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A comprehensive analysis of interfacial water molecules in the structures
of 109 unique protein-DNA complexes is presented together with a new
view on their role in protein-DNA recognition. Location of interfacial
water molecules as reported in the crystal structures and as emerging
from a series of molecular dynamics studies on protein-DNA complexes
with explicit solvent and counterions, was analyzed based on their accep-
tor, donor hydrogen bond relationships with the atoms and residues of
the macromolecules, electrostatic ®eld calculations and packing density
considerations. Water molecules for the purpose of this study have been
categorized into four classes: viz. (I) those that contact both the protein
and the DNA simultaneously and thus mediate recognition directly; (II)
those that contact either the protein or the DNA exclusively via hydrogen
bonds solvating each solute separately; (III) those that contact the hydro-
phobic groups in either the protein or the DNA; and, lastly (IV) those
that contact another water molecule. Of the 17,963 crystallographic water
molecules under examination, about 6 % belong to class I and 76 %
belong to class II. About three-fourths of class I and class II water mol-
ecules are exclusively associated with hydrogen bond acceptor atoms of
both protein and DNA. Noting that DNA is polyanionic, it is signi®cant
that a majority of the crystallographically observed water molecules as
well as those from molecular dynamics simulations should be involved
in facilitating binding by screening unfavorable electrostatics. Less than
2 % of the reported water molecules occur between hydrogen bond
donor atoms of protein and acceptor atoms of DNA. These represent
cases where protein atoms cannot reach out to DNA to make favorable
hydrogen bond interactions due to packing/structural restrictions and
interfacial water molecules provide an extension to side-chains to accom-
plish hydrogen bonding.
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Introduction

Macromolecular crystallography has implicated
water molecules as important contributors to stab-
ility and speci®city.1 ± 3 As their resolution
improves beyond roughly 3 AÊ , crystal structures of
protein-DNA complexes often reveal ordered
water molecules at protein-DNA interfaces.4 These
water molecules in the complex may be remnants
of the solvation shells of individual macromol-
ecules before binding, they may occur to ®ll the
gaps arising from imperfect matches of protein and
DNA surfaces to sustain a certain threshold pack-
ing density, or they may play a more active func-
tional role as mediators of protein-DNA
ing author:
recognition. In this study we explore the raison
d'eÃtre of interfacial water molecules via a structural
analysis of 109 protein-DNA complexes and arrive
at some new perspectives on their function. We
note, in particular, that a great majority of the
observed water molecules do not merely continue
to solvate the macromolecules in the complex but
are located strategically at the interface primarily
to buffer the electrostatic repulsions between phos-
phate groups of DNA and the electronegative
atoms on the protein. A small percentage of water
molecules are also noticed to act as linkers
(extended side-chains), joining the hydrogen bond
donor atoms of the protein to the acceptors atoms
of DNA. We further analyze the ``ordered water
molecules'' in terms of atom and residue-wise sol-
vation trends, packing densities with and without
# 2001 Academic Press
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water molecules, alignment of water dipoles in
the electrostatic ®eld due to macromolecules, and
comment on their implication to protein-DNA
recognition.

Water in Protein and Nucleic
Acid Structures

There is a large body of literature1 ± 3,5 ± 10 that
reviews the hydration patterns of both proteins
and nucleic acids as observed using structural tech-
niques. They have also been the topic of extensive
theoretical studies.11 ± 13 Numerous examples have
been reported of the structural and functional
importance of water molecules around biomole-
cules. They are associated with the native structure
of the proteins and in many cases they are impli-
cated as having a direct bearing on molecular rec-
ognition and catalysis.14,15 Structural studies point
to a major role of water in protease-inhibitor bind-
ing and in antigen-antibody recognition.16,17 One of
the ordered water molecules seen in the complexes
of HIV protease with peptide ligands has guided
the design of a novel tightly bound inhibitor.18,19

Water molecules have been shown to be crucial in
de®ning the substrate speci®city of bacterial arabi-
nose-binding protein20 and glutamate
dehydrogenase.21 Water is known to play a cataly-
tic role in the hydrolysis of carboxypeptidase A.22

In this case, the general base catalysis is triggered
by the activation of a water molecule by a gluta-
mate sidechain.

