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INTRODUCTION

A
lanine racemase (AlaR), a pyridoxal 50-phosphate-

dependent (PLP-dependent) enzyme, is a bacterial

enzyme that contributes to the formation of pepti-

doglycan precursors via racemization of L-Alanine

(L-Ala) to D-Alanine (D-Ala). This is the first step in

the biosynthesis of the peptidoglycan. Because of its crucial

role in bacterial cell wall biosynthesis and its nearly unique

expression in bacteria, AlaR is considered to be an appropriate

target for the design of inhibitors that will act as antibiotics.

The AlaR enzyme from Geobacillus stearothermophilus is a

homodimer, with subunits 1 and 2 interacting with each

other noncovalently, head to tail (Figure 1). The AlaR mono-

mer consists of an N-terminal a/b barrel domain and a C-

terminal b barrel domain. A coenzyme PLP ring is covalently

attached to the catalytic residue Lysine 39 (Lys39) in each

subunit. The active site is formed by the catalytic residues

from the N-terminal domain of one monomer and from the
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ABSTRACT:

Structural data produced by a 2-ns molecular dynamics

(MD) simulation on Geobacillus alanine racemase

(AlaR; PDB: 1SFT) was used to study hydration around

the two AlaR active sites. AlaR is a crucial enzyme for

bacterial cell wall biosynthesis. It has been shown

previously that the potency of an inhibitor can be

increased by incorporating a functional group or atom

that displaces hydration sites close to the substrate

binding pocket of its target enzyme. The complete linkage

algorithm was used for cluster analysis of the active site

water positions from 126 solvent configurations sampled

at regular intervals from the 2-ns MD simulation.

Crystal waters in the 1SFT X-ray structure occupy most

of the tightly bound water sites that were discovered. We

show here that tightly bound water sites can be identified

by cluster analysis of MD-generated coordinates starting

with data supplied by a single X-ray structure, and we

predict a highly conserved hydration site close to the

carboxyl oxygen of L-Ala substrate. This approach holds

promise for accelerating the drug design process. We also

discuss an analysis of the well-known notion of residence

time and introduce a new measure called retention time.
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C-terminal domain of the other subunit. There are two active

sites (A and B) in each homodimer.

We performed a 2-ns molecular dynamics (MD) simula-

tion on the AlaR X-ray structure (1SFT)1 from G. stearother-

mophilus solvated in a periodic water box with the A-active

site empty and the B-active site filled with an L-Ala substrate.

Structural frames created in the course of an MD simulation

may be explored and studied in order to investigate the rela-

tionship between the structure and the function of this

enzyme. Such data can be used to assist in the design of new

drug leads for inhibition of this important bacterial enzyme.

In particular, hydration site studies around the enzymatic

active sites may be especially helpful in modifying the current

AlaR inhibitors to enhance their specificity and potency.

Water plays a crucial role in the structure, stability, dy-

namics, and function of biological macromolecules.2–6 Pro-

tein dynamics are tightly connected to the dynamics of sur-

rounding and internal water molecules.6 Although bulk sol-

vent is important for protein folding via the hydrophobic

effect,2,3 hydration waters have different dynamic behavior

when compared to the waters in bulk.4 Interior waters have

residence times in the range of 1028 to 1022 s, as described in

the experimental study by Otting et al.7 In contrast, hydra-

tion of the protein surface in solution is by water molecules

with residence times in the subpicosecond to subnanosecond

range, according to Otting et al.7 and our theoretical study

(data not shown). Our analysis identified waters in AlaR that

display interior-like properties. Most of these are in the inte-

rior of the protein in identical locations to those in the crys-

tal structure. Calculated residence times in our study were

sometimes greater than the length of the simulation. Some of

the buried waters inside the protein reside in a site for the

entire length of the simulation (2 ns, see Results and Discus-

sion), which yields a calculated residence time that is infinite.

