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ABSTRACT DNA deformability and hydration are both sequence-dependent and are essential in specific DNA sequence
recognition by proteins. However, the relationship between the two is not well understood. Here, systematic molecular dynamics
simulations of 136 DNA sequences that differ from each other in their central tetramer revealed that sequence dependence of
hydration is clearly correlated with that of deformability. We show that this correlation can be illustrated by four typical cases.
Most rigid basepair steps are highly likely to form an ordered hydration pattern composed of one water molecule forming a bridge
between the bases of distinct strands, but a few exceptions favor another ordered hydration composed of two water molecules
forming such a bridge. Steps with medium deformability can display both of these hydration patterns with frequent transition.
Highly flexible steps do not have any stable hydration pattern. A detailed picture of this correlation demonstrates that motions
of hydration water molecules and DNA bases are tightly coupled with each other at the atomic level. These results contribute
to our understanding of the entropic contribution from water molecules in protein or drug binding and could be applied for the

purpose of predicting binding sites.

INTRODUCTION

Deformability of DNA depends on the base sequence. This
sequence-dependent conformational deformability has been
considered to be highly associated with the regulation of
gene expression. For example, transcription regulatory
proteins that specifically bind to a unique sequence require
in some cases the bending of DNA to achieve suitable
DNA-protein contacts (e.g., TATA box binding proteins).
In this case, a sequence-dependent difference in DNA
deformability can be one of the determinants for realizing
favorable DNA-protein contacts, and it is thus critical for
the formation of DNA-protein complexes, which is known
as a major factor of indirect readout. Another situation in
which the DNA conformational deformability plays an
important role is global nuclear organization. DNA in eukary-
otes globally bends to wrap a histone and form a compact
chromatin structure. Some DNA sequences are known to
strongly favor a nucleosome structure (1). In viruses, DNA
bends to be stored in capsid. A large number of studies con-
cerning the formation of such peculiar structures indicate
that the physical property of DNA, as well as its sequence,
is essential for understanding DNA-related biological events.
Valuable information about the sequence dependence of
DNA deformability has been reported (2,3). By analyzing
many crystal structures of DNA-protein complex, Olson
et al. (3) found that different basepair steps have significantly
different deformability, e.g., the AT step is very rigid, whereas
the TA step is very flexible. Similar trials of the deformability
characterization have been made using computational

Submitted January 7, 2009, and accepted for publication May 29, 2009.
*Correspondence: kono.hidetoshi@jaea.go.jp
Editor: David P. Millar.

© 2009 by the Biophysical Society
0006-3495/09/08/1138/10  $2.00

approaches (4-10). The sequence dependence of DNA
deformability has been investigated thoroughly (4,8,9) from
molecular dynamics (MD) simulations of 136 unique DNA
sequences that consider all sequences allowed for a tetramer.
The computationally deduced data not only made up for the
shortage of sequence variation in experimental data but also
provided more detailed information on basepair step deform-
ability. In addition to the characters of 10 unique dimer steps,
the influence by their neighboring bases was clarified (3,7).
Such knowledge about the deformability has been applied
to the prediction of DNA-drug interactions (11).

In addition to DNA deformability, the hydration pattern
appearing on the DNA surface is also dependent on the
sequence. It is known that a well-defined hydration pattern
of the DNA minor groove, the hydration spine, appears in
particular sequences (12—14). The hydration spine, which
was first found in the crystal structure of B-DNA composed
of 5CGCGAATTCGCG3?’, determined by Drew and Dick-
erson (12), consists of two layers of ordered water molecules
aligned along the DNA minor groove. Later, higher-resolu-
tion analyses showed a hydration structure that was extended
up to four layers (15,16). However, analyses using different
sequences showed that the DNA hydration pattern was sensi-
tive to sequence, and a different hydration pattern was
observed for a sequence with a wider minor groove (17-19).

Such a sequence-dependent difference in DNA hydration
can have a nonnegligible effect on biological processes such
as DNA-protein interactions. When a protein binds to DNA,
hydration water molecules are excluded from the DNA
surface. Because the release of water molecules leads to an
increase in entropy, it will be a driving force for association
with other molecules (20). If water molecules to be excluded
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upon protein/ligand binding are highly structured on the
DNA surface, a large entropy gain will be obtained by
release of these water molecules. This can make an essential
contribution to binding affinity and specificity. A series of
thermodynamic experiments by Privalov et al. (21,22) on
DNA-protein association clearly showed this entropic effect
caused by releasing hydration water molecules.

