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ABSTRACT

Molecular dynamics simulations were performed on
models of the dodecamer DNA double-stranded
segment, [d(CGCGAATTCGCG)] ,, in which each of the
adenine residues, individually or jointly, was replaced

by the water-mimicking analog 2'-deoxy-7-(hydroxy-
methyl)-7-deazaadenosine (hm 7c’dA) [Rockhill,J.K.,
Wilson,S.R. and Gumport,R.l. (1996) J. Am. Chem. Soc. ,
118, 10065-10068]. The simulations, when compared

molecules surround DNA. In the first or inner layer, water
molecules interact directly with phosphates, accessible sugar
oxygens and the exposed polar groups of the bases. This shell
was considered impermeable to ions, but recent studies suggest
the possibility of cations in the first hydration shell (7,15,21).
The second layer undergoes fast exchange of water molecules
and ions with the bulk solvent water and is partially ordered
with respect to the third layer, which is bulk solvent. Although
NMR and thermodynamic methods provide valuable global
information about the dynamics of DNA molecules at different

humidities and ionic strengths, these methods fail to provide
specifics concerning the positions of individual solvent mol-
ecules. The position of water molecules in the first and second
hydration shells can be obtained from X-ray crystallography
(3,4,7,21), theoretical studies (14,22—-24), and computer simula-
tions (15,17-20,25). For example, detection of a ‘spine of
hydration’ in the minor groove of the A tract B-form DNA
established the role of solvent in helping to determine the fine
structure of DNA (3,7,26).

The role of water-mediated hydrogen bonds in protein—-DNA
interactions (27—30) and the potential contribution of water to
the thermodynamics of DNA-ligand binding indicates the
need to know the precise location of water molecules bound in
the minor and major grooves of DNA. For example, the crystal
structure of therp repressor/operator complex, as well as other
specific protein~-DNA complexes (29), revealed the read-out
INTRODUCTION of the DNA sequence through water-mediated contacts to the

sugar phosphate backbone and water molecules positioned
DNA, the central informational molecule, is found in a variety between Speciﬁc groups on the bases and amino acid
of conformations, A-form and B-form DNA being the best sidechains (27). The importance of certain of these water mol-
known, and several detailed structures are available from X-ragcules in DNA recognition is supported by a second structure
crystallographic and NMR spectroscopic studies (1-8). The31) and by mutation and chemical modification of the DNA
structure of DNA in crystals is critically influenced by temper- (32). For instance, replacing the amino acids of the water-
ature, crystal packing forces and hydration. Transition betweemediated interactions with amino acids not capable of hydrogen
A- and B-form DNA in solution is governed, in a complex bonding to the water molecules in thi@ repressor resulted in
way, by intrinsic and extrinsic parameters, with water having aepressors with reduced affinities for the operator sequence
determining role in the stability of the DNA double helix itself (32).
(3,4,9-11). Nucleoside analogs offer an alternative means to explore the

DNA hydration has been studied extensively, both theoreticallyole of water molecules in DNA and in protein—DNA interactions.
and experimentally, and several recent review articles summari®ockhill et al. (33) suggested that the analog 2'-deoxy-7-
the present state of knowledge (12—14). Computational studié¢s/droxymethyl-7-deazaadenosine (lofdA) (Fig. 1a) might
on the hydration of DNA showed conformation-dependenimimic a bound water molecule complexed to an adenine
differences in both geometry and the extent of hydration for theesidue in the major groove of DNA. By analogy, a cyclic urea
major and minor grooves (15-20). Three classes of watdhat incorporates an analogous ‘structural’ water has been

with those of the dodecamer itself, show that incor-

poration of the analog affects neither the overall DNA
structure nor its hydrogen-bonding and stacking

interactions when it replaces a single individual

base. Furthermore, the water molecules near the
bases in the singly-substituted oligonucleotides are

similarly unaffected. Double substitutions lead to

differences in all the aforementioned parameters
with respect to the reference sequence. The results
suggest that the analog provides a good mimic of
specific ‘ordered’ water molecules observed in contact