Some thorough reviews on DNA hydration are
available.1,5,6 First observed in the minor groove of
the d(CGCGAATTCGCG) dodecamer,23 where a
pattern of water molecules link together the N-3 of
an adenine base and O-2 of the thymine base of
the adjacent T.A pair in the minor groove of
B-form DNA, the spine of hydration seems to be a
common feature to the A � T-rich regions24 and is
presumed to stabilize the DNA conformation. The
discovery of structured water around a B-DNA
fragment further catalyzed the quest for under-
standing DNA hydration structure. A structural
analysis of crystalline CGATTAATCG25 shows the
spine of hydration in the narrow regions of the
minor groove of the double helix, and ribbons of
water in the wider sections. Similarly, in the struc-
tures of crystalline CCAACITTGG26 the spine
appears in the narrow center and is terminated by
the presence of a hydrated ion. The hydration of
DNA has been the focus of several computer simu-
lation studies.27 ± 31

In Z-DNA and A-DNA crystals, water molecules
can bridge between adjacent phosphate groups. A
spine of hydration is found in the major grooves of
Z-DNA duplexes, with water molecules bridging
the O-2 atoms of successive cytidine bases.32,33

Analysis of water distributions around phosphate
groups revealed that water molecules are concen-
trated in six hydration sites per phosphate group,
and that the positions and occupancies of these
sites are dependent on the conformation and type
of nucleotide.34 Right-handed DNA duplexes
assume a B-form at high water activity and an A
form at reduced levels. A free energy analysis35 of
molecular dynamics trajectories of A and B-forms
of DNA in water and in mixed solvent systems
revealed that the conformational preferences of
DNA were due to a ®ne electrostatic balance
between inter-phosphate repulsions, counterion-
DNA attractions and solvation/desolvation ener-
getics. The ordered water molecules thus may have
to be viewed from both structural and energetic
perspectives.

The crystal structure of the complex of tRNAGln

and its cognate tRNA synthetase shows that water
molecules occur in the minor groove of the double-
stranded RNA helix of the tRNA, near the amino
acid acceptor stem, and may help to establish the
tRNA's identity.36

Water in Protein-DNA Complexes

It has long been proposed that water molecules
could participate in hydrogen bonding networks
that link side-chain and main-chain atoms with the
functional groups on the bases, and the anionic
oxygen atoms of the phosphodiester back-
bone.2,23,25,37 ± 41 In the structure of trp repressor-
DNA complex,42,43 there are very few direct con-
tacts between the protein and the base-pairs, and
these contacts do not seem to be important for
base-sequence recognition. There are, however,
three ordered water molecules at the protein-DNA
interface that hydrogen bond with both the base-
pairs and the protein side-chains. The bases
involved in these water-mediated interactions are
among the most important in specifying the repres-
sor's af®nity for the operator sequence.

NMR studies of the Antennapedia homeo-
domain indicate that at least two amino acid side-
chains at the protein-DNA interface are in close
proximity to water molecules. The importance of
these water molecules for binding and recognition
was highlighted by the crystal structure of the
paired homeodomain bound to DNA. Remarkably,
in this structure, there are 18 ordered water mol-
ecules at the protein-DNA interface.44 Stability and
speci®city are reported to be conferred by a net-
work of water-mediated protein-DNA hydrogen
bonds in the estrogen receptor-DNA complex.45

Thus, water is considered to play a role in furnish-
ing DNA binding speci®city to nuclear hormone
receptors.

Potentially speci®c interactions between protein
and DNA were identi®ed some years ago in terms
of the pattern of hydrogen bonding of donor and
acceptor sites in the major and minor grooves of
DNA with that of side-chains of the amino acid
residues on protein.46 It is further proposed47 that
protein atoms involved in binding to DNA occupy
positions normally occupied by water molecules in
unbound DNA.
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Not all protein-DNA complexes are highly
hydrated at the interface. The structure of the
TATA box-binding protein (TBP) bound to DNA
exhibits a very hydrophobic interface.48 ± 50 TBP
interacts along the length of the minor groove of
DNA, which is splayed open and curves away
from the protein. Many hydrophobic amino acids
on the surface of the protein are in van der Waals
contact with the edges of the base-pairs and the
ribose sugar moieties. As the minor groove is nor-
mally highly hydrated, many water molecules
must be displaced and the driving force for
complex formation would seem to be primarily
entropic.51

Overall, the occurrence of several crystallogra-
phically ordered water molecules in protein-DNA
complexes necessitates a molecular explanation for
their presence and their implication to protein-
DNA recognition. Here, we focus on water mol-
ecules observed at the interface of protein-DNA
complexes and attempt to elucidate some general
principles concerning their structural organization
as pertinent to binding.