As mentioned above, both deformability and hydration of
DNA are sequence-dependent, which raises the question of
how they are related to each other. The purpose of this work
is to reveal this relationship, and to further understand its
underlying mechanism. Crystallographic data of DNA hydra-
tion water have continued to accumulate since the first report
by Drew and Dickerson (12). Also, with increased resolution
of experimental measurements, accurate description of DNA
hydration patterns has become possible. However, because
there is limited variability in DNA sequence in the structure
datareported in the literature, presumably due to the difficulty
of crystallization, these data are not adequate to describe the
details of sequence-dependent hydration. Unlike the experi-
mental approach, MD simulation is not subject to this crystal-
lization difficulty and can thus be used to investigate the
sequence effect systematically. In addition, not only time-
averaged structures of DNA and hydration water but also their
dynamics can be derived from MD trajectories. In this way,
MD simulation provides an atomic-level picture of the de-
formability-hydration relationship that helps us to understand
the mechanical linkage of both behaviors.

In this work, sequence dependence of DNA deformability
and hydration were extensively investigated by MD simula-
tion. Different basepair steps exhibited different behavior not
only in deformability but also in their minor-groove hydra-
tion patterns. By comparing the two properties, it was found
that an explicit correlation exists between the sequence
dependences of deformability and minor groove hydration.
All sequence behaviors considered here were well demon-
strated by four representative cases. The obtained correlation
between deformability and hydration was also characterized
by atomic-level motions of basepair steps and hydration
water, which are tightly coupled with each other. Meanings
of the obtained knowledge about the sequence dependence
of DNA hydration are discussed in the context of protein-
DNA interactions.

METHODS

DNA deformability and hydration were evaluated for 10 unique dimeric
steps: AT, TA, AC, CA, CG, AA, GA, GC, GG, and AG. These steps
were extracted from the central dimeric step N,N3 of the B-form DNA
whose sequence is 5’CGCGN;N,N;N,CGCG3’, which was subjected to
MD simulations. N, denotes any base A, T, G, or C, so the total number
of DNA was 136. Because the DNA sequences differ from each other not
only in the central dimeric step but also in their flanking bases, the depen-
dency on flanking base of central dimeric step properties was evaluated.
Each DNA structure was constructed in a canonical B-form using the
AMBER Nucgen module (23). MD simulations were carried out by the
AMBER Sander module (23); 10 ns trajectories were obtained for each
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DNA system by numerical integration with a time step of 1 fs. The pressure
and temperature were set to 1 atm and 300 K, respectively. Trajectories of
the last 8 ns of simulations were used for the analysis of DNA deformability
and hydration. Details of the system and the simulations are given in
Section S1 in Supporting Material.

DNA deformability expressed as basepair step
fluctuations

Deformability of basepair steps was quantified by their fluctuation. Using the
MD trajectories, the deformability was evaluated for each dimeric step N,N3
(Fig. 1; see also Fig. S1 in the Supporting Material). In this evaluation, we
used basepair step parameters that described the relative configurations
between two basepairs, N, and N3. The parameters were represented by
the six variables 6; (i = 1, 2, ..., 6) of shift, slide, and rise for translational
displacements and tilt, roll, and twist for rotational displacements (24,25).
Then, the quantity Ve, representing the degrees of fluctuation in the six-
variable space, was calculated. The Vi, is given as

6
Ve = [ V2 (n)

i=1

where 4; is the eigen value for the covariance matrix M having the compo-
nents m; = ((0; — (6;))(0; — (6;))). Since M is positive definite, it can be
diagonalized using an orthonormal transformation matrix R for M,

R'MR = diag(1,, %, ..., A). Q)
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FIGURE 1 Typical hydration patterns observed in the minor grooves,
shown by snapshots taken from the simulations in this study (upper) and
their schematic illustration (lower). In the one-water bridge, one water mole-
cule is positioned between two bases that are diagonally opposite each other,
and each hydrogen atom of the water molecule makes a hydrogen bond with
the corresponding acceptor atom (N3 or O2). This water molecule partici-
pates in the formation of the first layer of a hydration pattern known as spine
hydration (12—14). In the case of the two-water bridge, two water molecules
connected by a hydrogen bond participate in the bridge construction. The re-
maining hydrogen atom of each water molecule bonds to the corresponding
acceptor atom of the bases.
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If Vep is large, it indicates that the basepair step is highly deformable, and
vice versa. Viep is a useful quantity for characterizing DNA deformability, as
shown in previous studies (3,9).

