3104-3110 Nucleic Acids Research, 1998, Vol. 26, No. 13

The orientation and dynamics of the C2

00 1998 Oxford University Press

'"OH and

hydration of RNA and DNA-RNA hybrids

Jeffrey I. Gyi , Andrew N. Lane* , Graeme L. Conn 1.+ and Tom Brown 1

Division of Molecular Structure, National Institute for Medical Research, The Ridgeway, Mill Hill, London NW7 1AA, UK
and 1Department of Chemistry, University of Southampton, Southampton SO17 1BJ, UK

Received April 6, 1998; Revised and Accepted May 18, 1998

ABSTRACT

The stereochemical and dynamic properties of the C2 '
hydroxyl group in several DNA-RNA hybrids have been
measured by NMR and compared with the homologous
RNA duplex. The C2 '-OH NMR signals of the RNA
strands were identified, and numerous specific
assignments were made. The rate constants for
exchange of the hydroxyl pr otons with water were
determined at 5 °C, and were found to depend on both
the position within a particular sequence and the
nature of the duplex. On average, the exchange rate
constants were slowest for the hybrids of composition
rR-dY, and fastest for the RNA duplex, with an overall
range of [11.0-50/s. In the DNA-RNA hybrids, strong NOESs
and ROEs were observed between the OH andthe H1 ' of
the same sugar, unambiguously showing that the OH
proton points toward the HL ' most of the time, and not
toward the O3 ' of the same sugar. Evidence for
significant hydration in both grooves of the DNA-RNA
hybrids and the DNA duplex was found in ROESY and
NOESY experiments. On average, the minor groove of
the DNA-RNA hybrids showed more kinetically
significant hydration than the DNA, which can be
attributed to the hydrophilic lining of hydroxyl groups

in RNA.

INTRODUCTION

conformation of nucleic acids also depend on their interaction
with ions and waterl(l—13). Nucleic acids are highly hydrated
in aqueous solution1B,14). However, dehydration of DNA
causes the conversion from the B-form into the A-form. In
contrast, RNA in solution is invariably found in the A-conformation,
regardless of the water activit{J). A large contribution to the
stability of DNA and RNA duplexes is the favourable enthalpy
associated with base-stackiig), which is greater in the A-form
than in the B-form. Hence, there is a strong inter-dependence of
the chemical structure, conformation and interactions with water.
The hydroxyl group on the C@f ribose is likely to have a great
influence on the hydration, conformation and thermodynamic
stability of RNA compared with DNA. These groups, which line
the shallow minor groove of RNA, are expected to be involved in
extensive hydrogen bonding interactions with watér19). In
contrast, the minor groove of A-DNA would be relatively
hydrophobic, and therefore potentially destabilised by water. The
interplay between conformation and hydration has also been
shown in DNA, where the spine of hydration in the narrow minor
groove of dAn-dTn sequences is significantly different from that
observed in the minor grooves of mixed sequence DNA duplexes
(13,14,20-24). However, much less information is available on
the hydration of DNA-RNA hybrids. Recently, the hydroxyl
protons were observed in a DNA-RNA hybrid by NMR
spectroscopyZ5). We report here the identification of @2H
groups in both RNA and DNA-RNA hybrid duplexes that we
have been studyingd6) and show that there are distinct
differences in the behaviour of these protons and how they
interact with water for the RNA and DNA-RNA hybrid duplexes.

DNA-RNA hybrids are important biological intermediates involved

in transcription, DNA synthesis and reverse transcripipnthey  \ATER| ALS AND METHODS

are also formed as translationally inactive products of antisense

therapy, and are substrates for the enzyme RNase H. To understanth and RNA oligonucleotides were synthesised and purified as
the principles that determine the stability of hybrid duplexes, arpreviously described8). We have examined the following
thereby improve the design of antisense oligonucleotides, duplex sequences:

