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Abstract 

A high-angle neutron fibre diffraction study of the hydration of A-DNA has been performed using the single-crystal 
diffractometer DIY at the Institut Laue-Langevin (Grenoble. France). The sample was prepared using deuterated DNA 
extracted from E. Co/i cells cultured on deuterated nutrients. In common with our previous neutron fibre diffraction studies 
of DNA. this work exploits the ability to isotopically replace H,O around the DNA by D,O. However this study benefitted 
additionally from the fact that the hydrogen atoms which are covalently bonded to carbon atoms in the DNA sugars and 
bases were replaced by deuterium so that incoherent scattering and absorption effects were minimised. Successive cycles ot 
Fourier synthesis and Fourier difference synthesis allowed water peaks to be identified and their positional and occupancy 
parameters to be refined against the observed diffraction data. The results confirm the main hydration features noted in our 
earlier studies with a clear network of water running along the inside edge of the major groove linking successive 01 
phosphate oxygen atoms. The central core of water running along the axis of the double helix is very much clearer in this 
work. Additionally this study shows chains of ordered water lying in the centre of the major groove. C lYY7 Elsrvier 
Science B.V. 
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1. Introduction 

The deoxyribonucleic acid (DNA) double helix 
can adopt one of five major variants depending on 
base-pair sequence. hydration and the nature of its 

ionic environment. The A, B. and C conformations 
were first identified in natural DNA but are also 
observed routinely in a wide range of synthetic 
polynucleotides. Two-stranded synthetic DNA poly- 
mers having regular repetitive base-pair sequences 
can in addition adopt a number of variations of these 
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conformations and also novel conformations such as 
the D conformation which is adopted by poly[d(A- 
T)] poly[d(A-T)] and the left-handed S conforma- 
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tion which has been most commonly reported for the 
poly[d(G-C)] . poly[d(G-Cl] double helix. Of these 
five principal conformations of DNA, the A [I], B 
[2]. C [3] and D [4] conformations were all first 
determined by X-ray fibre diffraction but the left- 
handed S conformation was first discovered as the Z 
conformation in an X-ray single-crystal analysis of 
an oligonucleotide [5] and then subsequently re- 
ported in X-ray fibre diffraction studies where it was 
designated S-DNA [6]. Fibre diffraction studies of 
long polymeric DNA, single-crystal studies of short 
oligonucleotides, and computer modelling studies 
have all provided evidence that water and cations in 
these structures occupy well-defined locations which 
are crucial to the stabilisation of the various confor- 
mations that can be adopted by the DNA. Further 
evidence for this has come from the observation of 
structural transitions between these different double 
helical conformations in DNA fibres. Several humid- 
ity-driven conformational transitions have been stud- 
ied using time-resolved high-angle X-ray fibre 
diffraction at the Daresbury Laboratory synchrotron 
radiation source [7-91. 

The A-conformation of DNA is an 1 l-fold right- 
handed double helix which crystallises in the mono- 
clinic space group C2. Base pairs are tilted by 
approximately 20” relative to the helix axis and 
displaced away from the axis towards the minor 
groove. This creates an open core of approximately 6 
A in diameter around the axis. a deep major groove 
and a shallow minor groove. Speculation that the A 
conformation may be involved in the process of 
transcription has persisted since it was first observed 
that this type of structure and close variants of it are 
adopted not only by DNA but also by RNA double 
helices and DNA-RNA hybrids. In naturally occur- 
ring DNA and throughout a large range of synthetic 
polymers, the A conformation is capable of undergo- 
ing reversible transitions to the C and the B confor- 
mations. 

Single-crystal studies of A type oligomers have 
revealed extensive hydration of phosphate oxygen 
atoms and bases. A number of authors have pre- 
sented evidence for intrastrand water bridges linking 
successive phosphate oxygen atoms [ 10,111. How- 
ever it is also worth noting that some single-crystal 
studies have found that the phosphates in A type 
oligomers are individually hydrated [ 12,131. In a 

study of the A-DNA fragment d(CpCpGpGI, a net- 
work of solvent molecules was seen to stretch across 
the opening of the major groove. connecting phos- 
phates on opposite sides of the groove [14]. In 
addition, water molecules arranged in fused pen- 
tagons, fixed by hydrogen bonding to base and phos- 
phate oxygen atoms, were observed in the major 
groove of the TATA and ‘lUA sr UA sequences in 
studies of two A-DNA octamers [lo]. 