Evaluation of hydration in DNA minor grooves

Hydration patterns in the minor groove of the central dimeric step N,N; were
analyzed. Both experimental (19,26) and computational (17,27) hydration
data have suggested that two distinct patterns of hydration can exist in the
minor grooves. We also confirmed in a previous study on AATT and
TTAA hydration (28) that the two hydration patterns indeed appear in the
MD trajectories. The atomic configurations of these two patterns shown in
Fig. 1 are considered from a stereochemical point of view. We refer to
such hydration connecting two distinct chains of DNA as one-water and
two-water bridges. Any kind of base has sites of negative charge in the minor
groove—N3 atoms of A or G or O2 atoms of T or C—that can serve as
acceptors for hydrogen atoms of a water molecule. One- and two-water
bridges connect two distinct DNA chains by using one or two water mole-
cules as mediators. As shown later, deformability was highly correlated with
the hydration described by these two types of bridge formation. We evalu-
ated bridge formation for every snapshot of MD trajectories to obtain the
probabilities of one- or two-water bridge formations, P; and P,. We assumed
that the water bridge is formed when all associated hydrogen bonds (i.e., two
for one-water and three for two-water bridges (Fig. 1)) are formed. For
hydrogen bonds, the same criterion was used as in Auffinger and Westhof
(29): the distance of A---H is <2.5 A and the angle of A---H-O
is >135°, where A denotes the acceptor atom.

RESULTS

Before showing the calculated results of deformability and
hydration, we should mention that because bases A, T, G,
and C differ in their geometry, the positions of the acceptor
atoms (N3 or O2) are not exactly identical. This geometric
effect can cause different hydration patterns to be made of
different bases. If this is the case, it will become difficult to
purely extract the contribution from basepair fluctuations,
and we cannot then discuss the relationship between confor-
mational deformability and hydration. It was, however, found
that this geometrical difference of acceptor sites is subtle.
The geometric comparison demonstrates that the distance
between two acceptor atoms differed only slightly among
base types, settling in a narrow range of 4.40-4.71 A, as
shown in Fig. S2, where the canonical B-form structures of
various basepair steps are compared. Accordingly, assuming
that the geometric effect is approximately the same among
different basepair steps, we focused on the analysis of the
sequence-dependent relation between DNA hydration and
deformability.

Relationship between DNA basepair step
deformability and water-bridge formations

In Fig. 2, we show the calculated probabilities of one- and
two-water bridge formation, P and P,, respectively, plotted
together with the deformability V.p. Each point corresponds
to a central dimeric step of 136 DNA sequences, and thus
136 points are seen in the figure. These points are colored
according to the value of basepair step deformability, Vep.
Flexible (red) and rigid (blue) basepair steps are distributed
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FIGURE 2 Relation between DNA deformability and minor-groove
hydration. The probabilities of one- and two-water bridge formation and
the basepair step deformability, Vep, for central dimeric steps of 136
DNA sequences are shown. Labels I-IV are employed to denote the different
types of behavior. (See also Section S3 in the Supporting Material for values
of Pl, P2, and Vstep-)

in distinct regions of the P;-P, plot, indicating that a clear
correlation exists between deformability and water-bridge
formation. To explain this correlation, we here characterize
the distribution based on the four regional types with
different behaviors: Most of the rigid basepair steps exist
in the region with high P; (~60%) and low P, (~10%)
(type I), but a few rigid basepair steps appear in the opposite
side, i.e., low P (~10%) and high P, (~50%) (type II). Base-
pair steps with medium deformability are distributed in the
intermediate region with P; of ~30% and P, of ~30%
(type III). Very flexible basepair steps are found only in
the region where both P; and P, have low values, ~10%
for P, and ~20% for P, (type 1V). This tendency can be
summarized as follows: rigid steps are likely to form either
one- or two-water bridges, and these are principal hydration
patterns for minor grooves of rigid DNA. On the other hand,
flexible steps do not have any bridge.