Waters that remain localized in a cluster for the entire simu-

lation thus cannot be assessed for either an accurate residence

time or for an accurate retention time (an alternative metric

described in the Methods), but we can assess these measures

as greater than 2 ns (the length of the simulation). The range

of 1028 to 1022 s for residence times of interior waters is fur-

ther supported by the work of Garcia and Hummer; at T 5
300 K they identified two waters that do not escape and 17

water molecules which reside in the protein interior for time

periods longer than 500 ps in their 1.5-ns period of MD sim-

ulation on cytochrome c.8

It has been shown that specific, conserved, and tightly

protein-bound water molecules are important for substrate

and ligand recognition in numerous protein structures and

that knowledge of their role in protein function can assist in

the drug design process. For example, the base specific bind-

ing of the Trp repressor and operator DNA is achieved by a

number of water mediated hydrogen bonds.9 Water also

allows plasticity in molecular recognition, so that class I

human major histocompatibility complex (MHC I) can bind

peptides of widely different side-chain chemistry, via water

mediated contacts to bridge gaps between receptor and

ligand.10 A water molecule bound to the absolutely conserved

Tyr146 allows thymidylate synthase to discriminate between

substrate and product nucleotides.11 Finally, a higher affinity

cyclic urea inhibitor for HIV-1 protease was obtained by

incorporating a carbonyl oxygen to displace a conserved

water molecule in this enzyme.12,13

The concept of replacing and mimicking tightly bound

water molecules in conserved water sites (as determined by

coordinates derived from X-ray crystallography or other

methods) for drug design purposes has become wide-

spread.12–16 Although the problem of identifying these im-

portant water sites from the available structural information

of MD simulation has not been fully explored, some

researchers have utilized MD simulation to calculate the resi-

dence times of the waters at the protein-solvent interface.

These calculations have succeeded in rediscovering most of

the hydration sites derived from NMR or X-ray experiments,

as well as discovering new sites.17–19

FIGURE 1 AlaR (G. Stearothermophilus) is a homodimer. The
two monomers are shown as dark and light ribbons; Lysine 39 with
PLP covalently attached is shown in both active sites as a ball-and-
stick model. The C-terminal domain of the light ribbon AlaR
monomer is circled for clarity of the domain designation. The figure
was rendered with MolScript.35
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The residence time analysis methodology developed by

Brunne et al.,17 originally for the study of water sites around

the BPTI molecule, is based on analyzing those water mole-

cules which can be located within a given shell around any

particular atom within the protein of interest. A similar anal-

ysis by Lounnas and Pettitt employs a grid with a mesh size

of 1 Å, covering the protein of interest, in their case the myo-

globin simulation system.18,19 Thus, the above two methods

need reference points in order to study water hydration; pro-

tein atoms and grid points, respectively.

In this study, we use a simple strategy that can be applied

to any area of the system of interest without using a reference

point. Inspired by Sanschagrin and Kuhn’s work20 analyzing

conserved X-ray derived water sites, we used the cluster anal-

ysis technique to study and compare water hydration sites

between the empty A-active site and the L-Ala bound B-active

site. This is done using structural information from the AlaR

MD simulation, and allowed us to identify the hydration sites

conserved in both active sites, as well as those sites that are

displaced by substrates. A list of cluster sites and associated

waters (for which relative 3D coordinates are available on

request) is provided to assist with rational drug design tar-

geting of alanine racemase (Supplementary Tables I and II).

Although the cluster analysis technique has been applied to

the analysis of water positions in protein crystal struc-

tures,20,21 this is the first time that the cluster analysis with

complete linkage algorithm has been utilized to analyze the

animation waters in MD trajectories

METHODS
Lounnas and Pettitt discovered a connected cluster of hydration
around myoglobin using a 170-ps MD simulation of !11K atoms
in the simulation box.18 As argued by Brunne et al., although one
would have to simulate for a long time in order to sample all possi-
ble different conformations for a small and flexible peptide, a 1.4-
ns simulation is adequate to obtain a qualitative picture of water
of hydration for a stable structure like BPTI (!10K atoms in the
simulation system).17 Given these arguments, and that we have a
much larger and more stable system (due to !68K atoms in the
much bigger simulation box), we performed a 2-ns MD simulation
of AlaR with simulation conditions and parameters similar to
those described in Mustata et al.22 A notable difference is that in
our experiment, we have an empty A-active site and the substrate
L-alanine in the B-active site; whereas Mustata et al. simulated D-
alanine in one active site and the weak inhibitor propionate in the
other. The substrate L-Ala in the B-active site of our system was
modeled by making use of the (R)-1-aminoethylphosphonic acid
(L-Ala-P) in the AlaR complex structure (pdb code: 1BD0),23

which was superimposed on the reference structure for the MD
simulation (pdb code: 1SFT).1

