 51 and lle 57. resolution at or below 1.3 A. Inspection of random-
These hydrophobic caps serve to protect the inter-ly chosen structures indicates that this solute
action from interference and competition from solvent configuration occurs even in static,
water, thereby increasing the integrity of the loop. low-solvent-content crystal structures. Most of
All of the other Asp 52 groups have higher, and these randomly chosen structures exhibit this con-
in some cases wider, peaks. The differences in figuration in loop regions(often with higher B-
these peaks is an indication of the desire of water factor9 and in two distinct types: one crown water
to solicit alternative interactions with neighboring with the main-chain amides of the loop residues
groups when polar groups are unavailable for oriented towards it; and two crown waters on
partnering; this is an interesting corollary to the opposite sides of the main-chain loop. In this latter
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motif, two amides interact with one of the crown
waters, while the other two interact with the second
crown water. Indirect main chain—side chain inter-
actions of this type could have important implica-
tions for flexible portions of proteins that become
immobilized in response to exclusion from solvent
or the introduction of neighboring polar groups.
For the hydrophobic cluster on the surface of
CI2 (Tyr 42, lle 44 and Val 68 much is revealed
in the density and residence time values in Table
3, as well as the SDF profiles in Fig. 3. For Tyr

235

higher residence times and more ordered first-shell
waters. A more mixed relationship exists for den-
sity and polarity: negatively charged groups have
higher first-shell density than positively charged
groups. Non-polar groups fall into the middle of
the range of hydration density values, with totally
neutral groups at the low end.

Polar groups can be preferentially solvated over
their less polar neighbors, especially when in the
context of hydrophobic groups. Hydrophobic
groups are unable to orient local waters and are

42, the widened SDF peaks and elevated density often observed with their solvation water planes
demonstrate preferential solvation of polar groups parallel to the hydrocarbon chain. The low water
(in this case, the hydroxy| allowing neighboring  density and residence time around these groups
hydrocarbon groups to participate in hydrophobic leaves them free to sample more solvent configu-

interactions. Tyr, with its mix of aliphatic and
aromatic hydrocarbons and well-dispersed polar
groups, is well suited to cap the cluster and act as
a solvent interface. There are also solvent interfac-
es for this cluster at the lle 44 amide group and
the Val 63 main-chain polar groups, which accept
a much elevated solvent density in exchange for
burial of their hydrophobic groups. For Val 63,
this is extreme, with the carbonyl exposed to two
orders of magnitude more solventA  than some
of the hydrophobic groups of the side chain.

These data, in conjunction with the elevated
density of polar groups in hydrophobic contexts
from the tripeptide simulations, demonstrate that
polar groups can aid in the formation and stabili-
zation of hydrophobic clusters. By accepting more
interactions with local waters, polar groups enrich
their local water density from the hydration shell
of neighboring hydrocarbon groups, thereby allow-
ing them to pack in the relative absence of water.
Furthermore, when an environment is flooded with
hydrocarbons, such as the cluster of Tyr 42, lle 44
and Val 63, these groups can exhibit higher local
solvent density—similar evidence has been exper-
imentally observed in binary methar@ater
mixtures[48].

5. Conclusions

There is a clear correlation between charge
group polarity, solvent-accessible shell-water resi-
dence times and local water orientation. Groups
that have deep interaction-potential wells have

rations and form interactions with other neighbor-
ing groups. The combination of freedom and
polar-group overloading permitgartial) burial of
hydrophobic groups to form patches and clusters
on a protein’s surface.

Finally, the solvation shells of the main chain
and side chain groups, for all residues, are entan-
gled by the water—water interactions between
them. Water directly mediates a variety of inter-
actions, including the crown water motif and main
chain—side chain bridges. Orientation of water
around salt bridges is stabilizing. In some circum-
stances, water must be excluded in order to pre-
serve the integrity of polar interactions and reduce
competition for interaction sites.
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