with DNA itself and at the interface between protein
and DNA in specific complexes.
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cl Lo 5 @1z’ MATERIALS AND METHODS
c .:ﬂ‘\ T T2 ’
' } === Y] , e simulations were based on the X-ray crystallographic
! JL 7 g2 R~ o The simulati based on the X tallographi
e N ) ot oy N cgr structure of the duplex dodecamer d(CGCGAATTCGCG) at
] |\ ) A *‘1'— P8 1.9 A resolution (4) (entry BDL020 in the Nucleic Acid Databank).
as ™ e T7 All simulations were performed using version 22 of the
= ™7 e = AGB* CHARMM force field (37,38) and the molecular dynamics
T8 F“:“ A5 program NAMD (39) that provides the option of calculating
? A ? co s . G4r full electrostatic interactions through the use of a multipole
J / G10 L1 3 expansion algorithm, namely the program DPMTA (40). The
TSN ) cir . A ez charge distribution for the hfo’dA analog was obtained by
] \ Gl2 -« oL, Clf means of GAUSSIAN-94 (41) at the Hartree—Fock level with a

{a)

6-31G* basis set, using the coordinates of heavy (non-hydrogen)
atoms from the crystal structure [available as supplementary
material for (33) at http://pubs.acs.org ] with hydrogens generated
by the program QUANTA (42). The equilibrium bond lengths,

Figure 1. (@) Adenosine (top) and 2'-de0xy-7-hydroxymethyl-?-deazaadenosin%mg|es, torsional angles and force constants for th&clah

(hm’c’dA) (bottom). Coloring scheme for atoms: red, oxygen; cyan, carbon;
blue, nitrogen.l§) Crystal structure of the DNA dodecamer used in the simulation

analog were derived from its coordinates and force field

and numbering scheme for the DNA bases. The adenine bases substitugg@rameters of molecules with similar chemical structure available
individually or jointly with the analog are represented in red.

in the CHARMM22 force field.

Four distinct systems, based on the DNA dodecamer
d(CGCGAATTCGCG) sequence, were constructed: the
dodecamer itself, labeled dna; the dodecamer with the adenine

synthesized and shown to be an inhibitor of an HIV proteas®ase at position 5 replaced by the fefdA analog, labeled
(34). The nucleotide analog HoidA replaces the hydrogen dn2; the dodecamer with the adenine base at position 6
bond between one hydrogen of a water molecule and N7 of tHé€placed by the analog, labeled &nand the dodecamer with
purine ring (as found in the crystal structure of therepressor/ POt A5 and A6 bases replaced by the analog, labelef®na
operator complex) with a covalent bond between the carbon dgee Fig. 1b for numbering scheme). Note that, although the
a methylene group and the C7 of the deazapurine ring. TH odecamer is a palindrome, substitutions were simulated in
remaining O-H group of the water molecule is replaced by théjgg sstirr%rsj?a(t)izg ?I]tehefoduurp!si/xs.tgr?qes p\:\?;?:oigeftiilforlﬂ?%lygggr?
hydroxyl group of the analog. In using the analog to study th ; :

role of water molecules in DNA and in protein—DNA interactions,(%lono!s’.W(.are fadded using X-PLOR (43) followed by 1000 steps
one postulates that the oxygen of the hydroxymethyl group igf minimization. The Integrity of the. DNA structure depends
functionally equivalent, as a hydrogen bond acceptor, to th ensmvelypn the Iocal_enV|ronment,.accordlngly,.aWater bath
oxygen of the water molecule and that it will be similarly ogether with counter-ions are required to stabilize the DNA

located. Other assumptions are that the analog will neithe(fonform"’Itlon during the simulations (44-47). The DNA was

disrupt base pair stacking nor hydration properties of normaiurmunOIeOI by a 15 A layer of water molecules. To counter-

. i oy alance the negative charge on the DNA backbone, 15 sodium
B-form DNA. This molecular dynamics study was initiated ©jons were added by replacing 15 water molecules with the
investigate these assumptions.