While single-crystal studies of oligonucleotides 
offer important advantages over fibre diffraction 
studies, particularly in terms of resolution, care must 
be taken in extrapolating the results obtained from 
short oligonucleotides to the extended polymer, since 
end effects, crystal packing forces and the presence 
of crystallising agents may all play a part in deter- 
mining the structure of these oligomers. Fibre 
diffraction experiments are typically more limited in 
resolution but provide information which clearly re- 
lates to the regularity of the extended polymer. The 
crystallite length along the fibre axis can be esti- 
mated from the profiles of the diffraction peaks and 
is typically - 150 A corresponding to approximately 
five turns of the A-DNA double-helix (not taking 
into account the broadening effects of the beam 
width which would significantly increase this esti- 
mate). Furthermore the actual length of the DNA 
molecules making up the polycrystalline sample is of 
the order of IO’ base pairs so that a single molecule 
can be expected to pass through many crystallites. 
Although X-ray fibre diffraction is a very powerful 
technique for the study of DNA conformation and 
for the study of conformational transitions, it is less 
well suited to the study of water around DNA. For 
this reason neutron high-angle fibre diffraction was 
developed as a method that proved to be better suited 
to the investigation of the location of water around 
polymeric DNA [IS]. The ability to isotopically re- 
place H,O in the DNA sample by D,O allows the 
large coherent scattering length of deuterium to be 
utilised in imaging the water distribution around 
DNA. Neutron beam sources however have the dis- 
advantage of relatively low flux, with the consequent 
requirement for large samples and counting times. 
The first application of neutron high-angle fibre 
diffraction was in the location of water around the D 
conformation of the double helix using instrument 
D19 at the Institut Laue-Langevin [ 15.161. In subse- 



quent work, an analogous study of the A conforma- 

tion of naturally occurring hydrogenated DNA was 

undertaken [ 17,18]. The main features of this work 

were an extremely pronounced string of water 

molecules running along the inside of the major 

groove, linking successive 01 phosphate oxygens on 

the same strand. and a central core of water running 

down the axis of the helix. A theoretical study of 

A-DNA hydration has also identified these features 

and ix described by Garcia et al. [l9]. 

One of the major problems encountered in neu- 

tron fibre diffraction studies of DNA arises from the 

presence of large amounts of hydrogen in the sam- 

plc. In DNA there are 20 non-exchangeable cova- 

lently bonded hydrogen atoms (i.e., those attached to 

carbon atoms) for an A-T nucleotide base pair, and 

17 for a G-C nucleotide base pair. In addition. 

density measurements of A-DNA have indicated the 

prescncc of nine water molecules per nucleotidc. 

Hydrogen has significantly larger incoherent and to- 

tal neutron scattering cross sections than the other 

elemcntx in DNA. Therefore its presence leads to a 

high Icvcl of incoherent background scattering in the 

recorded diffraction pattern and an increase in the 

effective absorption of diffracted neutrons by the 

sample. Both of these effects are highly undesirable 

in neutron diffraction experiments as they lead to 

reduced peak height to background ratios for Bragg 

reflections. In this study. these effects were min- 

imised by preparing the sample from deuterated DNA 

obtained from E. Co/i cells cultured in deuterated 

media and by the substitution of D,O for Hz0 in the 

5amplc environment. 

2. Experimental methods 

DNA was obtained from MRE600 E. Co/i cells 

(rrown in 95% D,O. using deuterated succinate as a c 
carbon source. The cells were cultured during the 