Briefly, the simulation consisted of a system including the AlaR
protein (coordinates based on 1SFT), the L-Ala substrate, 196 crystal

waters (labeled with the ‘‘X’’ prefix for its initiation from the ‘‘X-
ray’’ resolved water site although these waters may leave the crystal
water position during the simulation), 10 sodium ions (to neutral-
ize the molecular system for the particle mesh Ewald method24),
and 18,512 solvent TIP3P25 water molecules (in two segments SLV1
and SLV2 with 9256 waters each due to the 9999 limit of
CHARMM26 on each segment; waters in these two segments were
labeled with ‘‘S’’ and ‘‘V’’ prefix respectively in our analysis), for a
total of 68,227 atoms, in a rectangular box of dimensions 108 3 80
3 80 Å3. The CHARM22 force field27 was used to represent all pro-
tein atoms explicitly. The SHAKE28 algorithm was used to constrain
the bonds involving hydrogen atoms and the Verlet29 algorithm was
used to solve the equations of motion. The system was prepared and
energy minimized with the CHARMM program.26 The heating,
equilibration, and the subsequent production phases were carried
out with the NAMD program30 with explicit solvent and periodic
boundary conditions in the NPT ensemble. A 2-ns production run
was performed and the MD trajectory snapshots were saved every
0.4 ps resulting in 5000 frames.

To select essentially independent frames, we examined 126 struc-
tural frames including the frame at time 0 (with 16-ps intervals
between consecutive frames) for our cluster analysis of the simula-
tion waters. The number of frames examined (i.e., 126) is at least 10
times the number of PDB X-ray structures examined by Sanschagrin
and Kuhn,20 and the average of the consecutive pairwise root mean
square deviation (RMSD) values on the protein atoms of those 126
frames is around 1.06 Å, which indicates a substantial difference
among the examined MD frames. We also chose to use complete
linkage clustering, as it produces compact, globular clusters and
allows specification of a maximum diameter for clusters.20 In com-
plete linkage clustering, the distance between two water clusters, i
and j, is defined to be equal to the greatest distance between a water
molecule in cluster i and a water molecule in cluster j. The ‘‘OC’’
cluster analysis program was utilized to implement complete linkage
cluster analysis.31 The complete clustering process that we used can
be summarized as follows:

1. Calculate the distances between all initial clusters. In this
study, initial clusters are made up of individual waters of in-
terest (i.e., those around the active sites). This step creates a
pairwise distance matrix for the waters of interest.

2. Join the two closest clusters and recalculate the intercluster
distances.

3. Repeat step 2 until all waters are in clusters of diameter less
than the cutoff diameter, and any new clustering will create
clusters of diameter greater than the cutoff. Our choice of
cutoff is discussed below.

The active site residues are formed by ‘‘Lys39, Tyr43, Arg136,
His166, Asn203, and Tyr354’’ in the N-terminal domain and ‘‘Tyr265,
Cys311, and Met312’’ in the C-terminal domain of the monomer sub-
units. The A-active site is formed by the residues from the N-domain
of monomer 1 and the C-domain of monomer 2; the B-active site is
formed by the residues from the N-domain of monomer 2 and the
C-domain of monomer 1.

Before performing cluster analysis of the water sites, the saved
MD coordinates were superimposed via the backbones of the active
site residues at time frame 0 using Kabsch’s algorithm,32,33 via a
transformation matrix calculated by the VMD program.34 This was
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done so that the water coordinates could all be viewed in the same
reference frame. A superimposition was performed for each active
site, in order to accurately derive transformed water coordinates
around each of the two active sites; that is, each frame was superim-
posed separately onto each of the active sites. The 3D figures in this
article were rendered with the MolScript35 (Figure 1) or Raster3D
programs36 (Figures 2 and 3).