Structural analysis of 109 protein-DNA
complexes: a new view on the role of water

A search through the RCSB Protein Data Bank{52

revealed 587 protein-nucleic acid complexes, of
which 568 were X-ray/NMR structures and the
rest were theoretical models. Of these, 175 were
unique complexes, the rest being repetitions and
mutants. Some of these had gaps in their deposited
coordinates and a few others did not contain any
water molecules. Those structures were excluded,
leaving 109 unique protein-DNA complexes for
our study here. Table 1 shows their PDB codes and
the number of water molecules reported in each
case.

Hydrogen atoms were added to the complex
and water oxygen atoms and minimized for 500
steps (50 steps of steepest descent and 450 steps of
conjugate gradient) keeping the rest of the atoms
®xed using the AMBER version 6 suite of
programs.53 To relax any further steric clashes yet
stay close to the crystal structure, a restrained, all-
atom minimization was carried out, wherein the
complex was initially subjected to a restraint of
25 kcal/mol (1 cal � 4.184 J), which was relaxed
gradually over 500 steps of minimization. Further
analysis of water molecules is described brie¯y
below.

Hydrogen bonding criterion

The criterion adopted to identify atoms that are
hydrogen bonded to a reference water molecule is
shown in Figure 1. We construct a cone about H(1)

such that an acceptor atom X(1) on protein, DNA or
any other water molecule that falls in that cone can
{ http://www.rcsb.org/pdb
make a hydrogen bond with H(1). The ®rst con-
dition required for H(1) to be hydrogen bonded to
the acceptor atom X(1) is that OX (r in Figure 1) be
less than 3.3 AÊ .54 This distance ensures that each
water molecule is assigned to at least one or the
other atom of protein or DNA or another water
molecule. The second condition is that y(1) be
between 0 and 30 �. For a donor atom X(2) to be
hydrogen bonded to the oxygen atom of water, the
angle X(2)OH(2) i.e. y(2) or the angle X(2)OH(1) should
be between 80 and 140 �. This is because of the
orientation of the lone pairs in a tetrahedral geo-
metry around the oxygen atom in water. The
above conditions for hydrogen bond identi®cation
are liberal enough and err, if at all, on the right
side. This procedure is repeated with H(2) and with
the two lone pairs of oxygen atoms. The above
assignment scheme partitions all water molecules
in the system uniquely to a speci®c solute atom
based on proximity criterion.

Classification of water molecules in
protein-DNA complexes

Depending on the acceptor, donor hydrogen
bond relationships, we classify the water molecules
into four broad, mutually exclusive classes. Table 2
shows the classi®cation scheme. Water molecules
at the interface that make hydrogen bonds with
protein as well as DNA are the most interesting for
this study. We classify them as class I water mol-
ecules. Again, in class I, based on the type of the
atom, i.e. acceptor or donor with which the water
molecule is in contact through hydrogen bonds,
we divide them further into four categories. In
class II, we include water molecules that contact
the atoms of either protein or DNA but not both.
Here again, depending on the type of the atoms
with which the water molecule is in contact, these
water molecules are pooled under four categories.
Water molecules proximal to hydrophobic atoms
of either protein or DNA are dealt with separately
and are included under class III to gauge their fre-
quency of occurrence. Finally, we club water mol-
ecules hydrogen bonding with other water
molecules as in the bulk solvent in class IV. The
different classes de®ned above as determined for
water molecules in the trp repressor-operator com-
plex are illustrated in Figure 2. The results of the
above classi®cation in 109 protein-DNA complexes
are shown in Table 3.

Do water molecules mediate protein-DNA
interactions?