courkc of an EMBO fellowship held at the EMBL 

Outstation in Grenohlc. Deuterated double-stranded 

DNA W;I\ purified from these cells using standard 

techniques during which the cells were lysed. treated 

with protcinase K. and then subjected to aevcral 

cycles of phenol and chloroform treatment. After the 

bulk of the protein had been removed, the DNA wah 

precipitated with ethanol, washed. and then treated 

with RNAse and SI nuclease. This was followed by 

another cycle of phenol/chloroform treatment which 

served to remove these enzymes and other residual 

proteins. The DNA was then dialyscd against 10 mM 

sodium chloride and concentrated gels prepared by 

centrifugation at SO.000 rpm for I? h. Individual 

fibrcs (approximately 5 mm long and 0. I mm in 

diameter) were drawn from this gel using standard 

techniques [ZO]. X-ray diffraction tests showed that 

the deuterated A-DNA produced an identical diffrac- 

tion pattern to that of hydrogenated A-DNA. In order 

to produce a sample of the required volume for 

neutron fibre diffraction studies. approximately IO0 

of these fibrcs were arranged into a parallel array 

that W;IS tightly constrained by thin perforated alu- 

minium foil. 

The sample was mounted on a goniometer and 

housed within a sample enclosure having thin Au- 
minium foil windows to allow the passage of inci- 

dent and diffracted neutrons. The rclativc humidity 

of the sample environment and hence the D,O con- 

tent of the sample was regulated hy the passage of’ 

humidified helium gas through the sample container. 

The relative humidity of the helium gas was muin- 

tained at a value of 75% by bubbling it through ;I 

saturated solution of sodium chlorate in D-0. and 

monitored using a Vaisnla HMP 3lUT humidit! 

probe located within the sample container. Previou\ 

X-ray diffraction studies of individual fibres from 

the sample had shown that the crystallinity of the 

sample was optimal in these conditions. 

The DI9 diffractometer at the ILL has been de- 

scribed [?I]. In the current work this instrument was 

used with a monochromatic beam of neutrons 01‘ 

walclcngth 2.417 A. produced by Bragg reflection 

from the (002) plane of iI focusing graphite mono- 

chromator which was curved about its vertical axis. 

The Mavelenyth spread Ah/h MYIS _ 4% and the 

A/2 harmonic wa\ reduced to about I !G hy graphite 

filters placed in the incident beam path. The beam 

si/e was limited by adjustable rectangular lithium 

fluoride slits. The detector was a bananu-shaped 

multiwirr gas-filled position sc‘nsitiic dct\ice with a 
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vertical aperture of 64” and a horizontal aperture of 
4”. The long axis of the detector had a radius of 
curvature of 1.164 m and was symmetrically located 
about the equatorial plane with its long axis vertical. 
The detector had 16 cathodes parallel to its long axis 
with a 5.0 mm wire spacing and 512 anodes parallel 
to its short axis with a spacing of 2.54 mm, giving an 
angular resolution of 0.25” X 0.125”. The sample 
was positioned at the centre of curvature of the 
detector. The detector was calibrated for nonuniform- 
ity of response by recording the diffuse scattering 
from a 1 cm diameter solid cylindrical rod of vana- 
dium. An online data acquisition system (MAD) [22] 
enabled diffractometer movements and data collec- 
tion to proceed according to a preselected set of 
instructions. 

The application of novel data collection strategies 
for fibre diffraction experiments on this instrument 
has been described by Langan et al. [23]. The data 
collection strategy involved recording the entire 
diffraction pattern from the sample as a series of 4” 

Fig. I. (a) Diffraction data recorded from deuterated A-DNA hydrated with D,O. The data has been binned into cylindrical r--; space: 
LSC )INT fit of the data. Some data close to the meridian was not collected, as can be seen from the ‘blind regions’ in these two figures. 7 
was due to physical constraints in mounting the sample. 

‘strips’. A 1” overlap between successive strips al- 
lowed the outer cathodes on the detector which 
suffer from edge effects to be discarded. The recorded 
diffraction pattern consisted of 19 strips merged 
tog$her and provided a resolution of approximately 
3 A. The sample was held at a fixed orientation 
relative to the incident beam during the collection of 
data. 

2.3. Data reduction 

Data display and initial processing were carried 
out using the suite of software available on the 
Silicon Graphics Indy at the D19 station. This soft- 
ware was accessed via a graphical user interface, 
McFibre. written in Metacard Hypertext [24]. A cor- 
rection for the effective absorption of diffracted neu- 
trons by the sample was applied using the absorption 
and scattering cross sections from the compilation of 
Koester et al. [25]. The corrected diffraction data 
were then binned into reciprocal space and the lattice 

(b) 
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parametcra determined using purpose-designed soft- 
ware. The integrated intensities of the Bragg reflec- 
tions were measured using the CCP13 routine 
LSQINT [36]. This routine allowed the background 
scattering to be fitted and subtracted from the pattern 
belhrc the Bragg reflections were fitted with 
Lorentlian profiles using a maximum entropy 
method. 