It may be intriguing to elucidate the causality of both prop-
erties. One scenario is that water bridge formation governs
the basepair step motion. To form a water bridge, acceptor
atoms of bases must be precisely positioned, which may be
allowed for some bases and not for others. Nonetheless, if
any stable bridges are formed, the basepair step will be rigid-
ified. Another scenario is that the basepair step deformability
governs water-bridge formation. Different bases have
different interactions with neighboring bases. If a basepair
step is stably positioned by such interactions, it becomes
rigid, inducing an ordering of water molecules. Here, which
hydration pattern—a one- or two-water bridge—appears
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depends on the positioning of the associated base-acceptor
sites. We will return to these hypotheses in the Discussion.

To show the differences among basepair steps, all points
of the P,-P, plot were divided into 10 cases of different
dimeric steps (Fig. 3). The points in each panel show the
results for a particular dimeric step, but with different flank-
ing bases. Thus, the distribution of the points shows the
influence of the flanking bases. Fig. 3 clearly shows that
different basepair steps have different distribution patterns.
The AT step is very rigid irrespective of the flanking bases,
and the points are localized in the region with high P; and
low P,, showing that a one-water bridge stably forms. On
the other hand, all pyrimidine-prine steps (TA, CA, and
CG steps) are concentrated in the region with low P; and
low P, indicating that they do not have any stable hydration
patterns and are flexible. The other steps—GA, GG, AC,
AA, GC, and GA—are significantly influenced by the flank-
ing bases. For example, the GA step has the potential to
make either one- or two-water bridges (Fig. 3), but we found
that which of these hydration patterns is formed depends on
the flanking bases: the observed hydration pattern for AGAT
is mainly the one-water bridge, whereas CGAC predomi-
nantly forms the two-water bridge.

Atomic-level observation of the motion
of basepair steps and hydration water

To obtain a clear picture of the deformability-hydration corre-
lation shown in Fig. 2, we observed time-dependent motions
of DNA basepair steps and bridge-forming water molecules at
the atomic levels (see Fig. S3). The GA (Vep = 6.5 A3 deg3)
and TA (Vyep = 47.5 A3 deg3 ), which correspond to the
central steps of AGAT and ATAA samples, respectively,
were chosen as representatives of the rigid and flexible cases.
In the rigid GA step, the six variables settle around their equi-
librium values. In contrast, the flexible TA step exhibits larger
fluctuations. In this case, remarkable changes are observed in
the variables shift, slide and twist.

We next checked the behavior of water molecules to clarify
its relationship to the above basepair step motion. To monitor
the motion of basepair steps, we employed, instead of the six
variables defined above, the distance between two acceptor
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atoms, da_a, because we noticed that this distance is closely
related to the dynamics of bridge water molecules, and it is
useful for capturing the correlated motions.

The acceptor-acceptor distance, da_a, and the probabilities
of water-bridge formation are shown in Fig. 4, where four
typical cases of types I-IV are shown. The presented probabil-
ities are evaluated for each 100-ps interval. Note that these
probabilities are defined differently from those in Figs.
2 and 3, where probabilities P, and P, were evaluated using
8-ns trajectories. In the basepair step of type I, the distance
da.-a 1s kept at ~3.8 A throughout the simulation, and then
a one-water bridge almost always forms. The step of type II
is also stable, but shows a slightly larger value (da.5 ~ 4.4 A).
In this case, a two-water bridge is formed. Compared to these
two cases, the step of type III shows a large fluctuation. The
distance d_x takes either of ~3.8 or ~4.4 A, and often transits
between the two values. A water bridge suited to the distance
(i.e., aone-water bridge for da_p ~3.8 A oratwo-water bridge
for da_s ~4.4 A) is formed, which reveals that both motions of
basepair steps and water molecules are highly correlated. The
very flexible basepair step of type IV has a significant fluctu-
ation of da_, and in this case, the hydration pattern also
fluctuates significantly. The one- or two-water bridge is rarely
formed, but another complicated hydration pattern appeared
in which three or four water molecules participate in the
acceptor-acceptor connection (see snapshot in Fig. 4). As
demonstrated here, the dynamics of basepair steps and water
molecules are linked through the positions of acceptor atoms.
Fig. 2 clearly shows this dynamic correlation. It should be
noted that both water-bridge formation and basepair step
motion are related to the minor groove width. Typically,
a one-water bridge appears when the groove width is narrow,
as reported previously (17,19,30). We also examined the
minor groove dynamics and their relation to the hydration
water and basepair step deformability. They are discussed in
Sections S4 and S5 in the Supporting Material.