knowledge of their conformational properties in solution is d(GAAGAGAAGC)-d(GCTTCTCTTC) (dR10-dY10), d(GAA-
essential. The conformations of DNA-RNA hybrids are quitsSAGAAGC)-r(GCUUCUCUUC) (dR10-rY10), d(GAAGAGAA-
different from those of DNA and RNA duplexes at the nucleotid&C)-r(GCTTCTCTTC) [dR10:-rY(T)10], r(GAAGAGAAGC):-
level. They also differ significantly in their global conformations,(GCUUCUCUUC) (rR10-rY10), r(GAAGAGAAGC)-d(GCUU-
though they resemble the A-form of RNA more than the B-fornCUCUUC) [rR10-dY(U)10] and r(GAGAGAAGC)-d(@-

of DNA (2-8). Furthermore, the thermodynamic stability of CPCUPUPCPUPCPUPUC) (rR10-8Y10). In dR10-rY(T)10, each
DNA-RNA hybrids, while always lower than that of the RNA uracil base is methylated at the 5-position, itOfY(U)10,
homologous RNA duplex, can be either more or less stable thaach deoxyribose thymidine base is demethylated at thet®pos
the DNA duplex, depending on the base-composition of thend in rR10-By10, PN is a pyrimidine base modified at the
strands §-10). The thermodynamic stability and solution 5-position with the propyne group (23C-CHg).
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IH NMR spectra were recorded at 500 or 600 MHz on a Varian A third estimate was obtained by integrating the cross-peaks
Unity Plus or Unity spectrometer, respectively. Experiments wergetween OH and water in the NOESY spectra, and normalising
performed at 5C in 90% H0:10% DO using the Watergate them to the sum of the diagonal and cross-peaks volumes. For
method 27) for suppressing the intense solvent peak. Spectghort mixing times, the exchange cross-peaks depend on mixing
were recorded at a concentration[®5 mM in 5 mm NMR time, t,,, approximately as:
tubes, or afD.15 mM in 8 mm tubes in the case of rR10-rY10 to
eliminate aggregation of the solutes at low temperature. Phase- ME)MX)+M(D)] = —k-tm 4
sensitive £8) NOESY and ROESY spectra were typically A fourth estimate was obtained from 1D EXSY experimeiit (
recorded with mixing times of 50 and 25 ms, respectively, as Because of the necessary approximations involved in these
previously described1@,24). TOCSY spectra were recorded calculations, the absolute values of k are unlikely to be very
using MLEV-17 @9) with a mixing time of 40-46 ms and a accurate. However, consistency between the methods indicates that
spin-lock strength of 8 kHz. Assignments of the’-OBi  the exchange rate constants are determined within reasonable limits.
resonances of the RNA strands were achieved where possibl&imulations of magnetisation transfer between water, OH and
using the observed NOEs between these protons and assignediit were made under a variety of assumptions, namely the
and H2 as previously describeil), and also the scalar coupling exchange rate constant, the spin-lattice relaxation rate constants,
to the H2 using TOCSY %9). The assignments of the modified and the cross-relaxation rate constant between OH dr(@e-the
duplexes dR10-rY(T)10, rR10-dY(U)10 and rR2¥ID were effects of geometry). For a three-spin system of this kind,
made using standard techniques as previously descfipadd  analytical expressions can be obtained for the time course of
will be published elsewhere. _ magnetisation transfer, and which then provide a useful guide to the

Estimates of the exchange rate constant of tHeOERwith  interpretation of the observed results. Additional calculations were

water were made in several ways. First, the degree of saturatimade from Comp|ete structures using the program NUC}Q)[ (
was measured by comparing relaxed 1D spectra with and without