3. Results 

Fig. I a shows the recorded diffraction data binned 
into reciprocal space. The unit cell was monoclinic 0 0 
with lattice parameters cl = 22.24 A, b = 40.62 A. 
(’ = 3X. 15 A. /? = 97.0”, in close agreement with the 
parameter\ published for X-ray fibre diffraction work 
[I]. Fig. I b shows the LSQINT fit to the data. The 
intcnsitics produced by LSQINT were used to com- 
pute a li\t of observed amplitudes for use in subse- 
quent Fourier map generation and positional/oc- 
cupancy refinement. In space group C2, systemati- 
cally related reflections which overlap exactly as a 
result of cylindrical averaging of the fibre diffraction 
data are of equal intensity and so the apportioning of 
the oh\er\ed data amongst these contributing retlec- 
tions i\ straightforward. The effect of DNA deutera- 
tion on the observed diffraction data is clear from 
Fig. 2 which shows a comparison between the data 
recorded in this study of deuterated A-DNA hydrated 
with D,O (Fig. 2a) and that published by Langan et 
al. [ 171~for hydrogenated A-DNA hydrated with D20 
(Fig. 7b). 

The imaging techniques used in this study closely 
follow well-established crystallographic methods 
whereby the observed data are used in conjunction 
with ;I bet of structure factors calculated from an 
established model of part of the structure to produce 
Fourier synthesis and Fourier difference synthesis 
maps. In this work the initial structure factor ampli- 
tudes and phases were calculated from the coordi- 
nates of a refined model for the A-DNA double helix 
[27]. using coherent neutron scattering lengths for the 
atoms making up the deuterated structure. 

At the resolution of a typical neutron high-angle 
fihre diffraction study of hydrogenated DNA ( - 3 

( > a 

A). the negative coherent scattering length 01‘ hydro- 
gen tends to cancel with the poaitivc scattering 
lengths of surrounding atoms so that, for example. 
sugar groups (which contain five carbon atoms. one 
oxygen atom. and seven hydrogen atoms) arc wcalily 
imaged in Fourier maps. Since in this study the 
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Fig. 3. ‘Omit’-Fourier-difference map calculated using structure factors and phases derived from a model of deuterated A-DNA in which the 
sugar groups were removed. The sugar groups are clearly visible in this map. reflecting their contribution to the ob\rrved structure factor 
amplitudes. 

hydrogen atoms covalently bound to the DNA were 
replaced by deuterium, it was expected that the 
contribution to the observed diffraction data due to 
the deuterium atoms of the sugar group would be 
significant. A model of deuterated A-DNA in which 
the atoms of the deoxyribose sugar had been re- 
moved was constructed and structure factor ampli- 
tudes and phases calculated from this model used in 
conjunction with the observed data to produce an 
‘omit map’. As can be seen in Fig. 3 the resulting 
map exhibited clear density peaks corresponding to 
sugar groups along the helix. These results demon- 
strate the validity of the imaging methods and also of 
the DNA model structure used to provide the initial 
set of phases. 

3.2. Imaging and wfinement of ordered btater Sites 

The strategy adopted in the determination of the 
location of ordered water around the DNA was to 
use successive cycles of Fourier synthesis and Fourier 
difference synthesis followed by reciprocal space 
refinement of the positional and occupancy parame- 
ters of water peaks identified from these maps. The 
refinement procedure exploited the downhill simplex 
algorithm of Nelder and Mead [28]. and minimised 
the R-factor, 

c I KF,,b\ - Fc.,,cI 
R = “” 

c K&l, 
Ml 

Fig. 4. Fourier difference synthesis map showing the location of site I water peaks which occur between 01 phosphate oxygen atoms of 
successive residues on each strand. 