According to Kuhn and coworkers,37 water molecules within
3.6 Å of protein surface atoms are considered to be first shell waters.
We used 4 Å to account for higher structural flexibilities, as our
work involves the superimposition of over one hundred frames and
thus admits much variability, whereas the work of Sanschagrin and
Kuhn involved at most 10 homologous PDB structures.20 After the
superimposition step, all waters in the first shell around both the
active site residues and the L-Ala substrate were identified. Pairwise
distances between these water molecules were then computed.

A maximum cluster diameter of 2.4 Å was chosen by Sanscha-
grin and Kuhn20 as the cutoff for the complete linkage clustering.
This diameter was chosen given the assumption that water mole-
cules have an approximate effective diameter of 3.2 Å, so a cluster
diameter of 2.4 Å allows a 50% overlap of water radii within a clus-
ter (i.e., 1.6 Å nonoverlapping regions plus 0.8 Å overlapping
regions, from center to center). Because of the high variability
found in large MD structural data sets, and in accordance with vis-
ual inspection showing that some confirmed water sites are repre-
sented by clusters with diameters closer to 4 Å, we allowed a maxi-
mum cluster diameter of 4 Å.

Deviations from parameter values used by Sanschagrin and
Kuhn20 were made to calibrate our analysis according to our prelim-
inary results. A maximum cluster diameter of 4 Å was chosen as the
cutoff for the complete linkage clustering because some well-defined
water clusters were discovered near that constraint; for example, a
hydration site with longer than 2-ns calculated residence time was
formed around MD/B-active site by clustered waters with maximum
distance of 3.7 Å among them (Table I). Further, we used more than
one hundred structural frames to determine the hydration sites
(compared to around 10 X-ray structures utilized by Sanschagrin
and Kuhn20), and it is reasonable to use a larger cluster diameter
constraint to reflect the greater flexibility of water dynamics in
simulated data, which is more attenuated in X-ray structures. Clus-
ters for which a given water molecule appeared in more than 45%
of the examined MD frames were marked as conserved hydration
sites. This threshold was used to include the mildly conserved S5033
(47.6%) in A-site as contrasted to the highly conserved X7 (100%)
in B-site where both water sites are in equivalent position (Table I).
We also refer to the set of maximally dense conserved clusters deter-
mined in this manner as ‘‘microclusters’’ to emphasize that many of
the water molecules within a cluster physically overlap.20 The cent-
roids (i.e., the average coordinates of the waters in the cluster) of
the identified microclusters are used to represent the conserved and
stable hydration sites around the active sites of AlaR. The centroids
are given in the coordinate system determined by the superimposi-
tion step.

Next, we aligned the equivalent amino acid residues of the A-
and B- active sites, again using Kabsch’s algorithm as described
earlier for superimposition of different frames. Using these derived
coordinates, we superimposed and compared microclusters sepa-
rately identified in the two active sites. The conserved water sites
(i.e., microclusters appearing in equivalent positions in both sites)

and displaced clusters (i.e., microclusters appearing in the A-site,
but displaced in the B-active site by the substrate) were deter-
mined.

We define retention time as ‘‘the total length of time a specific
water stays in the hydration site during the simulation’’. Retention
time during the 2-ns period was determined for each microcluster
as follows. First, we identify the water which appears for the longest
time in a given cluster. Then we multiply the percentage of studied
frames in which this water appears, by 2000-ps. We also follow the
method described in Brunne et al.17 and Rocchi et al.38 to determine
residence time, an alternative measure of water localization. (We
note here that, as our simulation was run for 2 ns, each of the 125
time steps is 2 ns/125 5 16 ps long. Thus, the intervals range from 0
ps to 2 ns, increasing in increments of 16 ps). According to Rocchi
et al.,38 the resulting function of the time step P(t), as described by
the equations below, is a decaying exponential.

