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A new method is presented for determining the hydration site of proteins, where the effect of structural
fluctuations in both protein and hydration water is explicitly considered by using molecular dynamics
simulation (MDS). The whole hydration sites (HS) of lysozyme are composed of 195 single HSs and 38
clustered ones (CHS), and divided into 231 external HSs (EHS) and 2 internal ones (IHS). The largest CHSs, ‘Hg’
and ‘LP’, are the IHSs having 2.54 and 1.35 mean internal hydration waters respectively. The largest EHS, ‘CIft’,
is located in the cleft region. The real hydration structure of a CHS is an ensemble of multiple structures. The
transition between two structures occurs through recombinations of some H-bonds. The number of the
experimental X-ray crystal waters is nearly the same as that of the estimated MDS hydration waters for 70% of
the HSs, but significantly different for the rest of HSs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The 3D-structure formation, intermolecular interaction, ligand
binding and so on are crucial processes through which a water soluble
globular protein expresses its specific function. In these processes,
some parts of the molecular surface of the protein are dehydrated to
form intramolecular or intermolecular interactions, as a result of
which the polypeptide chain is folded and various types of molecular
recognition are fulfilled [1,2]. Many of the nonpolar groups are
exposed to water in the early stage of protein folding. Subsequently
they are collapsed by hydrophobic effects to form one or more
hydrophobic clusters in native state, which contributes to structural
stability. In the quaternary structure formation and ligand binding,
similar processes to the above occur between nonpolar groups on the
surface of subunits and ligand molecules respectively. Many studies
have already been carried out on the hydration structure and
thermodynamic properties of nonpolar groups and molecules [3-5].

In contrast with nonpolar groups, virtually all the polar groups
(PGs) exposed to aqueous solvent are H-bonded to water indepen-
dently of the conformational states of protein, i.e. in both native and
nonnative states. As a result of it, they contribute not only to increase
the solubility of proteins but also to minimize the structural stability
of their folded or associated structure. It is because the neutral H-
bonding energy in vacuum is about 5 kcal mol~' [6,7], which is close
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to ten times the thermal energy at physiological temperatures. As
summarized above, water plays essential roles in many molecular
processes involved in the expression of protein functions. Hence, it is
indispensable to elucidate the static and dynamic properties of
hydration water (HW) both on the surface and in the interior of
protein for understanding their molecular mechanisms. In the
background, many studies have been made on the structure or spatial
distribution [8-22], dynamics [8,18-29] and thermodynamics [30-32]
of the hydration water of proteins.

Looked at hydration phenomena from the side of water, waters
around a PG are H-bonded to it, while those around a nonpolar group
are H-bonded to neighboring waters. This satisfies the thermody-
namic condition that waters must almost always form hydrogen
bonds to avoid large increase in the free energy of solution. As a result
of it, some hydration structure characteristic of an H-bonded pair is
formed around a PG of protein. On the other hand, a different
hydration structure is formed around a nonpolar group depending on
the surface structure of protein. Thus, while the hydration structure of
a PG is formed “actively”, that of a nonpolar one is formed “passively”.
In many of the conventional studies, the difference in spatial
distribution between hydration water and bulk one has been used
as an index for defining hydration sites [9-12,16-22,33-36].

Experimentally, HWs have been identified at the surface and in
the interior of many proteins by using X-ray and/or neutron
crystallographic analysis [9-12,33-36]. The method, however, has
a weakness that HWs are lost at the region involved in crystal
packing and X-ray cannot see those waters which are moving rapidly
at the surface or whose position and numbers are fluctuating greatly
in the interior cavity [37-39]. Several methods have been devised for
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identifying hydration sites by using molecular dynamics simulation
(MDS): One method defines the hydration site (HS) of a protein
molecule as the position of each peak of the solvent density
distribution around it [12,16-19]. To minimize the effect of
structural fluctuations in protein, Henchman et al. [20] defined a
HS as the time averaged position (TAP) of HWs in the local reference
frame (ARC) located on the main-chain of a neighboring surface
residue. The other method defines a HS as a group of protein atoms
mutually H-bonded by one or more waters for a time longer than a
predetermined time [21,22], and so on.

It is established from experimental [40] and computational
[41,42] studies that the structure of a protein as well as its hydration
water is fluctuating continually under physiological conditions.
Naturally the fluctuation of surface groups is larger than that of
interior groups. In addition, owing to the recent advances in the
performance of parallel computers and their availability, it has
become possible to reproduce the molecular process of a protein in
solution in the real-time range of ps [42,43]. It has enabled us to find
large changes in side-chain conformation and fluctuations in main-
chain structure close to local structural transitions near the
molecular surface of protein. Though some pioneering studies have
been carried out, [20] the common sense has prevailed until recent
years that the hydration structure of a protein should be analyzed
based on its fixed or average structure such as that obtained from X-
ray crystal analysis. Under the present condition, however, the
assumption does not hold true [40-42]. In other words, a new
method for analyzing hydration structure needs to be developed
where the effect of structural fluctuations in protein and hydration
water is explicitly considered.

Recognizing those stated above, in the first half of this study, (1)
we have worked out a new method for determining the HSs of a
protein where its structural fluctuations are explicitly taken into
account, and (2) applying the method to time-series data on the
atomic coordinates of a lysozyme molecule and HWs, we have
analyzed structural characteristics of the HSs of lysozyme. This paper
describes results of these studies. Dynamical characteristics have been
analyzed in the second half of this study, results of which will be
published in a forthcoming paper.

2. Methods of hydration-site analysis

As described in Section 1, under physiological conditions, atomic
groups on the surface of a protein molecule change their positions
rapidly to be accompanied by some changes in the hydration
structure. Therefore, it is inappropriate to describe the hydration
structure of a solute protein as a function of spatial coordinates
around a fixed protein molecule. Instead, we need to define a
hydration structure by the spatial distribution of HWs seen from each
atomic group. Then, we obtain its hydration structure as the average
of those weighted with the occurrence frequencies of various surface
structures. The hydration structure of an atomic group changes with
not only its polarity but also its mobility and the shape of the space
where it is located. Especially, the effect of mobility will be larger on
nonpolar groups as their hydration structures are determined
passively. In addition, as the interaction between a nonpolar group
and water is weaker than thermal energy at physiological tempera-
tures, there is no physically definite criterion for defining to which
atomic group a hydration water should be assigned. On the other
hand, one or more water molecules are almost always H-bonded to a
PG exposed to water, independently of its location and mobility.
Hence, HWs can be distinguished by a definite criterion of whether
they are H-bonded or not. In either of the surface and interior of
protein, there are many cases in which two atomic groups, A and B, are
connected with each other by two hydrogen bonds (HB) through a
water molecule. So, we will hereafter call it a bridging hydrogen bond

(BHB) regarding it as a polar interaction via a bridging water, and say
that “A and B are BH-bonded to each other”.

Based on the above consideration, we define a hydration site (HS)
as the one or more polar groups (PGs) that satisfy either of the
following conditions:

(1) It is a single PG which is H-bonded to one or more water
molecules with an average number of HBs larger than a
predetermined threshold, npp.

(2) Itisagroup of two or more PGs which share one or more water
molecules with an average number of HBs larger than a
predetermined threshold, ng,, where “two PGs share a water”
means that “the PGs are H-bonded simultaneously to an
identical water”.