Fig. 5. Fourier difference synthesis map showing the location of site 2 water peaks in the centre of the major groove at a radius of 8.3 A 
(measured from the helix axis). 
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where I$,, and F,,,, were the oubGl.ved and calcu- 
lated structure factor amplitudes respectively and K 
was a factor required to place the observed data on 
the same scale as the calculated. Water identified 
from Fourier difference maps was included in subse- 
quent structure factor calculations by means of a 
spherically averaged scattering factor for D,O. 

The first Fourier synthesis and Fourier difference 
synthesis maps showed two particularly distinct sets 
of peaks in the major groove. Both sets exhibited the 
I l-fold helical symmetry characteristic of the A 
conformation of DNA. The first group of peaks (site 
I ), were located between phosphate 01 atoms of 
successive residues on the same strand and the edges 
of the bases in the major groove. The second set of 
peaks (site 2) appeared at the centre of the opening 
of the major groove. Views of the Fourier difference 
synthesis maps showing sites 1 and 2 can be seen in 
Figs. 4 and 5 respectively. The positional and occu- 
pancy parameters of both sites 1 and 2 were then 
refined while imposing 1 1 -fold screw symmetry con- 
straints. 

A model of deuterated A-DNA incorporating or- 
dered water sites I and 2 with their refined positions 
and occupancies was then constructed and the new 
set of structure factors used to calculate a further 
Fourier synthesis and Fourier difference synthesis. 
From the resulting density maps, two additional sets 
of peaks were identified. One of these (site 3) was 
located in the centre of the major groove at a smaller 
radius than site 2 and also exhibited the helical 
symmetry of the DNA. A fourth site was indicated 
by the presence of a continuous core of density 
running along the helix axis in the major groove. 
Views of the Fourier difference synthesis maps 
showing sites 3 and 4 can be seen in Figs. 6 and 7 
respectively. 

The positional and occupancy parameters of all of 
these sites were then refined together, with con- 
straints imposed to maintain 11 -fold screw symmetry 

about the helix axis. The refined positions and occu- 
pancies of the ordered water sites corresponding to 
the residue at z = 0 are given in Table 1. During this 
refinement it was found that, whereas the positions 
and occupancies of sites 1, 3, and 3 refined to the 
same values independent of starting point, the posi- 
tion of site 4 was able to move along the r-axis with 
a negligible change in R-factor. While not affecting 
the refined occupancy of site 4. its : coordinate 
could not be determined. This effect was consistent 
with the appearance of site 4 as a continuous column 
of density running along the helix axis of the DNA. 
The inclusion and refinement of ordered water xitea 
l-4 resulted in a significant reduction in the R-fac- 
tor. The R-factor was reduced from 53.2% to 43.6% 
on the inclusion of unrefined sites I to 4 and finally 
to 36.5% after position and occupancy refinement of 
the ordered water sites. This R-factor is comparable 
to those obtained in X-ray fibre diffraction analyses 
of DNA at similar resolutions where water was 
included in the structure as a continuum [ 1.271. 

In order to avoid ‘overfitting’ the observed 
diffraction data as the number of model parameters 
was increased, the observed reflections were scpa- 
rated into two unique sets; a ‘test’ set T and a 
‘working’ set A. The test set T was obtained from a 
random selection of 10% of the observed reflections. 
As each of the ordered water sites were identified, in 
addition to refinement of positional and occupancy 
parameters against the full set of observed reflec- 
tions, a parallel refinement was also perfortned 
against the working set of reflections A, and a ‘free’ 
R-factor (RF’) [29] was calculated from the test set 
T. Therefore Rp was independent of any overfit- 
ting of set A and the reduction of R!lrec at each stage 
of refinement provided an indication that the ob- 
served data had not been overfitted. The final posi- 
tional and occupancy parameters of sites I to 4 
calculated from refinement against the full set of 
observed reflections and against working set A were 

Fig. 6. Fourier difference synthesis map showing the location of site 3 water peaks in the centre of the major groove at a radiuh of 4.5 A 

(mcasurrd l’rom the helix axis). 

Fig. 7. Fourier difference synthesis map showing the site 4 ‘water column’ which occurs a$ a continuous column of drnrity along the helix 
;L.xi\. 