. . ) highest electrostatic energies of the oxygen atom. By adding
The presence and nature of defined hydration sites on t)—fs sodium ions, 75% of the DNA charge was neutralized, in

surface of DNA, as well as the dynamic structural properties of ~-ordance with Manning’s theory (48). Each of the four
the modified DNA, and the influence of the analog on DNA gystems contained ~11 500 atoms. The systems were further
hydration were examined. We used the B-form duplex dodecamelyyjilibrated for 50 ps with the atoms of the terminal base-pairs
[d(CGCGAATTCGCG)] (4), and analog-subsitituted derivatives. harmonically constrained. For each system, 1 ns of dynamics
This DNA molecule has been studied extensively both structurallyas performed: 200 ps of dynamics with soft harmonic constraints
and theoretically (1-4,7,19,35,36). The analog’¢ldA was  on the terminal base-pairs of the DNA and 800 ps of free
modeled into the DNA dodecamer, substituting the two adeningynamiCS' without constraints.

bases in one strand (A5 and A6) individually or jointly stryctural deviations of the DNA were assessed as RMSD
(Fig. 1b). The effect of the substitution on the stability andfrom the initial X-ray crystal structure using a least-square fitting
conformation of the DNA was assessed. Structural deviationgigorithm (49). To describe the solvation of DNA bases, radial
of DNA from the X-ray crystal structure (4) of the unmodified distribution functionsg(r) of the water molecules in the
DNA were evaluated as root mean square deviations (RMSDicinity of the relevant atoms of the bases were calculated
The conformation of DNA in each simulation was analyzed byysing a routine available in X-PLOR (43). The functig{n) is
evaluating the inter-base pair parameters of roll, tilt and twistdefined as the average water-oxygen or water-hydrogen
The hydration of the DNA was assessed by determining theensity on a sphere with radiusaround a given site in the
extent to which the dynamics of the solvent particles wereDNA. Conformational changes of DNA in each simulation
modified in the vicinity of the substituted adenine bases. Weavere analyzed using the Molecular Dynamics Analysis
compare our results with those from calculations of the normaroolchest (50,51). The terminal base pairs were excluded from
DNA sequence and correlate them with experimental datall analyses. Hydrogen bond interactions between DNA and
from X-ray crystallography and NMR studies. water molecules were analyzed using the following convention:
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PP ide. bt;ahﬁve similartl)y durindg the rs1imulatio|ns and (that the c<)3ntro|
) oo PP A i na behaves as observed in other simulations (16,19,20).
E’ % o T “%Ww Most of the conformational changes in the various trajectories,
= ; for all four systems, were local fluctuations. To illustrate this,
- DNA structures for each system, at intervals spaced at 50 ps,
o 250 s 750 1000 were superimposed. The results are presented in Figure 3. As
time (ps) shown, the backbone and the terminal base pairs exhibited
large scale movements, partially as a result of their extensive
Figure 2. RMS deviation for all heavy atoms of DNA in the simulationsadn  CONtacts with the surrounding solvent molecules. Fraying of
(black line), dné (blue line), dnf (green line) and di4 (red line). the terminal base pair ends is observed in all simulations, but
most prominently in the dd&simulation. Such effects are well
known in DNA simulations and more study is needed to firmly
establish their causes. The hydrophobic bases are partially buried
inside the DNA molecule and therefore the DNA is most stable
near the center of the molecule. One notable event during the
simulations is the bending of the DNA ends, primarily at the 5'
termini. In all simulations, the DNA axis has a gently writhed
RESULTS conformation that is a consequence of generally non-zero roll
. . . angles at individual base steps. Analysis of the axis bendin
Simulations of the DNA sequences in dndna, and dna® ind?cates that the bending regions ar()a/ at or near the junctiog
were compared with that of the unmodified normal dUpleXbetween AATT and CGCG tracts, as found in the majority of

DNA segment, in dna. The results will be described in two sectiontch . R
; f . o ; e crystal structures of this DNA sequence. The bend is primaril
covering the dynamic stability of the simulated DNA segmentsdue ?é displacement in the roll p?arameter toward thg majo)r/

along their trajectories and the hydration of the DNA. groove at G2-C3 and G4-A5 steps at the 5' end and at G10-C11
Trajectory and dynamic stability of simulated DNA at the 3' end. Pronounced oscillations of the DNA axis arise for
segments dnék8simulation and both drit@nd dnéappear more ‘flexible’

The stability of structures in molecular dynamics simulationsIhan the reference duplex, as presented in Figure 3. .