3s presaturation of the water resonance. This gives the steagh-g(| 15
state magnetisation transfer from water to the@?2, which is
determined by the dissociation rate constant and the intrinsikssignments of C2OH

spin-lattice relaxation rate constant of the OH, according tBigure 1 shows 1D spectra of rR10-rY10, rREYHO

equationt: fR10-dY(U)10, dR10-rY(T)10, dR10-rY10 and dR10-dY10
M/MO = p/(p+k) 1 recorded in HO, at §C. The assignments of the non-exchangeable
protons, and the amino protons of Cyt have been previously
where M is the steady state magnetisatidhjsMhe magnetisation described §). However, there are additional peaks between 6.5
in the absence of presaturation, k is the dissociation rate constantl 7.0 p.p.m. that are not present gOBolutions, and cannot
andp is the intrinsic spin-lattice relaxation rate constant. Tye attributed to amino protons. Using a combination of TOCSY,
estimatep, we calculated a range based on the internucle®OESY and NOESY spectra with short mixing times (Bigve
distances between the OH and its neighbours using models of ti&/e confirmed that these resonances arise from the ribose

structures Z6), according to: C2-OH (19). The TOCSY peaks confirm the significant coupling
_ between C20H and the C2H. In the case of the hybrid duplexes
P = Z(L)[I(0) + 33¢) +63(20)] 2 dR10-rY(T)10 and rR10PY 10, there is sufficient dispersion in

where r is the internuclear distance wis the spectral density the €2-OH region that several individual OH resonances can be
function andw is the Larmor frequency. aSS|gned, as shown in Figirand Tabld.. Thls g|ves_much more
The correlation time was calculated fos®ifrom the values detail of the sugar hydroxyl of RNA in solution than has
measured in BD at 30 C (8) and using the fact that the viscosity Préviously been observed.
of water isT24% lower than that of §D, and tabulated values of
the viscosity of water at different temperaturgg) ( Exchange rate constants
A second estimate of k was obtained from measurements of
linewidth of the OH peaks from OH-Haross-peaks in NOESY
spectra. The linewidth depends on numerous factors as follo

ﬂf'ﬁe exchange cross peaks between thedERand water in the
ROESY spectra demonstrate that the exchange process is
V‘?%Iatively slow on the chemical shift time scale. Furthermore, it
L=Lo+L(AB) +3J + kit 3 must be sufficiently slow so as not to bleach out ROEs and NOEs
between the CZOH and H1lor HZ. Thus, the exchange is much
where lgis the intrinsic linewidth, LAB) is the contribution from  slower than is found for simple sugars. The exchange rate
magnetic field heterogeneity and limited digital resolutionahd constant for different CZOH groups in the various duplexes was
is the contribution from unresolved scalar coupling (e.g. t9. H2 estimated as described in the methods, and we find a range from
The intrinsic linewidth was estimated in a manner similar to thafllO to 50/s, with the largest rate constants found for the RNA
described for the spin-lattice relaxation rate constaAB) fvas duplex, and the lowest for the rR1®¥d0 duplex (Tablel).
estimated as the measured linewidth of DSS in the sanidese values are an order of magnitude larger than found for the
spectrum, andJ was assumed to be at least 4 Hz on the basis OfJCG tetraloop §3), but comparable with the values estimated
the observed TOCSY cross-peaks. This calculation shoulit 5°C for a DNA-RNA hybrid 25). The exchange rate constants
provide an upper limit to the rate constant for exchange withre considerably lower than for a free nucleotide; the3E2Pwas
water, as other contributions are not considered, such as fast detected in rUMP under similar solution conditions
intermediate exchange among different rotamer states of t{&.N.Lane and J.I.Gyi, unpublished results). Furthermore, the
hydroxyl group. 3-terminal nucleotide of dR10-rY(T)10 showed no hydroxyl
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He, H8, H2, NHa  'NHp, ' NHg, H5, H1' constants (Tabl&) do not correlate with thermodynamic stability

:CZ'OH: (8; G.L.Conn, unpublished data).