Class I water molecules are the mainstay behind
the proposal of water-mediated protein-DNA inter-
actions. Quite intriguingly, their number is very
small (5.5 %). In class I, the role of category 1 and 4
water molecules is straightforward. We would not
expect either a direct hydrogen bond or a favorable
electrostatic interaction between two acceptor or
two donor atoms. Here, the role of water appears

http://www.rcsb.org/pdb


Table 1. A classi®cation of water molecules reported in the crystal structures of protein-DNA complexes

Class I Hydrogen bonded to both protein and DNA simultaneously
Category 1: Acceptor of protein-Water-Acceptor of DNA (AP-W-AD)
Category 2: Acceptor of protein-Water-Donor of DNA (AP-W-DD)
Category 3: Donor of protein-Water-Acceptor of DNA (DP-W-AD)
Category 4: Donor of protein-Water-Donor of DNA (DP-W-DD)

Class II Hydrogen bonded to either protein or DNA
Category 1: Acceptor of protein-Water (AP-W)
Category 2: Donor of protein-Water (DP-W)
Category 3: Acceptor of DNA-Water (AD-W)
Category 4: Donor of DNA-Water (DD-W)

Class III Proximal to hydrophobic atoms of either protein or DNA
Category 1: Hydrophobic atom of protein-Water (HfP-W)
Category 2: Hydrophobic atom of DNA-Water (HfD-W)
Class IV Hydrogen bonded to other water molecules (W-W)
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to be to reduce the electrostatic repulsions between
the two acceptor or donor atoms (Figure 2(a)). Cat-
egory 4 water molecules are fewer because of the
smaller number of accessible hydrogen bond donor
atoms on the DNA and so are category 2 water
molecules. Category 3 water molecules can be con-
sidered to be mediating hydrogen bond inter-
actions when packing requirements do not allow
direct contacts between protein and DNA
(Figure 2(b)). These water molecules appear to be
acting as extended side-chains of protein to reach
out to DNA or vice versa. However, the frequency
of their occurrence in the crystallographic water
molecules is very low (1.8 %).

The majority of the water molecules (76 %) fall
under class II, suggesting that the main role of
water is to solvate the protein and the DNA atoms
at the interface than to mediate a hydrogen bond
interaction. They may be playing a role in ®lling
the void spaces at the protein-DNA interface. Also,
the contribution of acceptor atoms (categories 1
and 3) is quite large, indicating clearly a dielectric
screening role for these water molecules. Even if
some of these water molecules turn out to be
cations,55 ± 58 the inferences remain valid.

Our analysis, not surprisingly, shows that there
are not many water molecules under class III.
Crystal studies might not report them, as they
might be more mobile and/or disordered and thus
less easy to observe crystallographically, or they
might have been lost to bulk upon complexation.
Results from molecular dynamics simulations (pre-
sented below and in Table 5) support these stat-
istics and inferences, and suggest that not many
water molecules stay close to hydrophobic groups
at protein-DNA interfaces. Class IV water mol-
ecules are not of immediate interest to protein-
DNA recognition at the level of a primary contact
analysis. They may be important, however, in ana-
lyzing higher levels of water organization such as
clusters and ordered networks around biomole-
cules.

In summary, the following trend on the number
of water molecules emerges from Table 3: class
II4IV4I > III. Also, around 92 % of the total PDB
water molecules fall in either class II or IV, which
have no direct role in mediating protein-DNA con-
tacts or in extended hydrogen bonds. In class I, the
trend for the number of water molecules is
observed to be: AP-W-AD4DP-W-AD4AP-W-
DD > DP-W-DD. Category 3 water molecules in
class I (i.e. DP-W-AD) can be thought of as hydro-
gen bond linkers. Though protein and DNA could
form a hydrogen bond directly, distances permit-
ting, these water molecules seem to be playing a
mediatory role. Note that the number of these
water molecules is small.
Figure 1. Structural criterion
used for identifying hydrogen
bonds. H(1), H(2) and O denote
atoms of the water under examin-
ation. X(1), X(2) denote any atom on
protein, DNA or another water
molecule.



Table 2. Number of water molecules reported in the crystal structures of protein-DNA complexes examined