is often characterized by the RMSD of atomic positions from a The behavior of the substlt_uted base can be characterized by
suitable reference structure. The time evolution of the RMSD4S hydrogen bonds. Analysis of the crystal structure of the
for the four simulated systems, calculated as described iAM'c’dA analog, shown in Figure 1, indicates a hydrogen bond
Materials and Methods, is presented in Figure 2. For the firspetween the amino-proton on N6 and the O of the hydroxymethyl
400 ps, the RMSDs for DNA in the dna, dreand dnisimulations ~ group. NMR data also support the existence of this hydrogen
remains below 2 A, increasing slightly to values <3 A until thebond (33). This hydrogen bond is well maintained during the
end of the 1 ns simulation. For dfathe RMSD values are entire simulation time for all the systems with substituted
higher, reaching values of 4 A around 840 ps simulation timéases. Occasionally, the hydroxymethyl group will rotate°’<90
and dropping back to 3.3 A at the end of the 1 ns simulationand contact acceptors on the neighboring bases. These events
These results indicate that dna, 8rd dné are all stable, take place on a femtosecond time scale over long time intervals

two atoms were considered to form a hydrogen bondHAD)
if the acceptor—donor distance was <3.5 A and if the A-H-D,
angle was between 12@nd 180.

Figure 3. Superposition of DNA structures and DNA axis (snapshots taken at 50 ps intervals) in the simulations Yruma@laad dn&s. The substituted bases
in each system are shown in white in a liquorice representation.



Nucleic Acids Research, 1999, Vol. 27, No. Bb53

and therefore may be reasonably considered as fluctuations wfeasures zero or slightly negative and the INC parameter is

the hydroxymethyl group around its equilibrium position. approximately —8 The average values and standard deviations of
The average values for the DNA backbone and the sugar torsiéhe XDP and INC parameters indicate that the DNA remains in

angles, are, with a few exceptions, near those of the crystéhe B conformation in all four simulations throughout the

structure. Anglesd, B andy) all oscillate around the values entire trajectory.

observed in the crystal. The angles describing the dynamic

sugar conformation, specifically the glycosidic torsion angle Table 2. Average values for the minor groove distances (A) in the
the sugar pucker P, and the backbone arglshow higher four simulated systems: dna, dnend and dn&$

deviations from the crystal values, due to the significant fluc-

tuations occurring during the simulations. These fluctuations dna dné dné dnd®

reflect motions on a time scale that are averaged out by X-ray sz 515 13.09 14.90 16.24 14.95

crystallography. The C2'-endo structure (sugar pucker phase

angle between 144nd 180) is characteristic of B-form DNA AB-C1L 14.17 1520 1532 13.84
and is favored in all simulations. The sugar rings show transient ~ T7-G10' 14.01 14.69 14.86 14.15
puckering to the C3'-endo value (sugar pucker phase angle Tg.co' 13.07 14.12 14.01 14.95
between ©and 36) characteristic of A-form DNA, as confirmed co-Tg' 12,58 1234 1297 1252
by NMR experiments (5). .

The average major and minor groove widths are similar for G1o-T7 11.97 1315 1164 14.17
all four structures. For the major groove, distances between a C11-A6 12.86 13.76 13.11 13.43
phosphate on one strand and a phosphate five steps away on c12-A5' 13.88 14.81 14.70 13.19

the other strand were measured since these phosphates define
the shortest distance between strands; for the minor groove the  the gistances were determined between phosphates of individual
analogous, shortest distances involved phosphates removed by residues, e.g., the phosphate of A5 on the 5' to 3' strand and the
two residue positions. The major and minor groove distances  phosphate of G12' on the other DNA strand (see text).

(in A) are presented in Tables 1 and 2. The results imply that
the helix is capable of undergoing significant groove width

mjiﬁgjrat'?ggvév'm'?h;hi ,{?—P?gv?ét, ?;Iteh de tzlrgglr?g\?\,nisﬁ (ISre of two adjacent base pairs along the DNA axis with an average
9 9 value of 34.3 (10.5 bp/turn) in canonical B-form DNA. In our

simulations as it did in the simulations reported by Yoengl. . : :
(15) and Duaret al. (19). This difference mpay be a)clzonseq%enceSImUIatlons’ the helix repeat eventually exceeded 11.0 bp/turn,

O - . . indicating an underwound conformation of the DNA. The
of the unwinding of the DNA during our simulations as well as o - ; .
of different cor?ditions and para%eters used for the abovobserved unwinding of the DNA during simulations beyond

mentioned simulations. e.q.. the use of periodic boundary cor€ solution value of 10.5 bp/turn (52) is expected since DNA
ditions €9 P ry rIypically becomes underwound in such simulations (53,54). As

a result of the unwinding, there are kinks in the DNA backbone.
The unwinding of the DNA helical axis is a slow process compared
with rise and roll processes: unwinding at one step overwinds
its neighboring step. Therefore, the observed kinks might dis-
appear if the simulation time were increased.

