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Abstract. Films of highly oriented Na- and LiDNA
showing the typical X-ray diffraction patterns for the
A-, B-, and C-conformation have been investigated by
clastic and quasiclastic neutron scattering. Informa-
tion concerning the question of the DNA —water inter-
action has been obtained by varying the parameters
H,0/D,0 contrast, humidity, and temperature. Main
observations are: A coexistence of one- and three-
dimensionally correlated DNA which shifts towards
the one-dimensionally correlated C-conformation for
high humidity; a coexistence of A-, B-, and C-confor-
mation for NaDNA with a similar humidity depen-
dence; a factor of two increase between the average
degree of localization of water hydrogens compared
with DNA hydrogens at 75% r.h. for NaDNA; a
strong water contribution to layer peaks which are
close to the susceptibility maximum of water; a strong
temperature dependence of the axial repeat distance
for C-DNA; broad quasielastic spectra around the in-
verse of this distance. The observations are interpreted
in terms of a competition between finite three-dimen-
sional correlation and an optimized spatial resonance
of nearly one-dimensionally correlated DNA with the
correlation of bulk water. The observations are com-
patible with the concept of water spine formation
{Dickerson 1983). The interpretation emphasizes the
dynamic character of this mechanism in the region of
nearly one-dimensionally correlated DNA.
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Introduction

X-ray diffraction by deoxyribonucleic acid (DNA)
fibres has been the primary experimental method to
unravel microscopic density—density correlations in
this system. Since the observation of Franklin and
Gosling (1953) — “the most highly ordered structure
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was that obtained when operating at about 75% r.h.
(structure A)” — it has become progressively evident
(Langridge et al. 1960; Marvin et al. 1961; Cooper and
Hamilton 1966) that the four constituents, i.e. DNA-
chains, counterions, water hull, and excess salt form a
correlated system with a subtle interaction balance
resulting in the stabilization of various conformations
of DNA. Several reasons have led to attention being
focussed mainly on DNA-DNA correlations. One
reason is the mere ratio of atoms of the four con-
stituents, i.e. per nucleotide one has typically 1 coun-
terion (1e'), 5-10 water molecules, and <04
molecules excess salt (e.g. NaCl, LiCl). Another reason
is the degree of localization of these atoms which is
reflected in the sharpness and intensity of the construc-
tive interferences observed in reciprocal space. Com-
pared to Bragg-reflections of ordinary crystals, DNA -
DNA correlations give rise to rather weak signals due
to the large thermal motion of the atoms. In addition
to this thermal disorder, DNA-peaks are further weak-
ened by static disorder, i.e. by the “random” sequence
of base pairs along the chain and by randomness in the
phase relation between neighboring DNA molecules.
When trying to observe constructive DNA —water in-
terference, one has to deal with even smaller and more
diffuse signal since the localization of the water
molecules is governed by the much weaker multipolar
forces (compared to the covalent interactions within
the chain which restrain the motion of the DNA-
atoms). Thus, collecting microscopic information
about the concerted interaction of the constituents of
this complex system means the analysis of both the
“Bragg-peaks” and the relatively smoothly varying dif-
fuse scattering between them. Moreover, a significant
part of the latter scattering is of inelastic nature be-
cause of the large thermal disorder which poses a fur-
ther problem in the analysis of the diffuse scattering
contributions.

In this situation one may either turn to similar
systems which have a higher degree of translational
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invariance and less thermal disorder or one changes to
scattering methods which provide an informative dis-
crimination between the various correlation contribu-
tions. The former concept has been successfully real-
ized by Kopka et al. (1983). The results from oligo-
nucleotide analysis have led to the conclusion (Dicker-
son 1983) that the formation of a water spine in the
minor groove of B-DNA and the more economic hy-
dration of the phosphate groups in A-DNA as com-
pared to B-DNA (Saenger et al. 1986) are essential
elements of the DNA—water stabilization.

We have followed the second approach by using
thermal neutron scattering on natural DNA (calf-
thymus). This method (e.g. Bacon 1975) provides a
strong contrast on H,0O/D,0-exchange and it can also
discriminate between elastic and inelastic scattering
contributions. Parts of this study have been published
previously (Grimm et al. 1987, 1989). Neutron diffrac-
tion and H,0/D,0O-contrast has also been used to
determine the location of water around a synthetic
DNA fiber in the D-conformation (Fuller et al. 1989).