According to their definitions, the HW and HS in this study should
be correctly called a polar HW and a polar HS respectively. Besides,
while an atomic group such as a carboxyl group is in general treated
chemically as a single PG each of the donors and/or acceptors in an
atomic group is treated in this study as a PG which can be a HS. For
example, a protonated carboxyl group is considered to consist of two
acceptors, CO, and one donor, OH. As a PG is defined in this way, one
water molecule can form one HB at most to any polar group. So, the
number of HWs H-bonded to each PG is equal to the number of HBs it
forms.

Choosing hen egg white (h.e.w.) lysozyme (PDB ID: 1rfp) as a
sample protein and carrying out MDS on its aqueous solution, we have
generated a statistical ensemble of diverse conformations for
lysozyme and spatial distributions for HWs at thermodynamic
equilibrium. These HSs are determined as one of the structural
characteristics of this ensemble. The outline of MDS conditions in this
study is summarized below:

(1) [Sample solution] one lysozyme molecule, 8351 waters, 25 Na™
and 33 CI" in a dodecahedron cell with a periodic boundary
condition;

(2) [MDS package] GROMACS 4.0.5 [44];

(3) [Ensemble] NPT (Nose-Hoover [45,46], Andersen [47,48]) with
P=0.1 MPa, T=298.15K, and the mean cell volume of V=
268.465 nm?;

(4) [Force fields] Amber-ff99SB (protein) [49,50], TIP4P-Ew
(water) [51] and Ref. [47] (Na*t, C17) [52], and the modified-
Wolf method (long-range Coulombic forces) [53];

(5) [Simulation time] Ts =300 ns (time step, At;=2 fs).

A combined mass of a lysozyme molecule and its crystal waters are
energy-minimized in vacuum and immersed in an aqueous solution of
NaCl with a final concentration of 0.15 M. All the non-hydrogen atoms
of lysozyme and solvent molecules are given their respective initial
velocities corresponding to the Maxwell distribution at T=10K.
Then, the temperature is increased gradually to 298.15 K in 300 ps
and the solution is thermally equilibrated for 1 ns. We decide the
solution has reached thermal equilibrium when the rmsd between the
MDS structure and the X-ray crystal structure has come to a stationary
value.

After the equilibration steps, MDS is performed for a real time of
300 ns. Time-series data of the atomic coordinates for a lysozyme
molecule, waters and salt ions are sampled at an interval of
At=0.2 ps. The formation of HBs between a PG on the surface and
in the interior of protein and a HW is decided at every sample time by
using Thornton's criterion [54]. All the HSs of lysozyme are
determined by applying the definition of the HS to the results of
analysis on HB formation to examine their structural characteristics,
details of which are described in the following sections. In this paper,
the one-letter code is used for denoting an amino-acid residue. For
example, the main-chain CO group of the 35-th glutamic acid residue
is denoted as E35_0.
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3. Results and discussion
3.1. Determining hydration sites

As described in the preceding section, we can obtain the
information on which PG is H-bonded to how many HWs, and
which PG shares a HW with which PG at each sample time of
simulation. Using the data, we construct a hydration matrix
determined definitely from the hydration state at each time of t=t,
(k=1,...,N;) as

h(t) = {hu(t)}. (LY =1...N,) (1)

where N is the total number of sample times, N, is the total number of
PGs in protein and h,,(t}) is the uv element of the matrix h(ty) given as
follows:

(a) If the polar group p is H-bonded to i waters,

hpp(tk) =1 2)
(b) If the two polar groups, it and v (u#7v) , share j waters with

each other,

huv(tk) = hvu(tk) :.] (3)

If a water A is H-bonded to w(u, A; t;) polar groups including the
polar group p, 1/w(u, A; ti) the water is assumed to be possessed by
each polar group. Next, we obtain the mean hydration matrix h from
the whole set of hydration matrices { h(t,)} as

1

N(
Y h(t), ie. h

1
h .
Ny =4

Ne
uv ' kgl huv(fk)~ 4)

=

t

As evident from the definition, all the h(t ) are symmetric matrices,
and so is the h. The diagonal element h,, measures the average
number of waters H-bonded to the PG pand the off-diagonal element
h, indicates the average number of waters shared by or bridging the
PGs ptand v. Then, we repeat the operation in which, with its symmetry
being kept, two appropriately chosen rows and columns of h are
replaced with each other simultaneously so that larger h,,'s may
gather nearer to the diagonal. Some examples of matrix elements, the
schematic view of hydration sites and the hydration matrix obtained
after the above operation, which is again denoted as h, are shown in
Fig. 1.

The diagonal and off-diagonal elements are both virtually zero for the
PGs that are completely buried in protein interior and are not H-bonded
to any internal water. All pairs of row and column for these PGs are
deleted from h in Fig. 1. The figure shows that h has many off-diagonal
elements with nonzero but very small values. It indicates that there are
many pairs of PGs which are slightly separated from each other and
occasionally bridged by a HW. It means also that the smaller a matrix
element is, the less stable the corresponding BHB is and the less
frequently it occurs. Hence, if we set two thresholds of hy, and hg, to h ”
and h,,, respectively and neglect the small matrix elements for which the
following relation holds,

< i, By < han, (0 # ), (5)

the matrix h becomes a pseudo-diagonal one. It is approximately
divided into an ensemble of symmetric matrices each of which
corresponds to a small number of PGs combined with BHBs. In Fig. 1,
the thresholds are set to

hyp = hg, = 0.20, (6)

(@)
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CHS

(b)
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N
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Fig. 1. Hydration matrix and hydration site. (a) A matrix element, hy,, for a PG,
1=S24_NH, in a SHS and four elements, hy,, 1, by and hy,, for two PGs, u=N65_0 and
v=S81_NH in a CHS. (b) Schematic views of one SHS and two CHSs. The SHS has two
EHWs. The two PGs in CHS1 are connected by a BHB via an EHW. CHS2 has an [HW and an
EHW, and the three PGs in CHS2 are connected by three BHBs via an IHW. (c) Mean
hydration matrix, h, for lysozyme in aqueous solution. Both of the row and column
numbers are the respective IDs of all polar groups with hy,, larger than 0.20, which
amounts to 298. Each colored dot indicates the magnitude of the matrix element, h,.
Black, h,;,>0.20; red, 0.10<hy,,,<0.20; green, 0.01 <h,,,,<0.10. See text for the definition
of hy and hyg.

and the off-diagonal elements for which Eq. (5) holds are colored red
and green in Fig. 1 and will be neglected in the following analysis. The
validity of choosing the threshold as above will be discussed later.
Denoting again the matrix consisting of the elements colored black in
Fig. 1 as h, we assume that each of the approximately independent
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groups of PGs forms a HS. In the following, the HSs consisting of one
PG and two or more PGs are called the single hydration site (SHS) and
clustered hydration site (CHS) respectively. Vishveshwara and her
colleagues [20,21] define a HS as a group of protein atoms mutually H-
bonded through one or more waters for a time longer than a
predetermined time to apply it to lysozyme, RNase A and so on. Our
definition of a CHS is similar to their definition in the respect that the
formation of H-bonds by a bridging water is used in both definitions.
However, their definition requires it as a necessary condition for a
group of atoms to form a cluster that they are connected with one
another by one or more waters for a time longer than a predetermined
time. Owing to the difference, the set of HSs of lysozyme identified by
us does not agree with that by them [19].