Study no. PDB code Number reported Study no. PDB code Number reported

1 1A02 88 56 1HLO 18
2 1A0A 80 57 1HWT 58
3 1A6Y 234 58 1IF1 10
4 1A73 782 59 1IHF 384
5 1AAY 148 60 1JMC 90
6 1AIS 288 61 1LAU 161
7 1AKH 50 62 1LMB 140
8 1AM9 287 63 1MDY 25
9 1AOI 13 64 1MEY 132
10 1AWC 46 65 1MHD 24
11 1AZP 132 66 1MNM 53
12 1B01 26 67 1NFK 317
13 1B3T 182 68 1OTC 23
14 1B94 350 69 1PAR 45
15 1BC7 137 70 1PDN 13
16 1BER 466 71 1PER 40
17 1BF4 114 72 1PUE 143
18 1BHM 215 73 1QAJ 406
19 1BL0 144 74 1QBJ 244
20 1BNZ 99 75 1QP9 96
21 1BP7 7 76 1QRV 116
22 1BPY 321 77 1QUM 315
23 1BVO 36 78 1RCN 68
24 1BY4 230 79 1RPE 36
25 1CA5 102 80 1SKN 28
26 1CDW 280 81 1SVC 126
27 1CEZ 471 82 1TC3 49
28 1CF7 75 83 1TRO 316
29 1CIT 38 84 1TSR 384
30 1CKQ 151 85 1UBD 87
31 1CKT 74 86 1VAS 143
32 1CLQ 221 87 1WET 92
33 1CMA 36 88 1XBR 286
34 1CW0 206 89 1YRN 58
35 1D3U 180 90 1ZME 157
36 1D66 51 91 2BDP 468
37 1DEW 444 92 2BOP 242
38 1DH3 11 93 2BPA 178
39 1DMU 255 94 2DGC 92
40 1DP7 124 95 2DRP 57
41 1DSZ 338 96 2GLI 44
42 1DUX 225 97 2IRF 397
43 1ECR 49 98 2NLL 236
44 1EFA 62 99 2OR1 44
45 1EGW 656 100 2RAM 128
46 1EQZ 349 101 2UP1 144
47 1ERI 61 102 3CRO 25
48 1F3I 434 103 3HDD 53
49 1F66 325 104 3KTQ 149
50 1FJL 185 105 4CRX 473
51 1GDT 29 106 6CRO 7
52 1GLU 41 107 6MHT 148
53 1HAP 151 108 6PAX 84
54 1HCQ 158 109 9ANT 38
55 1HCR 16 Total 17,963
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Molecular Dynamics Analysis of
Interfacial Water Molecules

To address issues related to resolution in the
reported crystal structures, the existence of mul-
tiple minima for water locations and orientations,
and to ensure the general validity of the above
results at ambient temperature, molecular
dynamics (MD) simulations were performed on 35
of these complexes with solvent and counterions.
Table 4 shows the PDB codes of these complexes
and the number of water molecules considered in
each case. The complexes were prepared for mol-
ecular dynamics simulations as follows: the hydro-
gen-minimized structures from above were taken
as the starting point. Enough counterions were
added to the protein-DNA complex to ensure elec-
troneutrality of the system, followed by the
addition of a 7.0 AÊ shell of water molecules. The
system was then subjected to energy minimization.
First, 500 steps of water minimization was carried
out with a 25 kcal/mol restraint on the complex
and ions. This was followed by 500 steps of mini-
mization where the restraints were relaxed gradu-



Table 3. Number of water molecules observed under each class and category in the crystal structures of protein-
DNA complexes

Class/Category Number Percentage

Class I 1. AP-W-AD 562 3.13
2. AP-W-DD 92 0.51
3. DP-W-AD 332 1.85
4. DP-W-DD 4 0.02

Total 990 5.51
Class II Protein-water 1. AP-W 7458 41.52

2. DP-W 2166 12.06
Total 9624 53.58

DNA-water 3. AD-W 3230 17.98
4. DD-W 799 4.45
Total 4029 22.43

Total 13,653 76.01
Class III 1. HfP-W 318 1.77

2. HfD-W 54 0.30
Total 372 2.07

Class IV W-W 2948 16.41
Total 17,963 100.00

Table 4. Number of water molecules considered in the
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ally with the restraints on the ions being released
faster than on the complex. Then a 100-step all-
atom minimization was carried out. Since we were
interested only in the water molecules around the
complex, the complex was subjected to a restraint
of 1000 kcal/mol and SHAKE applied to all bonds
for computational expediency. The system was
then heated to 300 K over 35 ps with a restraint of
Figure 2. Illustrations of different categories of class I
water molecules as emerging from molecular dynamics
simulation studies on the trp repressor-operator com-
plex.
25 kcal/mol on the water molecules and ions that
was relaxed gradually as above. A time step of 1 fs
was used throughout. The system was then equili-
brated for 15 ps followed by a 100 ps data collec-
tion phase. This procedure was repeated for each
structures of protein-DNA complexes studied via
molecular dynamics simulations