| | .
Table 1.1H NMR assignments of GDH resonances and exchange rate

W constants
rR10Y10
Duplex O(C2-OH)/p.p.m. assignment L/Hz ky(L)s Kky(RY)/s
‘l : rR10-rY10  6.77 nd
6.82 C15/17 26 <66 245
J\’\\AJ\I\\NM odPris 6.85 u14 26 <66 245
6.96 G4,6 26 <66 245
“ ‘| dR10-rY10 6.86 u19 93 14 12
6.68 u14 10 16 12
rR10dY(U)10 dR10-rY(T)10 6.64 u14 19 44 20
6.78 u19 23 56 20
6.68 ci7iuis 15 31 21
6.56,6.62 nd 18 41 nd
dR10Y(T)10 rR10-dY(U)10 6.71 A2,A3,A7 16 35 nd
6.80 A8 15 16 nd
\ / 6.81-6.84 G1,G4,G6 13 25 38
oo 6.88 G9 14 28 38
brR10-#Y10  6.81 A2,A5 12 22 24
dR10TY10 6.70 A3 8 95 19
'I \\ 6.93 G4 16 35 nd
VYR 6.96 G6 9 13 nd
J X 6.69 A7 6 7 19
dR1odvio 6.74 A8 15 35 20

8s 80 75 70l 65 ' 50 55 ppm

Assignments were made &G from TOCSY, NOESY and ROESY spectra as
Figure 1. 1D IH NMR spectra of rR10-rY10, rR1OYiL0, rR10-dY(U)10, described in the Materials and Methods. L is the linewidth at half peak height
dR10-rY(T)10, dR10-rY10 and dR10-dY10. NMR spectra were recorded aforrected for magnetic inhomogeneity(L} is the exchange rate constant estimated
5°C in HO as described in Materials and Methods. from the linewidth L assuming unresolved scalar couplings and intrinsic dipolar
contributions of 5 Hz, and(RY) is the value estimated from the cross-peak intensity
in a short mixing time ROESY or NOESY experiment.
cross-peaks, indicating much faster exchange. ThisOE2 3saturation transfer<80/s.
cannot hydrogen bond to & f@sidue and must be completely Psaturation transferd5/s
exposed to solvent. Hence, because the minor groove is exposed
to solvent, itis probable that the observed relatively low exchange. . ;
rate constants are due to H-bonding between theO&2and Biientation of the C2-OH
unknown acceptor groups. The likely presence of hydrogeslthough the ROESY spectrum indicates that thétg@roxyl
bonding interactions would be expected to result in restrictgorotons are in slow exchange with the solvent, in the DNA-RNA
rotation about the CZ2 bond, and to a preference for one of thehybrids they show intense NOESs to both theél@2nd H1. This
three rotamer states (see below). The linewidths, measured frovas confirmed by the observation of scalar cross-peaks in a
cross-sections in the NOESY spectra, reflect the relative exchang®CSY recorded with a mixing time of 40 ms, in which clear
rate constants (compare with equation 3). This provides only anoss-peaks were obtained between the exchangeable protons in
upper estimate of k because of unknown contributions frorthe 6.5—7 p.p.m. range, and theé-E2but not H1(Fig. 2). Also,
unresolved J-coupling between theé-CH and CH, which can  there were only weak NOEs between the HAd the water
vary from [0 to 12 Hz, and the intrinsic linewidth, which we resonance, which were exclusively those of the RNA strands.
estimate to be of the order of 2—-3 Hz. An additional contributioiThis indicates that either the Hif the DNA strands are not close
to the linewidth could also arise from exchange among rotamets water protons, or the water residence time is extremely short
on the chemical shift timescale. Because the saturation transfee. the H1 are not solvated in either a thermodynamic or a
experiments show that most of the linewidth arises fronkinetic sense). The same was true for the pure DNA duplex. The
exchange with water (Tabig, this contribution should be small ready observation of the CGQH, and its relatively intense NOEs
in comparison with the others, but could contribute relativelyo both the H2and H1 implies that the exchange rate of the
more to the RNA (broad hydroxyl protons) than to the hybridshydroxyl proton with water is quite low under these conditions
We note also that the apparent linewidths or exchange ratgee above). The large @2H-H1 NOE (comparable with that
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Figure 2. TOCSY and ROESY spectra of the RNA and DNA-RNA hybrids: assignment-@H.2The spectra were recorded a€5and 600 MHz with mixing
times of 46 (TOCSY) and 25 ms (ROESY). Positive peaks are in blue, negative peaks are in red. Assignments@fithes@2ances of the RNA strands were
achieved where possible using the observed NOEs between these protons and assigmeHZIAnd also the scalar coupling to the H&ng TOCSY. In each
case, the top panel shows the ROESY spectrum, and the bottom panel the analogous region of the TOCSY spectrum. RronR&0-ty 19 [ROESYfy, = 25 ms,
spectral width (F1/F2) = 10 000 Hz, acquisition times 0.04 s,£= 0.5 s; TOCSYf,, = 46 ms, spectral width (F1/F2) = 10 000 Hz, acquisition timet04 s,