In connection with the definition of a HS, the following must be
noted here. As the HS is defined as above, most HWs analyzed in this
study are those of PGs composing a HS of lysozyme. There are some
HWs of such a PG as not to be recognized as a HS because they are
almost buried in protein interior. However, the amount of these
waters is estimated to be only 0.9% of the whole HWs. In addition,
binding of some other components such as salt ions to a HS decreases
in fact the amount of its HWs. This effect, however, was also
confirmed negligibly small under the present solution condition.
Accordingly, we will consider the structural characteristics of HWs
only at HSs in the following.

We will define here the internal and external hydration sites for
later discussion. With the united-atom model where an H-atom is
united with the atom to which it is bonded, effective van der Waals
radii of the non-hydrogen atoms in protein were reported by Tsai et al.
[55]. It is well-known that a water molecule can be modeled by a hard
sphere with aradius of 0.14 nm [56]. If all the protein atoms and water
molecules are approximated by hard spheres with their respective
radii described above, the HWs of a protein can be classified into two
groups: If a water molecule cannot go out of protein interior
geometrically, we call it an internal water and otherwise an external
water. In addition, we call an internal water H-bonded to any of the
PGs of protein an internal hydration water (IHW). We can estimate
the average number of IHWs, 1}, ;, at each HS from analysis of the
protein structures at N, times. If the relation of iy, >h;, holds for a
HS with a predetermined threshold, hi, we call the HS an internal
hydration site (IHS), and if the reverse relation of 11, <h}, holds, we
call it an external hydration site (EHS). We adopted the following
value for the threshold, hj,:

hi, = 0.10. 7)

This threshold is half of those for the HS in Eq. (6). The reason why
the lower threshold is taken for hi, is as follows: It is expected that the
HW of such a HS would show static and dynamic characteristics
different from that of a site fully exposed to water. It is because the
fact that one or more IHWs are shut up in protein interior even with
the low probability of 0.1 indicates that the site should have some
structural characteristics essential for producing an I[HW.

3.2. Characteristic quantities of the hydration site in lysozyme

At the beginning of this section, we will list the notation of the
quantities related to the hydration site (HS), hydration water (HW)
and hydrogen bond (HB) of a protein molecule in the following:

(1) Numbers: ‘N’ and ‘ny’.
(a) N, the total number of a quantity ‘e for the whole hydration
sites;
(b) ng, the number of a quantity ‘e’ in a specified hydration site or
polar group.
(2) Suffices: ‘o’.

(a) ‘hs’, hydration site; ‘hs i’, internal hydration site; ‘hs e’
external hydration site;

(b) ‘hw’, hydration water; ‘hw i’, internal hydration water; ‘hw e’,
external hydration water;

(c) ‘hb’, hydrogen bond; ‘hb ', internal hydrogen bond; ‘hb e’,
external hydrogen bond;

(d) ‘pg’, polar group.

The mean value of N, or ny is denoted by each variable with an
overbar. For example, ‘ Ny, ;' denotes the average of the total number
of IHWs for the whole HSs.

Denoting the mean numbers of HBs and HWs for a PG, p, by, (1)
and My, (1), they are given by the following expressions,

Ty (1) = hy;u (8)
1 N, Ny

() = 57 2 2 1/ w Nig), ©)
Nt k=1N=1

where N, is the total number of waters in solution. These are the most
basic quantities among those characterizing the hydration properties
of a PG in a HS. For later discussion, we will denote the mean number
of HBs between a PG, 1, and the other PGs in protein by 71,,(1t), which
is a quantity complementary to 1, (1).

We will here consider the case where the two conditions below are
satisfied by a pair of PGs, prand v:

(a) They can share only one water molecule ‘Wc’ at most, and
(b) they can exist in their respective configurational states where
they are H-bonded to Wc independently of each other.

Then, the probability, h,,, that the pair shares Wc is given by the
following equation:

huv = Puc X Pves (10)

where p,,c and p, are the probabilities that the PGs, uand v, exist in
their respective H-bonded states. Though this is the simplest case,
Eq. (10) is useful because the above conditions are satisfied at least
approximately in many cases.

Based on the above consideration, we have obtained characteristic
quantities for the whole HSs by analyzing MDS data of an aqueous
solution of lysozyme, which are listed in Table 1.

A lysozyme molecule has 448 PGs. A third or 150 PGs are buried
either completely or mostly in protein interior with h,,,<0.20 not to

Table 1
List of hydration-related quantities for h.e.w. lysozyme determined by the present
analysis. See the note below for their definitions.

Hydration water * Hydrogen bond *°

th th i th e th th i th e
226.82 481 22201 283.77 13.93 269.84
Hydration site * Polar group

Nhs Nhs i Nis e Ny ° Npp® Npg*
233 2 231 448 150 298
Frequency of the cluster size of hydration sites ©

Npg” 1 2 3 4 6 9 11
Nis(1pg) © 195 29 5 1 1 1

2 N4, total number of « for the whole hydration sites. N, mean of N,. Suffix: hw,
hydration water; hb, hydrogen bond; hs, hydration site; pg, polar group; i, internal; e,
external.

b Np, total number of polar groups in the whole protein; Ny, total number of polar
groups buried in protein interior; Np = Nyp + Npg.

€ npg, number of polar groups; Nps(npg), total number of hydration sites with cluster
size npg
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be recognized as an HS. Either being exposed to solvent or H-bonded
to internal water, the rest of 298 PGs are involved in HS formation. As
shown in Table 1, 195 (84%) out of the whole 233 HSs are SHSs, which
means that they account for about 2/3 (65%) the 298 substantially
hydrated PGs. There are 38 CHSs, about 3/4 (76%) of which are the
sites with a cluster size of 2, i.e. n,g = 2. There are only nine CHSs with
Npg >2.

Priya et al. [19] determined 150 HSs from the position of peaks
with g(r) >2 for the density distribution function, g(r), of solvent
water obtained from MDS on an aqueous solution of h.e.w. lysozyme.
The total number of HSs in the present study, 233, is as much as 55%
larger than that of Priya et al. This difference results from the situation
that, in our analysis, (a) a PG with h,,, significantly smaller than one is
recognized as a HS and (b) a PG around which the peak height of the
density distribution of solvent water is apparently low due to its large-
amplitude motion is correctly identified as a HS.

We can see from Table 1 that the whole 233 HSs form 283.77 (N ;)
HBs to 226.82 (Ny,) HWs on average. The number of the HWs
corresponds to 0.97 HW per site, but to only 0.76 HW per PG. The result
that the number of Ny,,/Np is significantly smaller than 1.0 will be
caused by the situation that (a) an identical water molecule is shared by
more than one PG in many CHSs, (b) according to Thornton's criterion,
the PGs exposed to water are not always H-bonded to surrounding
waters, and (c) there are some PGs of which probability that they are H-
bonded to water is significantly lower than 1.0, though their h,,,'s exceed
the threshold hr,p,. On the other hand, the mean numbers of M yp/Npg for
carbonyl and carboxyl groups on EHS are both larger than 1.0 as 1.15 and
2.03 respectively. As an accumulated sum of various contributions, the
mean number of N ,,/Np is apparently close to 1.0 as 283.77/298 = 0.95.