Study no. PDB code Number

1 1A0A 5373
2 1AKH 4698
3 1B94 7786
4 1BER 8829
5 1BHM 6714
6 1BRN 4713
7 1CA5 3228
8 1CMA 4461
9 1A02 7836
10 1BC7 3519
11 1CDW 6099
12 1CKQ 8418
13 1DUX 6189
14 1ECR 5664
15 1GLU 5001
16 1LAU 4305
17 1MNM 7809
18 1PER 3993
19 1RPE 4173
20 1RVA 7458
21 1TSR 11,367
22 1UBD 4560
23 1VAS 4506
24 1ZQC 4549
25 2BOP 4830
26 2HAP 5910
27 2NLL 7110
28 2OR1 4086
29 2UP1 4878
30 3CRO 4389
31 3PVI 5802
32 1ERI 7455
33 1NFK 11,283
34 1TRO 6129
35 1LMB 4911

Total 210,031



Figure 3. An atom-wise contact analysis of interfacial water molecules. The percentage of class I water molecules is
shown against each acceptor and donor atom on protein and DNA. Obb, Nbb, Hbb and Osc, Nsc, Hsc denote oxy-
gen, nitrogen and hydrogen atoms of the backbone and side-chains in proteins, respectively. OP and OS refer to oxy-
gen atoms of phosphate and the sugar moiety of DNA. OB, NB and HB refer to oxygen, nitrogen and hydrogen
atoms of DNA bases.
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of the 35 complexes under investigation (Table 4).
Typical run-time on a four-processor R10000
Origin 200 was about 46 hours for an average-
sized system (1NFK, �12,000 atoms). The simu-
lation run lengths could be an issue in water anal-
ysis. The thermal motion of water may be
regarded as of two types:59 rapid oscillations about
Table 5. Simulation averages for the number of water mole
protein-DNA complexes studied via molecular dynamics

Class/Category

Class I 1. AP-W-AD

2. AP-W-DD

3. DP-W-AD

4. DP-W-DD

Total
Class II Protein-water 1. AP-W

2. DP-W
Total

DNA-water 3. AD-W
4. DD-W
Total

Total
Class III 1. HfP-W

2. HfD-W
Total

Class IV W-W
Total
temporary equilibrium positions (characterized by
a relaxation time tV); and slower displacements of
equilibrium positions (characterized by a relaxation
time tD). For liquid water, tV is about 0.2 ps and tD

is close to 10 ps. Also, the dielectric relaxation time
of water (td) related to the rotational motion, is in
the same range as tD. For ordered water, these
cules observed under each class and category in the 35

Number Percentage

1029 0.49
126 0.06
651 0.31
21 0.01

1827 0.87
49,168 23.41
13400 6.38
62,568 29.79
21,381 10.18
1764 0.84

23,145 11.02
85,714 40.81

588 0.28
147 0.07
735 0.35

121,755 57.97
210,031 100.00



Figure 4. A residue-wise contact analysis of interfacial water molecules. A histogram view of the percentage of
class I water molecules assigned to (a) each amino acid residue (denoted by the single-letter code) and (b) each con-
stituent base and backbone of DNA.
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Figure 5. Class I water molecules (those contacting
both protein and DNA) in the trp repressor-operator
DNA complex colored by the magnitude of the electro-
static ®eld.
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relaxation times may be longer. The run lengths
undertaken here are at least ten times longer than
tD. However, as a check of convergence, ®ve of
these MDs were extended to 200 ps and one to
500 ps, and the results showed no signi®cant vari-
ation. These results are presented in Table 5.
Although the number of water molecules con-
sidered in the molecular dynamics simulations is
an order of magnitude more than in crystal struc-
ture analyses (Table 3), the results are essentially
identical and the inferences are unchanged.

Atom-wise contact analysis

An atom-wise contact analysis of interfacial
water molecules is shown in Figure 3. That water
molecules interact predominantly (to the extent of
90 % in DNA and 71 % in protein) with acceptor
atoms of both protein and DNA is apparent. This
provides further evidence that interfacial water
appears primarily to reduce the electrostatic repul-
sions between acceptor atoms. Also, among the
atoms of the protein, backbone oxygen atoms and
the oxygen atoms of the side-chains are the main
contributors. Whereas in the case of DNA, phos-
phate oxygen atoms are the principal contributors
with the oxygen as well as the nitrogen of the
bases participating equally. The accessible donor
atoms on the DNA are very few, and those on the
protein make favorable interactions with DNA
anyway and hence do not appear to prefer sol-
vation at the interface to any signi®cant extent.
This again is a pointer to the electrostatic role of
the intervening water molecules.