tp = 0.5 s], dR10-rY(T)10 [ROESY;;, = 25 ms, spectral width (F1/F2) = 13 000 Hz, acquisition tigredt02 s,4 = 0.5 s; TOCSYiy, = 46 ms, spectral width (F1,F2)
=12 000 Hz, acquisition timegt 0.03 s,£= 0.5 s], rR10R¥ 10 [ROESY;ty, = 25 ms, spectral width (F1,F2) = 13 000 Hz, acquisition tifre802s,4= 0.5 s; TOCSY,
Tm = 46 ms, spectral width (F1,F2) = 13 000 Hz, acquisition timet02 s, 4 = 0.5 s].

of HI'-H2' in the RNA strands or HH2' resonances in the DNA requires that the hydroxyl proton points away from thedDte
strands) for the non-terminal residues indicates that these twame residue.
protons are close together for at least some of the time, which

Table 2.NOEs and ROEs observed in the duplexes

Cross-peak intensities

Duplex C2-OH-H2 C2-OH-HY H1'-H,0 AH2-H,0 H6/H8-H,O
rR10-rY10 m/s m 0/w w w
rR10-dY(U)10 S m O/w 0 O/w
rR10-®Y10 S S w/m m m
dR10-rY(T)10 S S w/m m m
dR10:-rY10 S S w m m
dR10-dY10 - - 0/w m m

Cross-peak strengths are denoted as s (strong), m (medium), w (weak) or 0 (not visible) according to relative areas in
cross-sections at the water frequency (compare with Fig. 4).
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(= 90) is not the dominant conformer. However, the exchange
LN rate constant is, on average, higher in the RNA duplex than in the
F hybrids (Table?), suggesting that it is hydrogen bonded for less
Cang, TN, ; / time. This may be as a result of conformational differences between
8 e the two classes of molecules46), and the preferred orientations
may be composition- or sequence-dependent. Presumably, the
difference in the local minor groove geometry between the RNA
R 2 j duplex and the hybrid2€8) is the cause of the difference in
Sl 4ol \L— H-bond patterns.

7 gt L Hydration

In addition to the obvious chemical and conformational differences

between DNA and RNA duplexes, the pattern of hydration of

non-exchangeable protons is also different. We have therefore

examined some aspects of hydration of these duplexes using

Figure 3. Model adenosine nucleotide showing a superimposition of the threen VR, Figure4 shows cross-sections through the water frequency

e e o dieswallomed in boih ROESY and NOESY spectra recorded under idenica
conditions except for the mixing times which were 25 ms for the
ROESY and 50 ms for the NOESY experiments.

The pattern of NOEs in the DNA duplex is quite different from Water-base proton NOEs and ROESs show that the major groove
that observed in the hybrid duplexes (Tabl&'he DNA duplex has is accessible to solvent. The methyl groups of thymine, where
no C2-OH, so that NOEs involving these protons are not presergresent, showed positive NOEs, indicating a short (<0.3 ns)
This is further supporting evidence that the NOEs observed in tigerrelation time. This probably reflects the rapid reorientation of
RNA-containing duplexes involve the hydroxyl protons. In the RNAhe methyl group. The methyl of the propyne group in
decamer, NOEs were observed between theOERand the H2  rR10-®Y 10 also showed positive NOEs and ROEs at the water
(and a strong exchange cross-peak with water) and between fleuency. Thus, the major groove in both the DNA-RNA hybrids
C2-OH and the H1 The pattern of NOEs is different than and the DNA duplex is accessible to water. Figliadso shows
previously observed in an RNA oligomer having a mixed sequendeat the purine H8 and pyrimidine H6 protons of non-terminal
(19), and distinct thermodynamic and conformational propertiebases showed negative NOEs (and positive ROESs), indicating
(39). effective correlation time longer tham.3 ns 24). In the two