Naturally, the mean number of IHWs is exceedingly smaller than
that of EHWs: We have estimated at Ny, ; =4.81 and Ny, . =222.01,
which are 2.1% and 97.9% of the total HWs respectively. Compared
with other proteins of similar sizes, however, this estimate of Ny, ; for
lysozyme corresponds to the class of large Ny, ;. The mean numbers of
HBs to PGs per HW are 1.22 and 2.90 for EHWs and IHWs respectively,
demonstrating that the latter is about 2.4 times larger than the former.
It will show that most IHWs are shared among the PGs in protein to
meet requirements of both [HWs and PGs for H-bonding.

The constitutive PGs and hydration-characteristic quantities are
listed in Table 2 for the whole CHSs and IHSs of lysozyme. The three
largest CHSs are Hg, L and Clft with cluster sizes (n,g) of 11,9 and 6
respectively.

The largest two, i.e. Hg and L, are [HSs and their mean numbers of
[HWS, 1y i, are 2.54 and 1.38 respectively. The sum of both 1, ;'s is
3.92, which accounts for 81.5% of the mean total number of IHWSs in
the whole HSs, N v ; = 4.81, shown in Table 1. The rest of 0.89 [HWs is
the sum of small contributions from the sites with 1, ; <0.10. The five
sites with n,,,; = 0.05-0.1 and the others have their contributions of
0.31 and 0.58 respectively. Among the former five sites, the two sites
of Jop and LS with ny,,,>1.0 and the three sites of T69_0,,, R68_NH
and T40_0 with 7 1,,,<0.4 have molecular mechanisms of producing an
[HW distinct from each other: Though the PGs of Jcp and LSp are
mostly hydrated, their HWs cannot go out of protein for 5 to 10% of
time owing to the fluctuation of the protein structure neighboring
these HSs and these waters are recognized as I[HWSs. On the other
hand, T69_0,;, R68_NH and T40_O are located near LSP, L and Hg
respectively. The former two are mostly H-bonded to the other PGs in
protein, but T40_0O has a low proportion of forming an H-bond to a PG
in protein as 0.08. Because of the structural fluctuation of protein,
these PGs are occasionally H-bonded to the respective IHWs
belonging to the neighboring LSP, L3 and Hg to share them. As a
result of it, their ny,,;'s are estimated to be 0.05-0.09. However, even
with this contribution added, the rate of H-bond formation for T40_O
is as low as 0.31. Different from Jcp and LSP, the 71y,,'s for these three
sites are as small as 0.37, 0.11 and 0.09 respectively, because they are
all hydrated only for a short time. While Clft is the largest CHS with an

Table 2

List of major clustered hydration sites and single hydration sites with 0.05 or more
internal hydration waters. To simplify notations, each of the CHSs with nps >3 including
[HSs is given an abbreviation (location) as follows: Hg (Hinge), L3 (Loop in 3-domain),
LSB (Loop and Sheet in 3-domain), Jcp (Junction of a-helices, C and D), CIft (Cleft), Jap
(Junction of a-helices, A and B), HgS (Side of Hinge), Nt (N-terminal), Hx (A-Helix), Jpg
(Junction of a-helices, D and E). - o o o

Site  Type® Constitutive polar groups Ahw® O(Mhw)S it
Hg (I Y53_0; I55_NH; L56_NH; A82_0; 477 0.60 2.54 (0.94)¢
L83_0; S85_0; D87_0; A90_NH;
S91_NH, O, O, Hy
p Gl S60_0; C64_0; D66_NH, O,1; 323 0.64 1.38 (0.53)¢
G67_NH; S72_ 0, Oy Hy; R73_NH;
N74_NH
Clft CE F34_0; E35_0¢1, Og»; L56_0; 598 0.89 0.01
V109_NH; A110_NH
Nt CE K1_NHj, NHz, NH3; N39_0,, 1.99 0.61 0.01
Ha CE  E7.0; R14_NyHpy, NopHop 186 058 001
HgS CE  H15_NyHyi; D870y, Op 371 072 0.00
Jas GE D18_0s1, Os2; L25_NH 411 082 0.00
Joo Cei 198_0; N103_NH; G104_0 1.14 041 0.05
Jor GE  RI14.0; T118_ Oy W123_NyH, 215 057 0.00
LSp Cei  T51_0y;Hy;; D66_04, 133 045 0.07
S, ei T69_0+; 037 025 0.09
S, ei R68_NH 0.11 0.11 0.05
S, ei T40_0 0.09 0.13 0.05

@ Type of the hydration site: C, clustered; S, single; I, internal; E, external; ei, external
site with internal hydration waters of 0.05<n,,;<0.10.

> 1., mean number of hydration waters in the hydration site.

€ 0(npw), standard deviation of np,,.
Ny i, mean number of internal hydration waters in the hydration site.
The value in parenthesis indicates the standard deviation of nyy i, O(nNpw i)-

o

npg of 6 and an ny,, of 5.98 largest among all the EHSs, it has virtually
no IHWs as its 1, is 0.01.

We can see from Tables 1 and 2 that, among the 298 substantially
hydratable PGs, 20 are involved in IHSs and 278 in EHSs, and among
the whole 226.82 HWs, 8.00 hydrate to IHSs and 218.82 to EHSs on
average. Accordingly, 0.40 waters hydrate to a PG in [HSs and 0.79
waters hydrate to a PG in EHSs on average. It means that, on average,
[HSs are only half hydrated compared with EHSs. It is because the
proportion in which HWs are shared among the PGs is higher for an
[HS than for an EHS. In fact, the mean numbers of HBs to HWs per PG,
M, in an IHS and an EHS are nearly the same as 0.96 and 0.95
respectively. Besides, the mean numbers of HBs between a PG and
the other PGs in protein, i.e. ,p, of 0.29 and 0.30 being added, the
above numbers turn out to be just the same as 1.25 and 1.25
respectively.

The values of HW-related quantities given above are their
respective mean values. Under physiological conditions, the values
of these quantities are continually fluctuating owing to the structural
fluctuations of HWs caused by the structural fluctuation of protein as
well as the thermal motion of HWs themselves. For example, as
shown in Table 2, the number of HWs for each HS is distributed
around a mean, mny,, wWith a standard deviation, o,. Dynamic
characteristics of these HWs will be described in detail in a
forthcoming paper. As an example, the probability distribution of
the total number of [HWs for the whole HSs, Ny, (Fig. 2(a)) and their
spatial distribution (Fig. 2(b)) are shown in Fig. 2.

As shown in Fig. 2(a), the distribution of Ny, ; has a mean of
Niwi = 4.81 and a standard deviation of Oyny ;= 1.61. It is fairly
well approximated by the normal distribution function having the
same parameters as above. It confirms that the value of Ny ;
fluctuates randomly around N, ; = 4.81. The fluctuation will be
brought about by both of the structural fluctuation of protein and
thermal motion of HWs. As is naturally expected from the above
result, Fig. 2(b) shows that the position of each IHW fluctuates in its
HS. According to our database analysis of protein structures, the
mean number of [HWs is estimated to be 3.3 for a protein with a size
similar to that of lysozyme. Actually, our study estimates 4.81 IHWs
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Fig. 2. (a) Probability distribution of the total number of internal hydration waters
(IHW) for the whole hydration sites, Ny, ;, with its mean, Ny,,,; = 4.81, and standard
deviation, Oypw j = 1.61. (b) Distribution of IHWs in the interior of lysozyme. We can
see that IHWs distribute fairly widely over the whole protein as well as in the major
internal hydration sites of the hinge region (center) and the loop region in the (3-
domain (left side).

for a lysozyme molecule, which indicates the number of [HWs for
lysozyme is significantly larger than that of an average protein.