Residue-wise contact analysis

A residue-wise contact analysis of interfacial
water molecules is shown in Figure 4. It is interest-
ing that adenine, guanine and thymine of DNA are
relatively more hydrated than cytosine, while the
backbone hydration dominates as expected. On the
protein side, Glu and Asp are the main residues
interacting with water. Of course, the contribution
of Ser, Thr, Asn and Gln is considerable. This pro-
vides an alternative view in favour of the electro-
static buffering action of water. Data on the
number of water molecules making hydrogen
bonds to acceptor atoms of protein, donor atoms of
protein, acceptor atoms of DNA, etc. for each of
the 109 protein-DNA complexes is provided in the
Supplementary Material. The data presented leads
us to the conclusion that interfacial water mol-
ecules act mainly to decrease the electrostatic
repulsions between the electronegative atoms in
protein-DNA complexes.

Electrostatic Fields at Interfacial Waters

To further appreciate the location and orien-
tation of interfacial water molecules, we computed
the electrostatic ®elds at the water sites using
®nite-difference non-linear Poisson-Boltzmann
(FDNLPB) methodology.60 ± 62 A grid size of 2013

was used with a three-step focusing, where the
extent of the box ®ll was varied from 40-80 %, lead-
ing to a ®nal grid resolution of 2.5 grids/AÊ . A
probe radius of 1.4 AÊ was used for the dielectric
map and the interior and exterior dielectrics were
set at 2 and 80. AMBER63 charges and radii were
used with a salt concentration of 0.145 M.

The magnitude of the ®eld at the water mol-
ecules was computed by averaging the ®eld at the
oxygen atom and the two hydrogen atoms.
Figure 5 shows the ®elds at class I water molecules
in the trp repressor-operator DNA complex.
Figure 6(a) shows a water molecule from the same
system in a high ®eld making contacts with a
phosphate oxygen atom and the side-chain of an
aspartate residue. Figure 6(b) shows a water mol-
ecule in low ®eld, in the groove between N-7 of
adenine and an arginine. For free DNA, the maxi-
mum ®elds are at the phosphate groups while the
potential maxima are concentrated in the
grooves.61,64 This indicates that water molecules
should prefer the backbone, which shows up in
our analysis. The ®eld around DNA in protein-
DNA complexes is affected by the local environ-



Figure 6. A closer view of a class I water molecule of the trp-repressor-operator DNA complex in (a) high ®eld (H-
bonded to a phosphate oxygen atom and Asp) and (b) in low ®eld (between Arg and N-7 of A). The DNA is colored
according to atom and the acidic, basic and neutral residues of the protein are shaded red, blue and yellow, respect-
ively.
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ment. In general, ®elds at water sites near the
phosphate groups in protein-DNA complexes are
higher than in the grooves. However, ®elds in the
grooves are increased drastically due to the occur-
rence of clusters of charged amino acid residues in
some cases. Higher ®elds imply stronger force,
attractive between opposite charges and repulsive
between two acceptor atoms. This observation
once again brings out the buffering action of such
interfacial water molecules that occurs between
acceptor atoms.
Densities in Protein-DNA Complexes

Pursuing the idea that density gradients are not
sustainable for a system at thermal equilibrium,
and that local density variations within the
solvated macromolecular system could lead to
transport of matter, manifested via conformational
transitions/structural rearrangements (interactions
permitting), or diffusion of solvent, we computed
the densities in the structures of protein-DNA com-
plexes emerging from the MD trajectories. The
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occupied volume of each protein-DNA complex
was determined by a Monte Carlo procedure
within a box bounding the extents of the system
after adding 1.8 AÊ to the radius of each atom. The
results are reported in Table 6. Local densities in
protein-DNA complexes in the absence of water
are about 0.8 g/ml but 1.0 g/ml with trapped
water molecules, the same as that of bulk solvent.
The hypothesis is that during complexation in a
solvent medium, large departures from bulk den-
sities are not to be expected at the interface. The
molecular dynamics simulation data on all the 35
complexes supports this view. Table 6 reports the
densities with and without interfacial water mol-
ecules for the complexes as well as protein and
DNA individually.