The twist angle (helix repeat) characterizes the relative rotation

Table 1.Average values for the major groove distances (A) in the
four simulated systems: dna, dndn& and dn&$

dna dn& dné dné&6 DNA hydration
G217 1940 17.35 1582 15.97 The dominant interactions between water molecules and DNA
c3-18 19.85 20.46 19.33 20.50 are caused by hydrogen bonding between the DNA polar
G4-C9' 19.39 20.46 19.33 19.22 groups and water molecules. Therefore, a detailed analysis was

A5-G10" 15.84 16.02 16.93 15.90 performed.for water molecules hydrogen bondgd to the DNA.
The negatively charged phosphate oxygens bind water more

A6-C1T 417 1520 1532 1384 tightly than do the deoxyribose oxygens or the heteroatoms of
T7-G12 19.61 20.70 2151 21.17 the bases, as shown in studies of DNA at relative low humidities
where water is located mainly around phosphate groups (55).
The distances were determined between phosphates of individual ~ The precise positions of individual water molecules around the
residues, e.g., trje phosphate of G2 on the 5' to 3' strand and the phosphate oxygens are not unique, being much less well
phosphate of T7" on the other DNA strand (see text). defined than those in the grooves. Hydration of phosphate

groups is highly dynamic and relatively few ordered water

molecules are found occupying the first coordination shells of

The A and B conformations of DNA have distinct geometric phosphate oxygens.

parameters that can reliably distinguish between the two Both major and minor grooves are filled with water molecules.
forms: the base pair X displacement (XDP), i.e., the distancé&s observed in crystal structures, the hydration sites most often
from the central helical axis to the center of the base pairs, arlée in or near the plane of the base pairs. In order to assess the

the inclination of the base pairs (INC) with respect to theinfluence of the substituted base on the overall DNA hydration,
helical axis. In typical A-DNA, the X displacement measuresspecial attention was accorded not only to the substituted
~5 A and the INC parameter is ~1@vhereas in B-DNA XDP  base(s), but also to the neighboring ones, in particular all the
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Figure 4. The position of water molecules within hydrogen bonding distance o i ’f | . |
(proton—acceptor distances <2.5A and angle donor—proton—acceptot)=f 20 0 2 4 I 5
the acceptor/donor groups of the GAATTC bases were selected and are shown d o
superimposed (for a better representation the oxygen atoms of the water molecules 1stance ( A)

are shown as vdW sphere with a reduced radius). Each sphere represents a
water molecule observed sometime during the simulation. The DNA atoms are