Table I 
The refined positional and occupancy parameters for water sites 
l-4. The Cartesian axes were chosen such that the u-axis of the 
unit cell lies in the .K plane and the b-axis lies along the y-axis. 
Symmetry-related positions can be generated by using the 1 l-fold 
screw symmetry about the z-axis with the molecular dyad in the 
plane of the base-pair oriented along the y-axis 

Site .\ (A, y(A) ; cw, Occupancy 

I - 4.580 0.27 I - 2.696 1.32 
2 4.577 - 6.97 I 2.597 1.07 
3 - 1.300 -4.358 - 1.300 0.82 
4 0.000 0.000 - 0.77 

identical. The various R-factors resulting from each 
stage of refinement are presented in Table 2. The 
significance of the reduction of the R-factor at each 
stage of model augmentation was also tested using 
the Hamilton significance test [30]. This test indi- 
cated that the probability of error in accepting the 
augmented models produced by the inclusion of 
ordered water sites I and 2, and then 3 and 4, was 
less than 5%. 

In the final stages of analysis the 11 -fold noncrys- 
tallographic helical symmetry constraints were re- 
moved, and the location of all of the water sites in 
the unit cell refined independently. While this refine- 
ment resulted in a further drop in the R-factor to 
33.54%. there was very little deviation from helical 
symmetry with the mean positional deviation from 

Table 2 
As each of the ordered water sites were identified from Fourier 
synthesis and Fourier difference synthesis maps, their positional 
and occupancy parameters were refined against the full set of 
observed data, yielding the R-factor R. Also a ‘test’ set of 
reflections T was obtained from a random selection of 10% of the 
observed reflections and omitted from a parallel refinement of 
positional and occupancy parameters against the ‘working’ set of 
reflections A. which yielded the R-factor R,. A ‘free’ R-factor 
[29] (RF’) was calculated for the T set of reflections and the 
reduction in Rp’ on the inclusion and refinement of ordered 
water cites I to 4 is taken as an indication that the observed data 
was not ‘overfitted’ as the number of model parameters was 
increased 

Sites included in Increase in R RA 
Rfree 

T 
refinement no. of parameters 

None _ 52.2 52.2 51.5 
I and 2 8 43.9 43.9 41.4 
I, 2. 3 and 4 8 36.5 36.6 37.2 

the helically constrained refinement being less than 
0.5 A and the mean deviation in occupancy being 
0.03. The Hamilton significance test [30] indicated 
that the helically constrained model could not be 
rejected even at the 50% confidence level (i.e.. the 
probability of error in rejecting the constrained model 
was greater than 50%). 

4. Discussion 

The four water sites identified in this study have 
been considered in terms of possible interactions 
with the DNA. It is important to emphasise that the 
DNA used in this study was effectively of ‘random 
sequence’ so that any sequence-dependent features 
were averaged in the diffraction data and also in the 
Fourier maps generated from these data. Such se- 
quence averaging must be considered carefully when 
suggesting possible water-DNA hydrogen bonding 
interactions that are consistent with the experimental 
observations and with the available hydrogen-bond- 
ing donor and acceptor sites on the DNA. All water- 
DNA distances within the range of 2.2 A to 3.8 A 
have been considered to be within the range of 
hydrogen bonding in order to allow for some error in 
the refined positions of the sites. 

Site 1 is located in the major groove, at equal 
distances from neighbouring phosphate 01 atoms on 
the same strand. This site was a prominent feature in 
the work described by Langan et al. 1171, and is 
consistent with the intrastrand water bridging of 
phosphate 01 atoms in A-DNA. The presence of 
such water bridges has been frequently observed in 
X-ray diffraction studies of oligonucleotide single 
crystals [lO,l 11. Site 1 was also located within possi- 
ble hydrogen bonding distance of the purine N7 
atom in the major groove and with an occupancy of 
1.32 it is possible that this feature may reflect the 
involvement of an additional water molecule inter- 
acting either between water bridges linking succes- 
sive 01 atoms and the purine N7 or between the 01 
oxygen itself and the purine N7. Since the observed 
data is sequence averaged, this additional interaction 
would be expected to occur with a weight of 0.5. 
Water bridges between phosphate 01 and purine N7 
atoms have been previously observed in single-crystal 



studie\ [3 1,321. It should be noted that the thymine 

methyl carbon atom is located at a distance of 2.2 i 
from the site I position. The proximity of the methyl 
group may cause local disturbances in the order of 
site I water molecules which cannot be identified 

from this sequence averaged data set. There is also 
the possibility of stabilising hydrophobic interactions 
between the methyl group and water molecules al 

this site. Such interactions have been previously 
observed in single-crystal studies of B-DNA [33]. 