We will discuss here the definition of a HS and the validity of the
hydration analysis in this study. As described at the beginning of this
paper, one of the important aims of this work is to obtain the
definition of a HS capable of taking into account the dynamic realities
of hydration phenomena as accurately as possible. The fact that all the
PGs are not independent of each other but form fluctuating clusters by
being bridged with HWs is one of the most important hydration
characteristics of proteins. This is an attempt to develop a method for
quantifying them. Naturally, the classification of the PGs into HSs and
the prediction of hydration-related quantities derived from MDS
analysis should depend on the values of three thresholds, hyp, hsy and
hin. The above-described results are those for their respective values
0f0.20, 0.20 and 0.10. In this case, an off-diagonal element h,,,, for the
two PGs, u and v, on two different HSs is smaller than 0.2. If another
threshold hgj, is chosen for which the relation of h,,;,>hg, holds, then
the two HSs merge into one larger HS. So, there is some ambiguity in
determining the HSs of protein like that in whether or not to define
the boundary of clouds close to each other. Choosing a threshold that
minimizes the ambiguity will be the point of using this method. To see
it, we have extracted all pairs of sites having PGs with
0.10<h,<0.20.

The total number of BHBs in these pairs of sites is 12.16, of which
details are 6.06, 4.68, and 1.42 HBs between the SHSs, SHS and CHS,
and CHSs respectively. This result indicates that, if the threshold hgy, is
lowered from 0.20 to 0.10 with hp;, kept at 0.20, the total number of
inter-HS BHBs is estimated larger by the amount. Especially, the
increases in the first two account for 88% of the total increase, which

bring about the merger of neighboring SHSs and the incorporation of
SHSs into a CHS. The increase of 1.42 inter-CHS BHBs results in the
merger of neighboring pairs of clusters, Hg and HgS, L3 and LS, Clft
and a CHS with npg=2, and Jag and a CHS with n,,=2. 11 HBs are
involved in the total increase of 1.42 HBs. Six out of the 11 HBs are
those bridging the two PGs in the same amino-acid residues. This fact
along with the low bridging rate of these HBs confirms that, even if the
name of these HBs changes from an inter-site HB to an intra-site HB,
the images of these HSs are virtually unchanged.

3.3. Spatial distribution of the hydration sites

We can see from Fig. 3 that the HSs are distributed all over the
surface of lysozyme. The large CHS with 7 ,,, =5.98 is located on the
substrate binding cleft. As for the CHSs with 1y, > 2, we have the
following sites: Jag and Jpg at the respective connections of the two
pairs of a-helices, (A and B) and (D and E), HgS on the side of the hinge
region, Nt at the N-terminus, and Hp on the a-helix A. The two large
[HSs, Hg and L3, are located in the hinge region and in the loop region
of the B-domain respectively. The five EHSs having IHWs of
fpwi = 0.05-0.09, i.e. Jcp, LSB, T69_0y1, R68_NH, and T40_0O are also
shown.

3.4. Characteristics of individual hydration sites

In this section, choosing some typical HSs from among the SHSs,
CHSs and IHSs, we will show the snapshots of these HSs and discuss
their hydration characteristics.

Hydration structures for seven kinds of SHSs are drawn in Fig. 4.
From their definition, SHSs show the simplest hydration states. While,
in Figs. 4(a) and (b), each of G126_NH and S86_OH is H-bonded to one
HW as a donor, in Fig. 4(c), G126_0 is H-bonded to two HWs as an
acceptor. In Figs. 4(d) and 4(e), the main-chain G67_0 and side-chain
Q41_0; are H-bonded to one and two donor HWs respectively. Though
each main-chain CO group is H-bonded to one main-chain NH group in
the regular secondary structure such as the a-helix and B-sheet,
double-donor type HBs are frequently observed in the irregular
structure of proteins. So, the double-donor type HB will not be an
unusual form of HB for the HB to HWs. While, in Fig. 4(f), one HW is H-
bonded to the NH™" group of K116, five HWs are H-bonded to the COO™

Fig. 3. Distribution of the polar groups in hydration sites (HS) over the whole surface of
lysozyme. Abbreviations in the figure indicate the major HSs of lysozyme in Table 2.
Small balls are located at either the accepter or the donor site of each HS. Red and
orange, internal hydration sites (IHS); yellow, external hydration sites (EHS) having
IHWs of 0.05<1 1,,,j<0.10. Clustered hydration sites (CHS): blue, n,; = 6; green, npg =4
and 3; light blue, n,g = 2. Single hydration sites (SHS): gray, nys = 1. npg is the number
of polar groups (PG) in HS.
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Fig. 4. (a) to (g) Snapshots of the hydration structures for seven kinds of single
hydration sites (SHS). Each residue is indicated by its one-letter code.

group of D101 in Fig. 4(g). Thus, the hydration mechanism of SHS is
simple but their forms are diverse. In the following, the HWs in a HS are
distinguished by their symbols Wn (n=1, 2, 3,...) and the acceptor
and donor of Wn are denoted as Wn (a) and Wn (d) respectively.

The BHB diagram and a snapshot of Clft, a typical EHS-type CHS,
are shown in Figs. 5(a) and 5(b) respectively.

Clft is located on the cleft between the a- and B-domains, where
the two acidic residues, E35 and D52, express their catalytic activity of
cleaving polysaccharides. It consists of the side-chain carboxyl group
of E35 and the four main-chain PGs of F34_0, L56_0, V109_NH and
A110_NH. It appears from the BHB diagram that the nucleus of E35
and the four PGs surrounding it are connected by the network of BHBs.
However, it is obvious that the network of these HBs is not as
structurally stable as it looks, because, among the values of nine h,'s,
the maximum is 0.355 and the seven of them are smaller than 0.3. To
see molecular details of the hydration structure, we examined the
structure of CIft by using MDS data. Both E35_0,; and E35_0,, in the
BHB diagram are two charged O atoms of the E35 side chain. It was
found that, though the rotation of a carboxyl group around its C\Cs
bond is potentially free, actually it behaves as if it has only two stable
positions: When Og; is BH-bonded to L56_0 and either V109_NH or
A110_NH, Og; is BH-bonded to F34_CO, the same hydration pattern is
formed even when the two O, atoms are interchanged. Accordingly,

the left figure is reduced to the right one where all the h,,'s except
those for V109 and A110 are virtually doubled. Nevertheless, the
values of hy,, are significantly smaller than 1.0. It is not because the
BHBs between E35_0;1, ¢, and the four surrounding PGs are broken
with a significant probability but because they are realized very
diversely, for example, via more than one water molecule. From the
above result, a dynamic view of HWs is derived that, in Clft, various
networks with different BHB patterns appear and disappear repeat-
edly through rapid recombination of BHBs. It is also suggested that the
reason why many of the PGs on the surface of protein are SHSs will be
as follows: Even between two PGs close to each other, multiple BH-
bonded structures are formed and a single BHB structure cannot exists
stably. From analysis of hydration structures generated in MDS, it was
also found that CIft can accommodate eleven HWs at its maximum,
one of which distribution is shown in Fig. 5(b). We can see that six PGs
and eleven HWs are connected with each other to form a close HB
network.