Molecular models of the RNA duplexes and the DNA-RNAhybrids dR10-rY(T)10 and rR1®¥L0, although the H8/H6
hybrids show that there are three stable rotamers for rotati@howed interaction with water, overlap with exchangeable amino
about the C202 bond (Fig.3). In these states, the @2H can  protons precluded quantitation. Also, as the water relaxation may
hydrogen bond to O®f the 3-phosphateq = 90 ¢rans), when  be slower in ROESY than in NOESY because of radiation
the C2-OH-HY distance is largeB.5 A, and®dyp.cz-on <4 Hzl,  damping in the latter, the ROESY intensity may be greater than
to the O4of either the neighbouring-Bibose or in the same sugar in the NOESY. In contrast, the major groove protons of the RNA
(¢ = 180, when the C20H-H1 distance is short, <2.5 A, duplex showed only weak interactions with water (&igable?),
S)2-c2-on = 10-12 Hz), or toward the attached base (0 to  suggesting either restricted access in the deep, narrow major groove
—30°, when the C20H-H1' distance <2.5A, antlyy.c2.on=  of RNA, or very short residence times for major groove water.

4-7 Hz) (Fig3). These orientations have been proposed based onin both the DNA duplex and the DNA-RNA hybrids, significant
high resolution X-ray structures of RNALG-18) and long negative NOEs and positive ROEs were found between water and
molecular dynamics simulation8536). In mixed sequence the Ade H2 in the minor groove (Fi4). The intense cross-peaks
RNA the favoured position for the GOH is toward the O3 observed for the H2 indicate ready access of the minor groove to
(i.e.@ = 9C°) and the sequential H-bond to '@®4+ 1) is not water, and with a residence time >0.3 @d).( In addition,
stereochemically reasonablE5(35). significant NOEs and ROEs were also observed to the H1

The presence of the GOH-H2 TOCSY cross-peaks, and the exclusively in the RNA strands of these hybrids, and weaker
strong NOE or ROE between '@2H and H1 for all of the cross-peaks to Hin the RNA duplex (Figd).

DNA-RNA hybrids and the RNA duplex (Fig. Table2) is not Water-H1 NOEs are complicated by the exchange between the
consistent with the dominant rotanger 9C°. InrR10-8Y10,the  C2-OH and water. Because a strong ROE was observed between
linewidths of the C20H of A3, G6 and A7 are in the range the C2-OH and the H1(Fig. 2), it is clear that the hydroxyl

6-9 Hz (Tablél). Given a natural linewidth of 2—-3 Hz, this placesproton is close (<2.5 A) to the Hko that magnetisation can be

an upper limit t®J»>.c2.on of 4—7 Hz. A lower limit of >3 Hz  relayed by exchange with water through the hydroxyl proton.
is implied by the intense TOCSY peak with a 40 ms spin-lockigure5 shows representative ROESY time courses (normalised
time. Hence, for these hydroxyls, the preferred orientation must be that of the Cyt H5-H6 cross-peak) for magnetisation transfer
¢ = 0 to —30. The interaction of the GH with water may by this pathway for different values of the exchange rate constant
suggest that the bridging interaction to the attached base is {8e-50/s) and the cross-relaxation rate constant. As expected, the
preferred orientation in the hybrids. In the other duplexes, thdegree of transfer is insignificant for a cross-relaxation rate constant
same pattern of NOESY and TOCSY intensities is observed, boft 0.4/s (corresponding to the Q8ientation) for any value of the

it is possible that the orientation wigh= 18 is also populated. exchange rate constant up to at least 50/s. Transfer is efficient only
The RNA duplex also shows that in this case, theo®&ntation  for the other two rotameric positions, where 2.4/s. This suggests