Correspondence between simulation results
and experimental hydration data

We compared the current MD results with the hydration data
obtained by x-ray crystal structure analyses. With regard
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to sequence dependence of basepair step deformability,
a good correspondence between MD and experimental results
was confirmed previously (9). We here check the result of
hydration patterns. Table 1 shows the sequence preferences
of one- and two-water bridges obtained from crystal structures
and our simulations. The 21 crystal structures of B-form DNA
with resolution <2.5 A were used (for details of the proce-
dure, see Table 1 note). We should mention the differences
in physical meaning between these statistics. The experi-
mental results are obtained by averaging over the various
crystal samples, whereas the MD results involve not only
the sample average (i.e., over the same basepair step with
different flanking bases) but also the average over the time-
dependent variation. Though some uncertainties are involved
due to these differences in physical meaning, we were able to
summarize the several correspondences in four points.

1. In both MD and experiment, the one-water bridge is more
likely to appear than the two-water bridge.

2. In the experimental results, AT, AC, and AA steps are
very likely to form the one-water bridge (see, for
example, the AT step shown in Fig. 5 a), which is consis-
tent with the MD results.

3. The two-water bridge is indeed observed experimentally,
but it is difficult to experimentally characterize the
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FIGURE 4 Differences in the dynamics
of DNA and hydration water among
sequences: type I, GA step of AGAT;
type II, GA step of CGAC; type III, GA
step of AGAA; and type IV, TA step of
ATAA. The acceptor-acceptor distance,
da.a, shown in the upper portion of each
panel indicates basepair step motions.
Probabilities of one- and two-water bridge
formation are indicated by solid and dotted
lines, respectively.

sequence preference of the two-water bridge because of
the infrequent appearance of this hydration pattern and
the resultant shortage of data. The GA step seems to be
most favorable for two-water bridge formation, but it
can also make a one-water bridge. In crystal structures
of the GA step, water molecules are found at either site
of the one- or two-water bridges (Fig. 5, ¢ and d). That
is, the GA step can adopt a one- or two-water bridge
formation, and its hydration pattern is dependent on the
flanking bases. As confirmed in Fig. 3, the same tendency
is found in our calculations.

4. Finally, the hydration of very flexible basepair steps (TA,
CA, and CG of type IV) rarely has a well-defined pattern
in our MD simulations. Consistent with the calculation
results, no hydration patterns for these steps are found
in the crystal structures (Table 1 and Fig. 5 b).

DISCUSSION

We have clarified the relationship between two sequence-
dependent properties, DNA deformability and hydration.
Our results confirm that they are strongly correlated with
each other: rigid basepair steps favor ordered states of
hydration water, whereas flexible steps do not. Such
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TABLE 1 Formation of one-water and two-water bridges in the
minor groove

MD#* Experiment!

Py (%) P> (%) One-water bridge (%) Two-water bridge (%) Nt

TA 9.1 19.8 33 0 6
CA 5.6 15.2 0 18 11
CG 2.8 12.5 0 0 12
GA 226 30.4 15 15 13
GG 265 21.0 0 0 6
AT 53,6 16.3 41 0 17
AC 505 21.4 29 0 7
AA 398 22.0 51 3 35
GC 38.1 25.5 0 0 16
AG 375 222 60 0 5

*Probabilities of formation of one- and two-water bridges, P, and P,. Values
were averaged over DNA samples with the same basepair step at the center
of the sequence.

TExperimental data were obtained from the Nucleic Acids Database (May 8,
2008, release) (47). Of 3826 deposited nucleic acid structures, 28 B-DNA
structures were selected, which were solved at <2.5 A resolution and
without any mismatch or modification. From those 28 structures, seven
sequence-redundant structures were excluded, leaving 21 structures to be
analyzed. Furthermore, to remove the effect of crystal packing, the basepair
steps having a close contact with neighboring DNA in the crystal states were
not considered, leaving 128 basepair steps in the final analysis (see Table S3
in Section S6 in the Supporting Material). Hydration patterns (i.e., one- or
two-water bridges, or no bridge) of the 128 basepair steps were checked
with the distance measurement of PyMOL (48). Because of the lack of
hydrogen positions in the crystal data, hydrogen bonds were identified using
3.4 A as the oxygen-oxygen or oxygen-nitrogen distance.

“Number of basepair steps used for the experimental averages.

sequence-dependent hydration is important in the context of
biological functions of DNA. A discussion follows of the
effect of hydration upon protein or drug binding.