The BHB diagram and two snapshots of an IHS, Hg, are shown in
Fig. 6.

The site Hg is the largest IHS consisting of eleven PGs (9 amino-acid
residues). Many studies have been devoted to analyze the hydration
structure of this site [57-60]. As shown in Table 2, Hg has 2.54 IHWs and
2.23 EHWs on average. From the BHB diagram shown in Fig. 6(a), we can
see that there are several BHBs with large h,'s in Hg not found in EHSs
as Clft: The three pairs of PGs, i.e. L56_NH and Y53_0, I55_NH and L83_0,
and D87_0 and A90_NH, are BH-bonded to each other with large h,,'s
as0.876,0.772 and 0.636 respectively. It means that these PGs have their
respective HWs with high probabilities. It was found from the result of
MDS that, while the ny, ; of Hg changes between 1 and 4, the
corresponding hydration structure has one part virtually unchanged
and the other part variously changing with different hydration states. As
the diagram in Fig. 6(a) is obtained as the average over these different
hydration states, its interpretation cannot be made straightforwardly.
Hence, we will consider here only the case of ny,, ;= 3. In this case, we
could find that there are two major spatial configurations of three IHWs,
which are shown in Figs. 6(b) and 6(c). In Fig. 6(b), the configuration is
drawn where there exist three IHWs (W1, W2 and W3 in orange) and
two EHWs (W4 and W5 in red), which will be called Conf_A in the
following. The PGs in red ellipses are those H-bonded to IHWs.

The water W1 is located at the innermost of Hg and BH-bonded to
the three PGs of L56_NH, Y53_0 and S91_0,, triangularly. All the three
h,.'s corresponding to these BHBs are fairly large, and so, W1 is the
most stable IHW. Similar to W1, W2 can also be BH-bonded to the
three PGs of I55_NH, L83_0 and S91_0, triangularly. Compared with
the hy,, for the pair of [55_NH and L83_0, however, those for the other
pairs are fairly smaller as 0.369 and 0.351. Equation (10) being applied
to the three PGs, the probability that W2 is H-bonded to S91_0, is
estimated to be about 0.41. As the side chain of S91 is structurally
flexible, it can recombine its HB by changing the y, angle of the
terminal OH group. In fact, from analysis similar to the above, the
probability that W2 is H-bonded to S91_0,H, is estimated to be about
0.39. So, it is concluded that W2 is H-bonded to S91 with nearly the
same probability as an acceptor and a donor, as a result of which they
are H-bonded to each other with a probability as high as about 0.80. In
this way, the side-chain OH group of S91 goes back and forth
continually from one stable position to another, which involves a
synchronous, cooperative change in hydration structure of the HS.
Cooperating with each other, S91 and its hydration water repeat
multi-basin-like structural fluctuations in Hg.

W3 is a unique IHW that has no pair of PGs to which it can be stably
H-bonded. It is singly H-bonded to either S85_0 or D87_0, and
occasionally BH-bonded to both of them. In addition, it is H-bonded
also to W2 and W4. Though W4 is an EHW, it is BH-bonded to two PGs
in the same amino-acid residue, S91_0OH. and S91_NH, with a fairly
large h,, of 0.538. Besides, it can be H-bonded also to A82_0 and W3.
Though W5 is an EHW, it can be BH-bonded to a pair of D87_0 and
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(b)

Fig. 5. (a) Bridging hydrogen bond (BHB) diagram (left) and its reduced one (right) for the clustered hydration site (CHS), CIft. Each polar group (PG) is connected with its
neighboring PG by a bridging hydrogen bond (BHB) indicated by a solid line with the value of h,,. See text for the definition of h,,. (b) A snapshot of the CIft, in which eleven

hydration waters (HW) are accommodated.

A90_NH with a large hy,, of 0.636. Its detailed mechanism will be a
very interesting problem to be solved in future.

In Fig. 6(c), another configuration called Conf_B is shown, in which
W3 has vanished and W4 has become an IHW. Similar to those in
Conf_A, the BHBs in which W1 is involved are completely kept and
those in which W2 is involved are mostly kept also in Conf_B. BH-
bonded to the four PGs, D87_0, S91_NH, S91_O,H, and L83_0, W4
covers the deficit of W3. Besides, similar to the case of Conf_A, W5 is
BH-bonded to D87_0 and A90_NH. It was confirmed that the
configuration with ny,, ;=4 is realized as a result of the two as
follows: W4 in Conf_A becomes an IHW, or W4 enters the site of W3 in
Conf_B and an external water enters the site of W4. In Conf_A, S85_0
is H-bonded to both W3 and T40_O,H,. Even in the configuration of
Conf_B lacking W3, S85_0 escapes from being an unpaired PG as it can
be H-bonded to T40_0O.H,. This will serve to minimize the possible
large effect of the structural destabilization of protein due to lacking
W3.

LR is another IHS consisting of nine PGs (seven amino-acid
residues) in the loop region of the 3-domain. The BHB diagram and a
snapshot of its hydration state are shown in Figs. 7(a) and 7(b)
respectively.

From analysis of MDS data and Fig. 7, it was found that W1 is an
IHW and BH-bonded to the four PGs of C64_0, N74_NH, R73_NH and
S60_0 or S72_0. Especially, it is remarkable that the hy,, for the BH-
bonded pair of N74_NH and C64_0 is close to 1.0 as 0.96. It means that
W1 is almost surely captured at this position in the HS. In Fig. 7(b), the
case is shown where W1 is H-bonded to R73_NH and S60_0, and W2

is BH-bonded to the four PGs of S60_0, S72_0.,, G67_NH and D66_NH.
Besides, S72_0,H,, is H-bonded to an EHW, W3. However, as W1(a) is
H-bonded to R73_NH at the rate of about 0.4 and W1(d) is estimated
to be H-bonded to S60_0O or S72_0 at the ratio of about 6:4, this
hydration structure is not always realized. The side chain of S72 is
flexible and W1(d) recombines its HB partner between S60_O and
$72_0, at the above ratio. When W1(d) is H-bonded to S72_0,, the
HB between W2(d) and S72_0,, is broken but W2(a) can be H-bonded
to S72_O,H,, instead. Then, W2(d) is H-bonded to either C64_0 or an
external water. Besides, in Fig. 7(b), the side chain of D66 has a
conformation different from that in X-ray crystal structure and its
terminal carboxyl group is H-bonded to the three imino groups in the
main- and side-chains of R68.

We can conclude from the three examples described above that (a) the
ordinary hydration structure of a HS is an average of diverse structures
weighted with their respective occurrence frequencies, and (b) the
transition between these structures occurs through various H-bond
recombinations among HWs and protein PGs resulting from their thermal
motion.