Experimental
Materials

The difficulty of preparing oriented DNA-samples
large enough for neutron scattering has been over-
come by the development and perfection of the wet-
spinning method (Rupprecht 1966). This method al-
lows the controlled production of sufficient amounts
of highly oriented, thin films (1 to 100 pm thickness) by
winding up DNA fibres which are continuously
stretched during precipitation into an aqueous alcohol
solution. Films of 45 mm x 275 mm could be obtained
in this way. They were prepared from calf-thymus
DNA. The films were zig-zag folded into a square sam-
ple and — after humidification with H,O or D,O to the
desired relative humidity — sealed into an aluminium
cell with a free volume of 60 x 60 x 1 mm?®. The illumi-
nated sample volume was about 40 x 40 x 0.7 mm?.

The first neutron scattering experiments on samples of
this type were performed by Dahlborg and Rupprecht
(1971) and Dahlborg et al. (1980).

We have continued this study by reinvestigating
one of the samples used in these studies (No.1,
Li-DNA, C-conformation, =~0.03 LiCl/nucleotide)
and three new samples of higher crystallinity (No. 2,
Na-DNA, A-conformation, ~0.06 NaCl/nucleotide;
No. 3, Li-DNA, B-conformation, ~0.35 LiCl/nucle-
otide). Sample No. 4 is shown in Fig. 1. In this case,
free standing films between two spring loaded grids
were realized in order to allow for rapid in situ water
exchange. Otherwise this sample is like No. 2. The var-
ious conformations of the DNA were verified by the
typical X-ray diffraction patterns (Fig.2) obtained
from test pieces (75% r.h.). Generally, a qualitative

Fig. 1. Sample for in situ humidification. The total area is
35 mm - 28 mm - 21 films. The film thickness is about 50 pm. The
DNA film is kept under slight tension by the four spring loaded
cylinders which connect the two supporting grids

Fig. 2a—c. X-ray diffraction patterns as
obtained from test pieces of the DNA
films at 75% relative humidity. (a)—(c)
are typical for the A, B, C-conformation.
(a) corresponds to NaDNA (samples
Nos. 2 and 4), (b) to LiDNA with high
excess salt concentration (sample No, 3),
and (¢) to LiIDNA with low excess salt
concentration (sample No. 1). The dashed
circles indicate the region of the first peak
in the structure factor of bulk D,O as
obtained by neutron scattering (Fig. 3)



similarity is observed between X-ray and neutron dif-
fraction patterns of DNA. This is due to the fact that
the neutron scattering lengths of C, N, O, P, and D are
all positive and similar (e.g. Bacon 1975). This positive
scattering density normally outweighs the negative
contribution from hydrogen (~1H per 2 other
atoms).

Method

The previous neutron scattering studies were partially
impeded by flux and instrumental limits. Therefore, we
have performed our measurements at reactors provid-
ing a higher neutron flux and on three-axis-spectrom-
eters which allow for a flexible scanning of reciprocal-
(h) and frequency- (v) space. The wave vector h is rep-
resented in a cylindrical coordinate system by h=
(&, ¥, {). The components { and & denote the meridion-
al and the equatorial direction with respect to the
helix axis of DNA, respectively. Since we observed
deviations of the diffraction from cylindrical symmetry
it should be added that the component ¢ was usually
varied within the plane of the DNA films and all data
refer to ¥ =0, if not stated otherwise.

Because of the mentioned results obtained by X-
ray diffraction from oligonucleotides, we focussed our
attention on the region of reciprocal space corre-
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Fig. 3. Elastic scans perpendicular to helix direction for the
NaDNA sample (No. 2} hydrated to 75% r.h. both with H,O
(open squares) and D,0O (open circles). The monotonously vary-
ing background is in both cases mainly due to the incoherent
scattering from hydrogen. The dashed line indicates this and a
small deuterium contribution for the case of hydration with
D,0O. The scan for bulk D,O (full circles) refers to the same
experimental conditions (sample volume, spectrometer configu-
ration)
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sponding to the inverse distance of nucleotide planes.
It coincides with the location of the first maximum in
the structure factor of liquid water. Therefore, it is in
this region where one might expect constructive inter-
ference due to those water molecules whose correlation
to DNA is of intermediate strength, i.c. between that of
liquid water and tight binding to DNA. The increase
or decrease of this correlation is expected to be largely
responsible for variations in the DNA-DNA correla-
tion and/or conformational changes.

Most of the experiments presented in this report
were done at the instrument SV4 at the FRJ2-reactor
in Jilich. In addition, we have used the spectrometers
H7 and H4M at the high flux reactor HFBR at the
Brookhaven National Laboratory. In all cases, the in-
cident and scattered neutrons were selected by py-
rolytic-graphite crystals in conjunction with an aver-
age horizontal collimation of ~4('. The initial energy
of 3.55 THz allowed the suppression of higher-order
scattered neutrons by means of an aligned pyrolytic-
graphite filter, The full width at half maximum
(FWHM =) of the energy or frequency resolution
was 0 v=0.23 THz for the elastic setting (v=0) of the
instruments. In the following, the term “elastic intensi-
ty” corresponds to this energy resolution.