Site 2 was located at the centre of the opening of the 
ma_jor groove at equal distances from phosphates on 
either strand. However the Ol&Ol and 02-02 dia- 

tanceh between opposite strands of 6.65 ,& and 7.06 
A. respectively appear to be rather wide to be bridged 
by ;I single water molecule engaged in bidentate 

hydrogen bonding. and it is possible that other inter- 

actions involving the cations around the DNA may 
be involved in stabilising this site. In an X-ray fibrc 
dil‘l’raction study of the positions of thallium cations 
around A-DNA [33]. cations were observed to zig-Lag 

acroh\ the opening of the major groove between 
charged phosphates on opposite strands. It is note- 

worthy that a network of solvent molecules ctretch- 
ing across the opening of the major groove was 
previously observed in an X-ray diffraction study of 
the oligonucleotide d(CpCpGpG) [ 141. 

Site 3 positions were found in the centre of the 

major groo\‘c. at a smaller radius than site 2. These 

peks were not located within 3.X of any DNA 
atoms. However the site i-site I and site %-Site 3 
distance\ were comparable to those associated with 

typical water-water hydrogen bonding [3S]. Site 3 
water may also be associated with a string of cations 
which in the X-ray study of thallium A-DNA were 

found to lie along the centre of the major groove 

[J-l]. 
Site 4 appeared as ;I continuous core of density 

running along the helix axis in front of the bases in 
the major groove. as observed in the previous neu- 

tron I.ibre diffraction study of hydrogenated A-DNA 
[ 171 and in a single crystal study of the RNA A-type 

douhlc helix [u(UA),A]~ [33]. This site was located 
within possible hydrogen bonding distance of ade- 
nine NH,, thymine 04. cytosine NH, and guanine 
06 and ky therefore be involved in hydrogen bond- 
ing interactions with any of these hydrophilic groups. 
However a complete interpretation of this feature 

was not possible as a result of the sequence averag- 
ing of the base pairs. 

In this study we were unable to verify two of the 
weaker water features identified in the previous neu- 

tron high angle fibre diffrfraction study of hydro- 
genated A-DNA [ 171 where they were identified a\ 
features 2 and 3. This difference in the results from 

the two studies can be attributed to the improved 
diffraction data recorded in the work de\crihed hcrc 

where the use of deutcrated DNA has resulted in the 
reduction of incoherent scattering and absorption 

effects. 
Two of the hydration features identified in this 

st~ldy may involve sequence-specific interactions with 

DNA base atoms. Site I. although sequence indcpen- 
dent in term\ of the bridging of huccessivc 01 
phosphate ox! gens. occupies ;I position whcrc purine 

N7 atoms and thymine methyl groups may be impor- 
tant to its \tahility. Similarly. the \itc 1 water ‘co- 
umn occurs in a position where there arc numerous 
possible interactions with the cxposcd hydrophilic 

groups of the bases in the ma.jor groove. The se- 
quence averaging inherent in thi$ analysis mcanx that 

it is not possihk to determine thcsc sequence-specific 
features from the current work Howcvcr this inl’or- 

mation should be available from neutron high-angle 
fibre diffraction studies of the A conformation of 

DNA containing regular repetiti\.c base-pair se- 
quences. Further investigations of .&DNA hydration 

will therefore focus on elucidating (hi\ scquencc 
dependent variation in studies of synthetic DNA 

polynucleotides such as poly[d(A-T)] poly[d(A-T)]. 

poly[d(G-C)] poly[d(G-C)]. and po1y d(G) polk 
d(C). Such studies will also be of interest in provicl- 
ing an understanding of the relative stabilities 01‘ the 

A conformation of these polymers. For c~mple. 
whereas the 11 conformation is cxccptionally stable 
in poly d(G) poly d(C), it has not 40 t’ar been 

reported at all for poly d(A) poly cl(T). 
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