Entropic effect of water molecules released upon
protein or drug binding

Water molecules structurally ordered on the DNA surface can
affect the affinities in DNA-protein associations, because
their release from the DNA surface contributes to the binding
entropy (20,31). In fact, it has been shown experimentally that
protein binding in the minor groove is accompanied by a large
increase of entropy (21,22), suggesting that the driving force
of the binding comes from the release of the water molecules.
The amount of entropy gain can be determined by the degree
of ordering of water molecules bound on the DNA surface,
and hydration is thus thought to be an important factor for
binding. As an example, we cite the binding of AT-hook
(32), which specifically binds on the minor groove surface
of the AATTT sequence (Fig. S5). This binding is known to
be an entropically driven process (33), which leads us to
expect that the hydration water of the minor groove region
makes an essential contribution to the binding. We evaluated
the hydration of this AATTT region using the MD data of
hydration presented in this article (Fig. 3), and found that
the water molecules are indeed highly ordered (one- and
two-water bridge-forming probabilities (P, P,) are (64,7),
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(64,8), (66,7), and (23,31) for the four sites of the sequence,
respectively. Therefore, the release of the ordered water is
thought to be a possible cause of the large entropy gain.

We next consider the binding of a small DNA-binding
drug, Hoechst 33258 (34) (Fig. 6 a, right). This molecule
binds to DNA from the minor groove in a manner similar to
that of AT-hook, described above, which is driven entropi-
cally (35,36) (see more details in Section S8 of the Supporting
Material). This is a good example of the effect of sequence-
dependent hydration, because the binding affinities for the
various DNA sequences have been systematically measured
(37,38). The Hoechst 33258 can bind to any A- and T-rich
sequence, but the affinity varies substantially with the base
arrangement. According to the fluorescence titrations by
Breusegem et al. (37), the sequence preference is in the order
of AATT (—11.70) > TAAT (-9.90) = ATAT (-9.91) >
TATA (—8.61) = TTAA (—8.71), where the values in paren-
theses indicate the binding free energy (kcal/mol). The MD
data presented here regarding the probabilities of water-
bridge formation (P, P;) show that the degrees of ordering
of minor groove water should be, from order to disorder,
AATT (64,7) > ATAT (46,18) > TAAT (37,19) > TATA
(25,24) > TTAA (10,21). P; and P, denote the average
over the three bridge formation sites involved in the tetramers
(Fig. 6 a, left): P;= Y. P. Both properties of binding

site=1~3

affinity and hydration are well correlated with each other.
This will be understood in the following way: the higher the
ordering of the water bound on the DNA surface, the larger
the resultant entropy gain from the release of the water.
Accordingly, a sequence with highly ordered water (e.g.,
AATT) has a high affinity with the Hoechst molecule. In
this way, the simulation results provide quite a reasonable
explanation for Hoechst binding.

In the DNA-Hoechst binding, entropy gain is of course the
main contribution to the binding free energy (35,36). It
should be noted, however, that the binding free energy is
determined by the balance of entropy and enthalpy, so
keeping enthalpy cost low is also important for realizing
favorable binding (see Section S8 of the Supporting Mate-
rial). In the DNA-Hoechst complex structure where the
Hoechst is binding to the minor groove of AATT (34), the
Hoechst suitably forms hydrogen bonds with the hydrophilic
atoms that reside at the floor of the minor groove. In addition,
the Hoechst structure just fits into the narrow minor groove.
These favorable conditions are thought to lower the cost of
binding enthalpy and these contacts are probably established
due to the rigidity of the AATT conformation and the
narrowness of the groove. In contrast, the minor groove of
TTAA may be unfavorable for realizing such hydrogen
bonds and a tightly packed form, because the basepair step
fluctuation is large and the groove structure is fluctuating
and wider (28). Differences in the DNA-Hoechst binding
affinity among DNA sequences (37) are partly attributed to
such different contributions in terms of enthalpy.

Biophysical Journal 97(4) 1138—-1147
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FIGURE 5 Hydration patterns in the crystal structures of
DNA. Experimentally deduced water oxygen sites are
denoted by red and white spheres, which correspond to
the first and second hydration layers, respectively. Blue
dotted circles indicate the regions of interest. (@) One-water
bridge in the AT step from AATT (PDB code 1EHV). (b)
No bridge in the CG step from GCGA (PDB code 1BNA).
(c) One-water bridge in the GA step from CGAA (PDB
code 1BNA). (d) Two-water bridge in the GA step from
CGAG (PDB code 251D).