3.5. Comparison with X-ray crystal-structure analysis

Atomic-coordinate data for the 3D-structure of h.e.w. lysozyme
have been reported for various samples such as are crystallized into
different crystal forms under mutually different solvent conditions,
though their global structures are almost the same [33-35,61].
Generally, atomic coordinates for the oxygen atoms of many HWs
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0.327 | S91_OH, m=—=—— S91_NH

Fig. 6. (a) Bridging hydrogen bond (BHB) diagram for the largest internal hydration site
(IHS), Hg, similar to Fig. 5(a). Red, polar groups (PG) H-bonded to internal hydration
waters (IHW) common to (b) and (c); blue, a PG H-bonded to IHW only in (b); green,
PGs H-bonded to IHW only in (c). The two PGs connected by a broken line are those in
the same amino-acid residue, but the corresponding h,,,, is negligibly small. (b) and (c)
Snapshots for the two major spatial configurations of Hg when it has three internal
hydration waters (IHW). See text for details of these configurations.

are included in these data. These waters have been identified by
crystallographic analysis and are expediently called crystal waters
(CWs) in the following. First, using information on the position of
CWs, we estimate their H-bonding state. Then, comparing it with the

Fig. 7. (a) Bridging hydrogen bond (BHB) diagram for another internal hydration site
(IHS), LR, similar to Fig. 6(a). Red, polar groups (PG) H-bonded to an internal hydration
waters (IHW). (b) A snapshot for L2 when it has one internal hydration water (IHW).
See text for details of the configuration.

H-bonding state derived from MDS, we examine the correlation
between the two sets of information. Because no atomic coordinate
for H-atoms is given in most X-ray crystal-structure data, and so, the
orientation of all CWs is not known, we cannot determine whether a
CW is H-bonded or not by applying Thornton's criterion to it.
Therefore, if the distance, d, between a CW and the non-hydrogen
atom of a PG is shorter than 0.35 nm, i.e.

d <0.35nm, (11)

we assume here that the CW is H-bonded to the PG independently of
their mutual orientation. Because the maximum distance of 0.35 nm is
equal to that of Thornton' criterion where additionally some
orientational restrictions are imposed, the above criterion of
Eq. (11) is an easier one than Thornton's. As a result of it, even if a
CW and a PG is determined as H-bonded under the criterion of
Eq. (11), they may not be H-bonded according to Thornton's criterion.

The purpose of this study is to analyze the hydration structure of a
protein in solution. So, in order for us to be able to make a physically
meaningful comparison between a HW obtained from MDS and a CW
given by crystal-structure analysis, the hydration state in crystal must
be similar to that in solution at least approximately. Concerning the
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point, a protein molecule in crystal has a problem characteristic of it as
follows:

(a) It is surrounded by the same kind of proteins in crystal
contacting with it either directly or through a small number of
solvent molecules. The hydration state of these PGs on the
molecular surface that are involved in the so called crystal
packing should differ greatly from that in solution.

Salt ions and crystallizing reagent molecules are often bound to
some surface PGs, for which information on their HWs cannot
be obtained. To avoid these difficulties, we excluded from
analysis such sites as are applicable to (a) and (b). It has been
known [18,19] that there are many sites where a HW is found
only on either the site predicted by MDS or the site identified in
crystal. Effects of the above crystal packing and the structural
fluctuation of both protein and water are expected for the
observation. It is also reported that 30 to 40% of the accessible
surface area of protein is excluded from solvent as a result of
crystal packing [62], and, moreover, the protein packing
density pp by volume in crystal varies with its crystal form
[63]. We estimated the pj, of lysozyme structure in crystal to be
0.651 for 4lzt (triclinic) [33], 0.642 for 11j3 (monoclinic) [61]
and 0.613 for liee (tetragonal) [34].

G
=

For the crystal structure of lysozyme, we have used mainly the data
with a PDB code (resolution) of liee (94 pm). Its tetragonal crystal has
a space group of P432:2 symmetry. Depending on the need, we use
also the structure of 4lzt (95 pm) for a triclinic crystal with P1
symmetry. Both structures are determined with a high resolution of
less than 100 pm at room temperature. It was found that, for the
structure of Tiee, as much as 94 HSs out of the 233 HSs, i.e. 40.3%, are
applicable to the above (a) and (b), and cannot be used for analysis.
Nevertheless, there are 139 available HSs in the 1iee structure, a larger
number of HSs than that for 4lzt, which is the chief reason that we
chose the liee structure as the target for analysis. In addition, we
could confirm following situations: (a) Crystals for the 1rfp and liee
structures have the same tetragonal form, and (b) the rmsd between
the coordinates of main-chain non-hydrogen atoms in the two
structures is very small as 0.031 nm. (c) The 1rfp structure lacks an
internal water which exists in the L3 region of the liee structure.
However, as a water molecule enters the site at the step of
equilibration, the initial structure for MDS can be regarded virtually
equivalent whichever structures are used.

The structural data of 1liee give atomic coordinates of the O atoms
for 220 CWs. Among them, there are 51 CWs which are more than
0.35 nm away from all PGs in protein and, practically, cannot be
H-bonded to any of the PGs. Most of them are the second HWs of PGs
in lysozyme, among which there are six HWs of nonpolar groups. 108
CWs, which can be a HW of one of the 139 HSs available for analysis,
were extracted from among the 169 (=220—51) CWs that can be
H-bonded to any one of the PGs, i.e. can be a first HW. It reveals that 61
(=169 —108) CWs, i.e. 36% of all, are involved in the HSs applicable
to the above (a) and (b). These 108 CWs were found to be the HWs of
106 HSs out of the whole 139 HSs. It means that no CW is found for 33
(=139—106) sites.

As shown in Table 1, the total numbers of HSs and HWs predicted
from MDS are 233 and 226.82 respectively. Similarly, 127.97 HWs are
predicted from MDS for the 139 sites available for analysis. On the other
hand, 108 CWs were found for the available sites. They could be
assigned to 104 HSs for which MDS predicts 103.84 HWSs on average.
There are 76 HSs in which the numbers of CWs and HWs can be
regarded as practically equal to each other as the difference is smaller
than 0.5. For 21 HSs out of the rest of 28 HSs, we could conclude that the
hydration structures in both solution and crystal are essentially the
same, though the number of CWs is slightly larger than that of HWs.
Summing up these HSs, there are 97 HSs with practically equal numbers
of CWs and HSs, seven HSs with significantly different numbers, and 35

HSs with no CW detected. We can see from the above that, while nearly
the same numbers of CWs and HWs are observed for about 70% of the
HSs, either a part of or the whole CWs are not found for the rest of 42 or
30% of the HSs out of the 139 HSs taken for analysis. Several researchers
have so far pointed out problems in determining the position of crystal
waters of a protein in crystal [63-66]. The above disagreement between
the numbers of CWs and HWs seems to indicate that the “crystal water”
cannot reflect accurately the hydration state of a protein in crystal.
According to our analysis on the structure of HSs, it seems basically
impossible to represent the dynamic behavior of a HW which moves
following various structural fluctuation of protein by a crystal water
located at a fixed point. In the following, we will discuss some of the
examples among the 42 HSs.

The seven HSs with significantly different numbers of CWs and
HWs consist of one CHS with npg =3, three CHSs with n,; =2, and
three SHSs. The CHS with n,g=3 is composed of the three PGs of
D18_041, D18_04, and L25_NH and is estimated to have 4.1 HWs from
MDS. However, only one CW bridging L25_NH and D18_0Oy; is
identified and there is no CW hydrating Os; in the crystal structure.
The number of CWs is significantly smaller than the mean number of
HWs from MDS for the rest of six HSs. It will result from the fact that a
part of HWs are not identified as CWs, as each HS can have multiple
hydration states.