¢=9ID“ ¢:I= -30°



Nucleic Acids Research, 1998, Vol. 26, No. 13109

2 . dR10-dY10 dR10-Y(T)10
3 2 C10MH3 2 _ i
g 1 o ¢ §§ T Il =0
3 g | §§;ﬂ~‘|3§ o
| T AE J
g | l ANHz II,!/J_\ ‘\ -".. '_l_‘
| A3 “
' Lo , J'!U'Lul‘vl kw
Wt |

|I 1 ""/\'"‘JIHFL‘W W f‘ i"‘r AY (39

T 1 ¥
PPMgn 75 70 65 60 55 PPM g

l_l_‘

+,  rR10-dPY10 rR10r¥10

a 27
- O
2 o 2R l
R EX
o = o
225"?;’ ‘II‘ H
TxTly 1 1Y =
By B3 \I. \ B
\1\ \ z / WY (103} z
R | " N\ J.l' ']
—
N‘Hh\ ﬂ.
L'wa/ | W

PPMgo 75 70 65 60 55 Mao 75 70 65 60 55 50

Figure 4. Cross-sections through NOESY and ROESY spectra. NOESY (NY) and ROESY (RY) spectra were recolegDatMHz with mixing times of 50
and 25 ms respectively. The cross-sections are taken at the water frequency, along the F2 dimension. Cross peaks shavt saetagbirotons with water via
dipolar interactions or chemical exchange. Protons in red are in the major groove, those in blue are in the minor grahangeabke protons, with the exception
of C20H, are shown in black.

that in the hybrids at least, the observed wateN@IEs and ROEs RNA duplex. In the major groove, the accessibility to water in the
arise primarily via the exchange-mediated pathway, so it isybrids is more similar to the DNA duplex than to the RNA
impossible to determine whether there is any direct interactiafuplex. The minor groove also shows evidence of relatively
between water and H1Nevertheless, the exchange of thestable hydration around the Ade C2H, comparable with thatin the
C2-OH indicates extensive solvation of the minor groove of botPNA duplex. The C20H has a preferred orientation, and
the hybrids and the RNA duplex, and in the hybrids especially, theteracts directly with water. In the RNA duplex, access to water
interaction of water with Ade C2H indicates that the groove ase@ its kinetic stability in the major groove is less than in the DNA
whole has extensive and relatively long-lived contact with watedluplex or the DNA-RNA hybrids. However, the' @H also has
Molecular dynamics simulations indicate that long lived watera preferred orientation (though not necessarily as stable as that in
in the minor groove of RNA are associated with bridges betwedhe hybrids), and interacts directly with the water.

oxygen atoms of neighbouring phosphates in the backbone, or as

bridges between the GOH and the base3§,36). It is notable ACKNOWLEDGEMENTS

that the residence time of water that makes a single H-bond to the
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Figure 5. Simulated ROE time courses in the absence and presence of exchang2
with solvent. Time courses were calculated analytically for a three-spin system
comprising water, CZOH and H1 assuming exponential relaxation of the water 23
resonance. The curves shown were calculated for different values of the exchange
rate constant (k) and the cross-relaxation constant fed82H1' (o). pw (water), 24
pl' (H1") andpon (C2-OH) were set to 1, 7 and 12/s based on calculations as
described in Materials and Methods. The magnetisation has been normalised &6
that of the cytosine H5-H6 cross peak calculated for standard A-RN#A= 0.4/s 26
and k = 5/s@, o = 2.4/s and k = 5/§;], 0 = 0.4/s and k = 25/#l, 0 = 2.4/s and

k = 25/s5;<, 0 = 0.4/s and k = 50/#, ¢ = 2.4/s and k = 50/s. 27
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29
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