Two concerns arise in any structural analysis.
One is the dependence of the inference on the data
size. Second is the thermodynamic relevance.
About the data on the number of water molecules
reported in crystal studies (Table 1), certainly there
is no uniformity in either the resolution achieved
or the criterion adopted. Regardless of this, there is
no reason to believe that crystal studies have cho-
sen to report only the water molecules that are
sandwiched between two acceptor atoms, which is
Table 6. Densities (in g/ml) of protein-DNA complexes with

Complex

Study no. PDB code Without water With water W

1 1A02 0.83 1.02
2 1A0A 0.80 1.01
3 1AKH 0.84 1.05
4 1B94 0.85 1.05
5 1BC7 0.82 1.06
6 1BER 0.81 1.04
7 1BHM 0.81 1.03
8 1BRN 0.83 1.05
9 1CA5 0.78 1.06
10 1CDW 0.74 1.07
11 1CKQ 0.81 1.03
12 1CMA 0.79 1.01
13 1DUX 0.80 1.08
14 1ECR 0.80 0.99
15 1ERI 0.80 1.02
16 1GLU 0.82 1.05
17 1LAU 0.83 1.00
18 1LMB 0.78 1.06
19 1MNM 0.83 1.01
20 1NFK 0.82 1.02
21 1PER 0.78 1.07
22 1RPE 0.82 1.06
23 1RVA 0.80 1.02
24 1TRO 0.75 1.06
25 1TSR 0.81 1.05
26 1UBD 0.82 1.07
27 1VAS 0.76 1.07
28 1ZQC 0.80 1.02
29 2BOP 0.81 1.07
30 2HAP 0.82 1.04
31 2NLL 0.77 1.08
32 2ORI 0.81 1.06
33 2UP1 0.74 1.05
34 3CRO 0.81 1.05
35 3PVI 0.79 1.02

Average 0.80 1.04
the main observation here. These water molecules
constitute an overridingly large proportion of the
reported water molecules with an unambiguously
identi®able role in electrostatic screening. More-
over, the molecular dynamics studies, which con-
sider about 0.2 million water molecules (Tables 4
and 5), corroborate our ®ndings. On the energetic
front, both experiment and theory clearly indicate
that water release from non-polar atoms makes a
favorable contribution to the binding free energy
of protein-DNA complexes.65 ± 74 Work on the con-
tribution of interfacial water molecules to binding
free energies is in progress. We ®nd the preferen-
tial location of water molecules between protein
and DNA atoms, which ought to repel each other
with the attendant solvation energetics that has but
to be favorable, a new view on the role of inter-
facial waters.

Conclusions

A structural analysis based on the chemical iden-
tity of macromolecular atoms proximal to the inter-
facial water molecules observed in the crystal
studies of 109 protein-DNA complexes leads
unequivocally to the inference that a great majority
and without interfacial water molecules

Protein DNA

ithout water With water Without water With water

0.78 0.96 0.86 0.96
0.75 0.98 0.85 1.09
0.76 0.95 0.85 1.00
0.84 0.99 0.86 0.93
0.79 0.97 0.81 0.99
0.81 0.98 0.84 1.07
0.81 0.97 0.84 1.08
0.82 1.02 0.83 0.91
0.76 0.98 0.79 0.98
0.77 1.00 0.76 1.09
0.84 0.98 0.82 0.93
0.79 0.96 0.81 0.97
0.82 0.99 0.81 1.04
0.79 0.95 0.83 0.93
0.85 0.97 0.81 0.92
0.77 0.95 0.83 1.00
0.83 0.99 0.71 0.92
0.79 0.96 0.82 1.01
0.77 0.95 0.84 0.97
0.81 0.99 0.83 0.94
0.82 0.95 0.80 0.98
0.81 0.96 0.85 0.98
0.84 0.97 0.82 0.95
0.77 0.98 0.78 1.06
0.83 1.03 0.83 1.01
0.76 0.95 0.85 1.04
0.79 0.97 0.74 1.05
0.80 0.99 0.81 0.97
0.82 0.98 0.83 1.02
0.76 0.95 0.83 1.03
0.76 1.04 0.82 1.01
0.80 0.96 0.84 1.00
0.79 1.00 0.63 0.95
0.79 0.95 0.83 0.99
0.81 0.96 0.81 0.94
0.80 0.98 0.81 0.99
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of water molecules serve to buffer electrostatic
repulsions between electronegative atoms of the
protein and the DNA. About 2 % of the observed
water molecules act as linkers to form extended
hydrogen bonds between the protein and the
DNA, compensating for the lack of a direct hydro-
gen bond.
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