in vdW representation, with each base represented by a different color. Thegyre 5. Unnormalized radial distribution functiong(r) of water-oxygen
C10 and O11 atoms of the analog are shown in cyan and red, respectively. gensity around 06 (solid line) and N7 (dotted line) groups of guanine 4 (top)
and N6 (solid line) and N7 (dotted line) groups of adenine 5 (bottom). Colors
are defined as in Fig{rg 2.
bases in the 5-GAAT-3' region. During the simulations,
donors and acceptors of the DNA bases were hydrogen bonded
to water molecules between 35 and 85% of the time, dependingThe hydration sites for the 5'-GAAT-3' bases in the four
on the identity of the DNA base group. Study of the dynamicssimulations are shown in Figure 4. Because of the dynamics of
of individual water molecules shows that, in the major groovethe bases, these water molecules are sometimes not at hydrogen-
water molecules that form hydrogen bonds to specific groupbonding distances from the donor/acceptor atoms although the
on the DNA bases have short residence times. This mirrors thgame rules (described in Materials and Methods) were applied
conclusions from NMR studies of thep operator (56). One for identifying them as hydrogen-bonded molecules. One
water molecule is replaced by another in such a way that thehould remember that the DNA bases fluctuate and the location
hydrogen bond is essentially maintained. Some water molsf the water molecules is influenced by the base position at each
ecules visit the same site several times during the 1 ns simulatiomoment. The hydration of the substituted bases themselves
and others migrate from site to site. Analogously, fluctuatingporesents unigue features. Analysis of all the water molecules
water positions were observed Amtennapedidnomeodomain—  within hydrogen bonding distance of the analog indicates that
DNA complex (57). Water molecules forming transient hydrogerit gives rise to two hydration regions: one site close to the back-
bond bridges between two and even three donors/acceptorsisdne of the DNA and the other site near the partner thymine.
adjacent bases were detected but for short periods of time. Tf#e presence of the hydroxymethyl group of the analog affects
hydration of G and A bases is very similar; the main hydratiorthe hydration of only the substituted base and thereby inter-
sites being found, as in X-ray crystallography (23), in or closaupts the ‘chain’ of free water molecules lying along the edges
to the plane of the base within hydrogen bonding distance abf the bases in the major groove.
their polar atoms. The hydration site for O6 is distinct from the Precise description of the solvation of the backbone, or of
hydration site of N7 in guanines: each group hydrogen bondspecific parts of a base, can also be obtained from radial dis-
water molecules individually for 75-85% of the simulation tribution functions (RDFs) of the water molecules in the vicinity
time. The two hydration sites for N6 and N7 of adenine basesf the relevant sites. To elucidate sequence effects in the DNA-
are discernible during the entire simulation time in all systemswater distribution, as well as the effect of the base analog on
Two distinct water molecules are found within hydrogen bondinghydration, the RDF was decomposed into contributions corres-
distance of the two groups for 35-55% of the simulation timeponding to each base pair. The effect of the substituted analog
Occasionally, for short time periods (~1-5 ps), one water molin the major groove can be seen in the RDF of water around the
ecule bridges between the two groups in the A and G basehl6 group in base A5, shown in Figure 5. For 8aad dn&®
The hydration sites on the C and T bases are also very similaéine hydration of N6 in A5 (the site of the analog) is obviously
to one another. One difference is that hydration of the thyminaindered by the presence of the hydrogen bond between the N6
base major groove is influenced by its methyl group, whichamino-proton and the O of the hydroxymethyl group. This is
moves the hydration site closer to the paired adenine. Itis noteeflected by the more diffuse peaks present in the RDF for
worthy that the presence of the analog fails to affect the hydrawater around the N6 of A5 as opposed to the sharp peaks in the
tion of the paired thymine bases. dna and dnasystems that indicate the existence of a clearly
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defined solvation shell around the N6 group of A5. The RDF oimodeling of the analog as a deoxynucleoside by J.Rockhill
water around the N6 group of A6 is relatively unaltered by the(personal communication) indicated that the hydroxymethyl
presence of the analog at base A5. The RDFs of water near tigeoup adopts different low energy conformations; however,
06 and N7 groups of G4 are very similar in all systems, indicatinghe preferred conformations have the hydroxymethyl group
that the substitution of the analog does not significantly altepointed toward and forming a hydrogen bond with the amino
hydration of the G4 base. These results allow the importanproton. The comparatively fewer rotations observed in our
conclusion that analog substitution should be without effect osimulations may reflect the simulation assumptions or result
the hydration pattern of immediately adjacent bases. from the analog being in a DNA helix.

As might have been anticipated, substitutions of a functional We found the hydration of the DNA to be a highly dynamic
group in the major groove have no direct effect on minorprocess, especially in the major groove, with average residence
groove hydration. However, structural perturbations introducetimes for water molecules varying from 10 to 200 ps. Analysis
by the analog might affect minor groove geometry and hencef hydration of the major groove showed that the hydroxy-
hydration. Calculations and experiments indicate that eachmethyl group of the analog replaces the hydration site of the
base has one hydration site in the minor groove with the excepti®ubstituted adenine base. This leads to a redistribution of water
of the central AATT region, where water densities of neighboringmolecules around the substituted base without affecting the
bases fuse together and create five hydration sites, the ‘spinelojdration of the neighboring bases. NMR studies on water
hydration’ (3,4). In our simulations, this spine was present atesidence times in the DNA major groove find values sig-
the beginning of the simulations and remained, more or less, inificantly less than 1 ns at’€ (17,36).