PðtÞ ¼
XNw

j¼1

1

N %mþ 1

XDtsðN%mÞ

t0¼0

Pjðt0; t0 þ tÞ ð1Þ

PðtÞ ¼ Pð0Þe%t=s ð2Þ

where N is the total number (not including t5 0) of frames selected
for analysis along the MD trajectory (125), Nw is the number of
water molecules, m is an index of the time steps (0, 1, . . ., N), t is
the length of the time interval, where t ¼ mDts and Dts ¼ 16 ps in
our analyses. Pj(t0, t01t) is a binary function equal to one if water
molecule j remains in the referred cluster site over the entire interval
from time t0 to time t0 1 t, and zero otherwise. s is the ‘‘typical
relaxation time’’ which corresponds to the average time water mole-
cules reside in the cluster; we estimated s by fitting the survival
function [Eq. (1)] with the single relaxation time function provided
by Eq. (2), as described in more detail below.

The majority of previous efforts on residence time studies have
conducted shorter MD simulations on the order of several hundred
picoseconds17,19,38–47 although longer MD simulations have also
been performed.8,48–51 In the 2-ns period of our MD simulation,
there is cessation of the decaying exponential behavior at some time
interval for each of the 15 microclusters identified in this study. We
visually determined this time interval for each microcluster by con-
sidering the function P(t) from 0 to that time interval and using this
data to estimate s, the residence time.

RESULTS AND DISCUSSION

Tightly Bound Water Sites Determined by
Complete Linkage Clustering
Some advantages of the complete linkage clustering algo-

rithm applied to the MD simulated waters include:

1. The hydration site analyses can be focused on the area

of interest (e.g., enzyme active site or ligand binding

pocket in receptor) in the simulated biological system

and there is no need to analyze all the waters in the

Cluster Analysis of Hydration Waters Around Active Sites of AlaR 213
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whole MD simulation system. This can cut down the

computing cost tremendously.

2. By using coordinates relative to the objects of interest

(active site residues, in this case), and by the superimpo-

sition (both in building clusters, and comparing active

sites A and B) we are able to obtain a much clearer pic-

ture of hydration than is obtainable using absolute

schemes such as grids, or fixed reference points.

3. The complete linkage algorithm defines rounded clus-

ters. This is an important consideration when examin-

ing stable hydration sites, as water molecules have

roughly a rounded shape.

The microclusters discovered in this study, along with all

the waters which visit them, are shown in Supplementary

Tables I and II (for active sites A and B, respectively).

These water lists illuminate how water molecules move in

and out of the spaces defined by each cluster in the course

of the MD simulation for the 126 time frames examined.

These data show that it is sometimes the case that more

than one water molecule visits the area defined by each

microcluster.

Conserved microclusters for active sites A and B are listed

in Table I, respectively, along with all of those waters in each

microcluster which appear in the cluster in more than 45%

of the examined MD frames. In each microcluster there is

only one such water, although it is possible that two waters

visit at the same time on the same site with a maximum clus-

ter diameter of 4 Å. The ID of this particular water molecule

is used to label the water site defined by the microcluster, giv-

ing a sense of which water molecule most often appears in

the spot specified by the microscluster (Figures 2 and 3).

FIGURE 2 The visualization of conserved hydration sites after the active sites were superim-
posed. All of the amino acid residues surrounding the active site residues were removed for clarity.
The hydration sites are denoted by the IDs of the most-conserved water visiting the site (see Table
I). The hydration sites around A-active site are colored in red and the ones around the B-active site
are cyan blue.
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Comparison Between Tightly Bound Water Sites at
Active Sites A and B
Superimposition of the amino acid residues of the A-active