It should be noted that for a major-groove binding protein, the minor groove region that does not make contact with this
Watkins et al. recently reported that the ordering of watermole- ~ protein in the DNA-protein complex is correlated with the
cules around DNA is correlated with the binding affinity (39). binding affinity. This might be another factor to consider in
One interpretation of this result could be that water ordering at the contribution of water molecules to the binding free energy.

FIGURE 6 Interactions in the minor groove. (a) Interac-
tions with a small molecule, showing hydration in the minor
groove of the AATT sequence in this study (/eff) and the
crystal structure with Hoechst 33258 (34) (PDB code
1D43) (right). (b—d) Interactions with three proteins. (b)
MATa2/MCM (PDB code IMNM). Six hydrogen bonds
are formed in the minor groove between TAAAT and resi-
dues: (Arg!*)N-HI - - -02(T*%), (Arg'**)N-H1- - - 02(T"),
(Arg")N-H2- - -N3(A®), (Arg'*)N-H2- - - 02(T?), (Gly'**)
N-H- - -02(T?'), and (Arg!**)N-H- - -02(T??). (c) Endonu-
clease BamHI (PDB code 1BHM). Two hydrogen bonds
are formed in the minor groove between GATC and
residues: (Gly197)N-H~ --02(T7) and (Aspl%)N-H- --02
(C%. (@ Hin recombinase (PDB code 1HCR). Two
hydrogen bonds are formed in the minor groove between
TTTT and residues: (Arg'*®)N-H- - -N3(A%°) and (Arg'*®)
N-H- - -02(T®). The MD results from this study (Fig. 3)
suggest that the minor grooves shown have strongly ordered
hydration in the protein-free state (see text).
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Hydration-water-based prediction of DNA-protein
interaction sites

Knowledge about DNA hydration can be used to predict
protein-DNA interaction sites. Analysis of the crystal struc-
tures of various DNA-protein complexes has revealed the
following relation: positions where protein residues make
hydrogen bonds with DNA in the complex state are in good
correspondence with the hydration sites of the DNA in the
free state (40). Based on this rule, the data of hydration
presented here (Fig. 3) can be applied to predicting the
hydrogen-bonding sites of DN A-protein complexes. Accord-
ing to Fig. 3, AT and AC steps are likely to make stable
hydrogen bonds to the water. This means that these steps
have the potential to serve as a hydrogen-bonding site when
proteins bind to the DNA. On the other hand, TA, CA, and
CG steps are not expected to behave in such a way, because
they are not likely to make any water bridges in the free state.
Among various DNA-protein complexes listed by Selvaraj
etal. (41), we found cases in which hydration sites of the DNA
minor groove are replaced by the hydrogen-bonding sites
formed upon protein binding. MAT«2/MCM has a contact
with the DNA minor groove of TAAAT (42). The hydration
data obtained by this study indicate that this minor groove
region is indeed well hydrated (probabilities of one- and
two-water bridges forming (P;, P,) are (6,24), (26,26),
(66,7) and (64,8) for the four sites). The water molecules
at these sites are displaced upon protein binding, and the
N-terminal residues of the protein, Arg132, G1y133, and
Arg'?>, then intrude into the minor groove (Fig. 6 b). In this
process, eight hydrogen bonds involved in four one-water
bridges are lost, and six hydrogen bonds are created by
binding of the protein residues (Fig. 6 b and legend). The
crystal structure of endonuclease BamHI (43) with DNA is
also considered to have hydrated water molecules replaced
by protein in the same way. Three residues of this C-terminal
region bind to the GATC minor groove (Fig. 6 ¢). From the
hydration data in Fig. 3, this region must be highly hydrated,
and in fact, the probabilities of forming one- and two-water
bridges (P, P») are (45,16), (65,11), and (45,16) for the three
sites. Upon binding of BamHI, the hydration water molecules
are replaced by the residues in the C-terminal region, which
form two hydrogen bonds with DNA (Fig. 6 ¢ and legend).
DNA and proteins make a rather smaller number of
contacts in the minor groove than in the major groove, as
seen in the examples above. However, in some cases, such
a small number of contacts can be essential for DNA-protein
complex formation. The base (44) or amino acid (45) muta-
tion experiments for Hin recombinase, which specifically
binds to the minor groove of TTTT using its N-terminal
region (Fig. 6 d and (46)), showed drastic changes in binding
affinity, and the interactions in the minor groove were iden-
tified as an essential contribution to this binding. Again, this
contribution can be predicted by the hydration data presented
here (Fig. 3): probabilities of water-bridge formations for the
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TTTT region are (P{,P,) = (59,12), (59,12), and (21,33),
showing that this minor groove is a highly hydrated site.