a stable state for the entire time of the simulation. Although sequence-specific effects cannot be entirely ruled
out, this a_malysis suggests that substituting one base with the
CONCLUSIONS analog fails to significantly affect the structural properties of

the DNA. Overall, our results with respect to the stability and

What have we learned about DNA and DNA hydration fromhydration of DNA are consistent with those obtained in other
molecular dynamics simulations? Several MD simulationgnolecular dynamics simulations (16,19,20). Detailed comparisons
have been reported on DNid vacuoor in water, including are complicated because different programs were used to analyze
ions explicitly or implicitly through the use of a reduced chargethe DNA parameters and different criteria were used to define
on the phosphates of the DNA backbone, or by a salt-dependdmydration (60). In addition, although of the same sequence, the
potential of mean force between phosphates (16,19,20,35imulations used different crystal structures as starting points.
44,46,53,58). These studies indicated that accurate, nanosecondhe arrangement of water molecules lining the DNA
all-atom molecular dynamics simulations including water andyrooves is both sequence and structure dependent (14,22).
ions explicitly can achieve a realistic description of the DNAHence, depending on their residence times, such water mol-
double helix in solution. The simulations yielded useful infor-ecules might be used as specific recognition elements of the
mation about the structure, dynamics and solvation of the doubl2NA target by a sequence-specific binding protein. By replacing
helix. Even though molecular dynamics simulations of DNAan adenine base with the (fcfdA) analog in protein—-DNA
(53,54), using different methodologies and parameter setspmplexes that have been proposed to use water-mediated
have shown that a given force field may favor one DNA forminteractions, a permanently bound ‘water molecule’ would be
over another, Cheatham and Kollman showed that careful MEchieved. A ‘locked’ water molecule could then be studied using
simulations of DNA in various environments can reproducethe variety of biochemical and physical techniques previously
environment-dependent structural changes with reasonabéemployed. The hydroxymethyl analog may make it possible to
success (59). distinguish a specific water molecule from the remainder and

We have expanded past studies by performing a detailed MIb assess its effect on specific protein—-DNA interactions, as
simulation study on a DNA containing a water-mimicking basepreviously achieved with an analogous enzyme inhibitor (34).
analog. The 1 ns molecular simulations presented in this paperThis paper demonstrates the potential for molecular dynamics
have explored the structural and dynamic features of B-fornto aid in the investigation of DNA sequences and their recognition
DNA, as well as modified DNA, in aqueous medium. Overall, by proteins, especially when relevant crystallographic structures
the results show that the simulated systems have structures tlzaie unavailable. Molecular dynamics simulations can guide
remain remarkably similar to that of the crystal structure (4)experiments, indicating in the present case, for example, that
Helix bending toward the major groove at G-A and T-C stepsmono-substitutions of bases by the ToiddA analog do not
with the most prominent effect in dh& and some degree of affect DNA structure and its hydration shell, whereas double
unwinding were observed in all systems, as found in othesubstitutions involving contiguous bases may alter the system,
molecular dynamics simulations of this sequence (16,19,20)hereby rendering interpretation of experimental data more
Analog substitution of both adenine bases led to higher flucdifficult. Experimental observations often provide either
tuations of the DNA (reflected in the RMSD and the DNA axisincomplete information or global parameters, e.g., binding
fluctuations) than did single-base replacements. The simulaffinities or information on limited structural features, whereas
tions revealed that the postulated intramolecular bond betwe@vD simulations provide a more complete picture of individual
the exocyclic amino group of the analog and the hydroxy-atomic arrangements and the associated dynamics. However,
methyl group was maintained during the entire simulationthe problem is that they are limited in their degree of realism:
Rotations of the hydroxyl group were observed over shorsystems can presently be described in simulations over periods
times. The ability of the hydroxymethyl group to rotate mayof only a few nanoseconds and the force fields employed are
provide the flexibility necessary to adapt to conformationsnot completely realistic. The main problem in this regard is the
required for proteins that bind specifically to it (33). Molecular slight unwinding of DNA caused by an imperfect force field;
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better estimates of stacking interactions including polarizabilitie9.
of the conjugatedt electrons in the bases may remedy this30:

problem. In addition, computer power is likely to increase to

level that would permit analysis of longer time scales releva
for the rearrangement of ions and of more geometries. Neverthes,
less, at present, with the caveats mentioned and when analyzed in
close conjunction with experimental observations, simulation$4.

promise to be a valuable tool in DNA research.
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