site on those of the B-active site reveals those microclusters

common to both sites (Figure 2). In Table I, the major water

microclusters around the active site (determined by MD sim-

ulation and cluster analysis) are listed and we identify equiv-

alent sites in the other active site and in the 1SFT X-ray

structure. There are a total of three tightly bound water sites

common to both active sites in the MD simulation: X17/

X158, X33/X139, and S5033/X7, where the first cluster of

each pair is found in the A-active site, and the second in the

B-active site. These three sites also have equivalent water

positions in both chains of the 1SFT X-ray structure (Table

I). Figure 3 shows the S5033/X7 hydration site in detail; this

site is in close proximity to the carboxyl group of the sub-

strate L-Ala and is especially important, as that position is

known to be crucial to the catalytic function of AlaR.23,52

The site denoted by S5033 in the A-active site has a short

residence time of !219 ps and the site denoted by X7 in the

B-active site has a calculated infinite residence time; this

indicates that this hydration site became highly stable and

conserved (like a part of the protein structure) due to the

presence of L-Ala substrate in B-active site. We propose that a

potent drug can be designed by integrating a functional

group into either the substrate analog or a weak inhibitor of

FIGURE 3 Some conserved waters in the A-active site (X15, X18, V7273, and S5033)
compared with those in the B-active site (X7, X182, and S4356), near the L-Ala substrate, after
superimposition of the sites. The molecule in the center with Ball-and-Stick display is the
substrate L-Ala in the B-active site. All of the amino acid residues surrounding the active site
residues were removed for clarity. The upper, yellow segment is from the N-terminal domain,
and the lower, blue segment is from the C-terminal domain. This figure is viewed as from
the back side of the display in Figure 2. The figure was created with VMD34 and rendered with
Raster3D.36
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AlaR, that will displace this highly conserved water site, thus

bind tightly to the enzyme and disrupt its function.

Existence of Highly Conserved Crystal
Water Sites
Microclusters identified by our analysis are uniquely associ-

ated with the ID of the water with the longest retention time

in the microcluster (Table I). Waters are labeled with an ‘‘X’’

if their initial position in the 2-ns MD simulation was

defined by a known crystal water position (see Methods). Of

the 15 identified microclusters, 11 were visited most often by

waters which were initiated from crystal water positions, and

10 of these 11 sites have equivalent sites occupied by crystal

waters in the 1SFT structure (Table I). The one exception is

the position occupied by X63 in the A-active site; there is no

crystal water in that position in either of the active sites of

the X-ray structure, i.e., X63 was initiated from a crystal

water position, but it moved to and stayed in a noncrystal

water position for 67.5% of the time during 2-ns simulation

(Table I).

In the three microclusters represented by X17/X158, X33/

X139, and S5033/X7, a crystal water was localized to the

equivalent position in both active sites of the X-ray structure.

These three positions are highly conserved and tightly-bound

sites. They appear in the X-ray structure as the crystal waters

A516/B766, A532/B733, and A506/B765, respectively. Waters

labeled with an ‘‘A’’ here are in the first chain of the 1SFT

PDB structure (monomer subunit 1), while those labeled

with a ‘‘B’’ is in the second PDB chain (monomer subunit 2).

As seen from Table I, those waters that appear longest in this

set of three microclusters, with the exception of S5033,

appear in their respective clusters for more than 90% of the

2-ns period. This result suggests that our methodology is ro-

bust, as our method is able to detect some of the crystal

waters common to active sites A and B, and that those waters

are very tightly bound. Additionally, it can detect water clus-

ters not identified in the X-ray structure. For example, cluster

site 5564 in the A-active site is not associated with crystal

waters in the X-ray structure.

The highly conserved water X7 is present in 100% of the

frames in the B-active site, and the mildly conserved water

S5033 is present in 47.6% of the frames in the equivalent

position in the A-active site. As both are very close to their

respective active sites, it is highly likely that the difference in

retention time is due to presence of L-Ala in the B-active site.

The X7 water position is highly stabilized between substrate

and protein, so a modified substrate analog (e.g., D-cycloser-

ine) that contains an extra atom or functional group that

would displace this water site is predicted to bind strongly in

the active site of AlaR and thus act as a potent inhibitor of

enzymatic function.

We also note some changes in water positions due to the

presence of substrate in the B-active site. For example, the

positions represented by X15, X18, X21, and V7273 in the A-

active site did not have waters with long retention times in

the equivalent positions in the B-active site even though

those positions were found in both chains of 1SFT X-ray

structure (Table I). It seems that these water sites were dis-

turbed by the presence of substrate in the active site. The

structural environment of these tightly bound waters, and

the conformational changes to the enzyme caused by the

presence of the substrate, may be studied further to better

understand the catalytic mechanism of AlaR. This knowledge

may assist in the design process for inhibitor drugs targeting

this enzyme.