Mechanical linkage between the motions of DNA
basepair steps and hydration water

We have shown that an explicit correlation exists between
the behavior of basepair steps and that of hydration water.
Furthermore, we have obtained a detailed picture of this corre-
lation, i.e., the motions of basepair steps and water molecules
were tightly coupled at the atomic level. A question yet to be
resolved is the causality between the two behaviors. We now
consider the question of what produces the deformability-
hydration correlation. Some say that DNA basepair step
motions determine the bridge-water dynamics, and others
that the water-bridge formation determines the basepair step
motion. To address which hypothesis is more likely, we con-
ducted an additional MD simulation using a DNA sequence
containing a tetramer of AATT at the center. The central
dimeric step AT was originally rigid and was suited to the
formation of a one-water bridge (Fig. 3). We artificially modi-
fied the charges of the acceptor atoms, changing the original
atomic charge of the two acceptors (O2 of T) from —0.588e
to —0.088e, so that no water bridge would be formed. If the
AT step were to become flexible by inducing collapse of the
water bridge, we could conclude that the rigidity was a result
of the water-bridge formation.

The MD result showed that the water bridge was
completely broken by modifying the acceptor sites (the prob-
ability of one-water bridge formation, P;, decreased from
64% to 2%). On the other hand, the deformability of this base-
pair step did not change fundamentally (the resultant V., was
2.0 A% deg?, which was approximately the same as the original
value of 2.7 A? deg?). It can be interpreted from this result that
DNA deformability is not affected by hydrogen-bonding of
hydration water. However, it is difficult to simply say so,
because we observed a different kind of water molecule local-
ization in the minor groove in the trajectory (see Section S9 of
the Supporting Material). Furthermore, there are other possi-
bilities to be considered. Though breaking one water bridge
did not change the basepair step deformability, multiple
breaks may have a large impact on deformability. Another
possibility is the effect of the flanking basepair steps, which
may be related to the deformability of the central step. In
the case of the AATT sequence, not only the central AT
step but also the flanking steps, AA and TT, are both rigid
and suitable to form the one-water bridge. Such a cooperative
effect of the flanking basepair step with hydration remains to
be systematically examined.

Higher layers of ordered water molecules

High-resolution crystal structure analyses revealed that a
third and a fourth layer of ordered water molecules exist
(15,16). In this study, we did not observe such higher layers,
probably because our MD simulations were performed at
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300 K, whereas the structure determinations were carried out
at a much lower temperature (120 K and 163 K). The low
temperature suppresses the dynamics of water molecules
and enhances the organization of higher layers of ordered
water molecules. In fact, MD simulations at low tempera-
tures showed the higher layers (see Section S10 of the
Supporting Material).

CONCLUSION

The sequence dependences of basepair step deformability and
minor-groove hydration patterns were obtained from MD
simulations for all 136 samples of DNA. It was found that
the two sequence-dependent behaviors are directly related
to each other. This was explained by picking up four typical
cases. Most of the rigid basepair steps are very likely to
form a one-water bridge, but there are a few exceptions that
favor another hydration pattern, the two-water bridge. Base-
pair steps with medium deformability can make either hydra-
tion pattern, but frequently transit between the two states.
Very flexible basepair steps do not have any stable hydration
patterns.

A detailed picture of this deformability-hydration correla-
tion is presented. It is shown that the correlation comes
from coupling of the motions between base acceptors and
hydration water molecules. The causality of the deformabil-
ity-hydration correlation remains to be resolved, but it is
expected to be clarified by another simulation with an implicit
solvent model.

We have discussed two scenarios in which the sequence-
dependent difference of hydration is thought to be an essential
component. One is the entropic gain from water molecules
released upon protein or drug binding. Another is the practical
use for predicting critical interactions in DNA-protein recog-
nition. The knowledge about sequence-dependent hydration
provided by this study will be helpful for understanding
protein-DNA interactions at an atomic level.
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