Details of the HSs of which HWs cannot be found among those
available for analysis are one CHS with npg =2 and 34 SHSs. From the
result of individual studies on these sites, we could expect that the
reason why no CW is found in them will be mainly the following two:

(o) Though the PG in the site concerned is surely H-bonded to a HW,
the electron density distribution necessary for identifying the position of
the HW is not generated, because the mobility of the chain segment on
which the site is located is so high that it takes diverse conformations.

(B) Because of a fairly high probability with which the request of a
PG in the site for H-bonding is satisfied by an HB to the other PG, the
rate that it is H-bonded to a HW is low and the occupancy of a HW in
the site is low.

The quantities that measure the rates of H-bonding for a PG, y, to
be H-bonded to a HW and the other PG are fiy,(1) (= hy) and
(W) respectively. To confirm the expectation of () and (B), we
examined the correlation of 7 y,;,(1) and 7, (u) for the 35 PGs. As a
result of it, we could confirm that there is a strong negative correlation
for 83% of the PGs: It holds that 1, (1)=0.50 and 7, (11)<0.50 for 13
PGs, and 11, (1)<0.50 and 71 1, (11)>0.50 for 16 PGs. It is supposed that
the former PGs correspond to the case (o) and the latter PGs to the
case (P). All the four PGs with 7, (11)>0.50 and 711,,(1)=>0.50 were
found to be carboxyl groups and are H-bonded to both of a HW and a
PG in protein. As the mechanism of (o) is apparent, we will describe
here two examples of the sites where, through the mechanism of (p),
no CW is detected even at a low temperature of 120 K, which was
experimentally confirmed.

The two PGs of N44_0 and D52_0 form a CHS with n,; =2. These
residues are located in the two 3-strands forming an antiparallel 3-
sheet in the PB-domain and are involved in the two HBs of
N44_NH---0_D52 and N44_0- - -HN_D52. Though the one side of
the p-sheet is exposed to solvent waters, they cannot be H-bonded to
the PGs because a HB of the NH' - - O type generally has a nearly
linear conformation. However, only when the p-sheet is distorted
and the HB is bent, two water molecules are independently or,
forming a BHB, one water molecule is H-bonded to the two vacant
acceptor sites of the two carbonyl groups. As a result, the values of
hy,=0.431, h,,,=0.497 and hy,=h,,=0.254 (u=N44_0,
v=D52_0 ) are obtained from MDS. This shows that the two types
of HBs are formed with nearly the same probability.

All the three PGs of N106_0, R112_N¢H¢ and R112_N ,;H,; are
determined as an SHS by MDS, but have the small numbers of mean
HBs as h,,,=0.299, 0.235, and 0.322 respectively. This results from the
situation that the PG of N106_0O is H-bonded to the two PGs of R112
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with a percent higher than 70%, and so, the probability that the HW
can form a HB is lower than 0.3.

Jep is a CHS with npg =3 consisting of the three main-chain PGs of
A=198_0, ut=G104_0 and ¥=N103_NH located at the junction of
two a-helices, C and D. The hydration matrix has the following
elements as hy,=0.856, h,,=0.751, h,,=0.531, h,,=0.592,
hx»=0.214 and h,,=0.142. The two typical conformations of Jcp
and the corresponding distribution of HWs, which were generated in
MDS, are illustrated in Fig. 8.

In Fig. 8(a), the HW of W1 is BH-bonded to the two PGs of N and p
and connected with the third PG of v via the HW of W2. However,
various hydration structures other than this can also be formed. For
example, there occur such configurations as the W1 is H-bonded to v
either through two waters or directly. The structure of liee lysozyme
has the latter configuration [34], but, in MDS, the frequency of its
occurrence is much lower than that in the figure. The probability that
the W1 is determined as an IHW is so low as ny, = 1.14 and
Mhwi = 0.05 as shown in Table 2. In Fig. 8(b), another conformation of
the Jcp loop where the BHB in Fig. 8(a) is broken and both N103_NH
and N103_N,H,, are directly H-bonded to 1 98_0. As the three PGs are
H-bonded to one another and surrounding PGs, there is no HW in this
structure. This is the same conformation as that of the crystal
structure of 41zt [33], but its occurrence frequency in MDS is also low.
This result proves that the structure of a protein and its hydration
water shows diverse fluctuations at physiological temperatures. It
also suggests that the crystal and solution structures of a protein can
differ greatly from each other in the occurrence frequency of diverse
conformations.

4. Conclusions

The hydration site (HS) of a protein molecule has so far been
defined as each peak position of the number density of hydration
waters (HWSs) around it. In regard to the definition, however, a
problem has been pointed out that estimated peak positions are liable
to be blurred with thermal fluctuations of the protein structure.

Fig. 8. Two snapshots for the clustered hydration site (CHS), JCD, with nps=3
demonstrating diverse configurations of protein and hydration water (HW). (a) A
configuration having two HWs and (b) another configuration having no HW.

Changing our viewpoint to overcome the problem, we introduced a
new method that a HS is defined not as a peak position of water
density but as a polar group (PG) H-bonded to HWs with an average
number exceeding a predefined threshold. A great advantage of
adopting this definition is that the structural fluctuation of a protein
brings about no error in identifying its HSs. In addition, we have newly
introduced a hydration matrix obtained from applying Thornton's
criterion for determining H-bond (HB) formation to time-series data
on the atomic coordinates of both protein and HW. It enables us to
identify automatically all the HSs of a protein and to analyze its
hydration structure and characteristic properties.

Applying our method to a lysozyme molecule in solution, we could
identify its 233 HSs in all. Our method for finding HB formation can
detect not only the HB between a PG and a HW but also the bridging
hydrogen bond (BHB) where a HW connects two PGs. Making use of it,
we could find that there are two kinds of HSs in lysozyme: 195 single
hydration sites (SHS) each consisting of a single PG and 38 clustered
hydration sites (CHSs) each consisting of two or more PGs connected
with each other by one or more BHBs. The structures of protein and HW
are both thermally fluctuating rapidly, as a result of which a BHB in a CHS
as well as a single HB in a SHS alternates connection with disconnection
continually. Hence, the BHB diagram, where two PGs forming a BHB in a
CHS are connected by a line, serves as a very useful tool for representing
structural characteristics of the HS. Several examples of analysis on the
structure of major CHSs have led to the conclusion as follows: (a) The
mean structure of a HS in lysozyme is given by a weighted average over
the multiple elementary structures formed by its PGs and HWs, and (b)
each of the transition processes between different elementary structures
is realized through various recombination steps of HBs among the PGs
and HWEs.

Referring to the facts and conclusions described above, we will be
able to expect the following: Judging from the structure of CHSs in
lysozyme such as Hg, LB, CIft and so on, the structural characteristic of
a CHS that it consists of several PGs connected by BHBs will be
common to most of the globular proteins. It is also readily expected
that (a) both connection and disconnection of a BHB between two PGs
will possibly be linked to various structural fluctuations of protein,
and (b) the respective sets of HSs expected for a natural mobile
protein and its immobilized counterpart will naturally be different
from each other. Combining the prediction and preliminary results of
analysis on the dynamic characteristics of protein hydration, which is
now in progress, a possibility is expected that the structural
fluctuation of CHSs plays important roles in the folding, unfolding
and functioning of globular proteins.
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