Retention Times and Residence Times
Residence time, as defined by Brunne et al.,17 is often a useful

way to analyze and understand the presence of waters in

clusters. Below, we discuss some of the limitations of this

method. In clusters which have only one water molecule,

especially one which is tightly bound, the decaying exponen-

tial model is not a good fit to P(t). For example, the cluster

in the A-active site represented by X33, has only that single

water molecule as a member of the cluster. It appears in 125

of the 126 frames that we examined. However, it does not

appear in frame 91; and this single absence produces a curve

that is a poor fit to a decaying exponential. This phenom-

enon occurs several times, in several of the clusters.

The problem can be remedied by using one of the variants of

residence time, where we count a molecule as present in a

cluster for the entirety of the desired time step, even if it has

actually been absent for some prespecified fraction of the

time step.47

The logic and interpretation of retention time is straight-

forward, and this interpretation is sometimes markedly dif-

ferent from the interpretation of measures of residence time.

For example, consider the microclusters represented by X21

and S5033 in the A-active site, and the microclusters repre-

sented by X6 and S7793 in the B-active site. For all four, P(t)

is reasonably well fit by a decaying exponential, and the four

resulting residence times are very similar; 249, 219, 220, and

251, respectively. Their retention times, however, are 1508,

952, 1270, and 1397, respectively. In this instance, retention

time has a much greater variance than residence time. This

difference together with the simple interpretation of reten-

tion time argues that it is useful to consider both residence

time and retention time in the study of water clusters.
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It may be argued that the free energy of buried water ther-

modynamics (although difficult to measure) is ultimately what

determines which water molecule should be displaced in ligand

design, or that kinetic properties like residence time may show

some correlation with free energy measurement, but that stable

waters with long residence times may just be trapped in the

protein structure. Whether the water is stably located or forci-

bly trapped in the hydration site, both the free energy and

measures of kinetics should be considered. Accessibility of

binding sites is an important factor in ligand binding that is

not reflected in the free energy of binding. Retention time is

also not expected to be greatly affected by the trapping of water

molecules in protein active sites, due to the escape of the water

from these sites after the protein conformation is relaxed dur-

ing the MD simulation. Therefore, the measure of retention

time for specific waters offers a useful alternative evaluation of

binding stability for waters of interest.

CONCLUSION
Complete linkage clustering is appropriate for analyzing

water sites on the surface of X-ray resolved biomolecular

structures. It can also be utilized to analyze the large number

of animated waters present during MD simulation. In our

study, we discovered that certain waters visited the same area

around the active sites of AlaR more than 45% of the simula-

tion time. Most waters, however, moved through the sites

randomly.

The conserved and tightly bound waters that we discov-

ered occupy hydration sites inside the protein that are struc-

turally or functionally important for the conformation and

catalytic mechanisms of AlaR due to their proximity to the

active site area. Of the conserved clusters, there are three

pairs of clusters of particular interest: in each pair one cluster

appears in the A-active site, while the other appears in the B-

active site, in the equivalent position. One such pair of clus-

ters, occupied by S5033 in the A-site and X7 in the B-site, is

proposed to be especially important due to its close proxim-

ity to the functional regions of AlaR, around L-Ala and the

PLP cofactor on Lys39. We propose that a potent inhibitory

drug can be designed by linking a functional group in this

position to the ligand for AlaR, and that a virtual screening

process can be designed for this purpose in the future.

We also determined that hydration sites with similar resi-

dence times can be further characterized with another mea-

sure, the retention time of the most conserved water visiting

the site. We predict that the best target hydration sites

around the active sites for structure-based drug design are

those that have a long residence time and include a water

with a long retention time.

Researchers previously needed several homologous X-ray

structures for a protein of interest in order to study

hydration sites. We conclude from this study that the con-

served and tightly bound water sites around protein active

sites can be identified by the rich structural information pro-

duced by MD simulation performed using a single X-ray

structure.
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