Results
NaDNA — equatorial scans

Elastic scans perpendicular to the helix axis reveal the
arrangement of the oriented DNA-molecules by
means of the (hkO0) reflections. Figure 3 shows scans of
this type for NaDNA (sample No. 2) hydrated to 75%
r.h. by both H,O and D,O. For the case of H,O-
hydration, three peaks are clearly distinguishable at
£=(0.05240.001), (0.089 +0.001), and (0.102 +0.001)
A~1 on top of the monotonically decreasing incoher-
ent background due to the hydrogen atoms. The peak
positions follow closely the ratios 1:\/§ :2 in accor-
dance with an essentially hexagonal arrangement of
the DNA-molecules. Their resulting effective diameter
or the corresponding hexagonal lattice constant is
a=2/(\/§a*)z22.2 A if a* is based on the strong
(1,0, 0) reflection at £ ~0.052 A~ ! (Note, that the con-
vention aa*=1 is used throughout this report). More
precisely, A-DNA is described by a c-face centered
monoclinic cell (Fuller et al. 1965).

Hydration with D,O results essentially in three
changes of this scan: (i) a distinct modification of inten-
sities of the three DNA-reflections, (if) a reduction of
the background slope, and (iif) the appearence of the
broad first maximum of the structure factor of D,O at
£~0.31 A~ 1. The latter fact becomes obvious if the
scan is compared with the third curve (container filled
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Fig. 4. Extended rocking curves for the equatorial reflections
observed for H,O-hydration (see Fig. 3). The momentum trans-
fer was fixed to ¢/A ™1 =0.052 (open circles), 0.089 (open squares),
and 0.102 (open triangles) and the sample rotated around the
helix direction which was oriented perpendicular to the scatter-
ing plane. The symbol correspondence is {(open circles)=(1,0),
(open squaresy=(1, 1), (open triangles)=(2, 0) in hexagonal nota-
tion. The two dashed curves were obtained at the intermediate
wave vectors £/A ~1=0.076 (higher) and 0.127 (lower intensity).
They represent the variation of the effective volume of the sam-
ple and the absorption due to incoherent scattering of hydrogen.
The deep minima for each rocking curve around = +90° de-
note the angles at which the incident or the scattered beam
directions are oriented within the large area of the flat sample
container

with D,0). This means that some part of the water
molecules are correlated in a similar way to liquid
water.

Change (i) reflects the other part of the water which
follows the symmetry of the array of DNA-molecules.
The modifications of peak intensities correspond to
changes of the average radial scattering density of this
DNA-water molecule due to the replacement of H,O
by D,O within the cylinder of about 11 A radius
around the helix axis.

It would be misleading to extract directly further
conclusions about the radial water density from this
limited data set of three intensity changes. Figure 4
shows rocking curves for these three reflections as ob-
tained by rotating the sample around the helix axis at
fixed £. The intensity variation shows that there is
considerable double-orientation and confirms the es-
sentially hexagonal arrangement of the DNA-poly-
mers. The approximately equal intensities of the (110)-
and the (200)-reflection observed in the radial scan at
=0 (Fig. 3) are seen to be an artifact which results
from the “mosaic” of about 30° around the helix axis.
Double orientation has been observed also with X-ray

diffraction in wet-spun DNA films with Li- and Na-
counterions (Wilkins and Arnott, personal communi-
cation with A.R.) and in a pulled NaDNA fibre
(Franklin and Gosling 1953). It is interesting to note
that the mean direction of a* is in the plane of the
DNA-film. One might speculate whether the spinning
procedure (Rupprecht 1966) causes this pinning. Prob-
ably, the boundary conditions enter during the drying
procedure when the Teflon-coated cylinder is placed in
a desiccator and the DNA fibres merge into an orient-
ed DNA film. Double orientation is also observed for
the LIDNA sample No. 3.

Change (ii), i.c. the change of background slope due
to H,0O/D,0 exchange, contains information about
the average degree of localization of the hydrogens of
the water molecules and the hydrogens of DNA due to
the large incoherent cross-section for protons. This
incoherent background is indicated in Fig. 3 by the
dashed line for the case of D,O humidification and is
evident for the case of H,O humidification. We ob-
serve no significant difference of this background be-
tween equatorial and meridional scans. This might be
due to our relatively coarse energy resolution of 6 v=
0.23 THz. However, a similar isotropy has been ob-
served in quasiclastic spectra of incoherent neutron
scattering (Schreiner et al. 1988) which probed the
slower part of the motion of DNA -water with a fre-
quency resolution of 6 v=>5 GHz. This slower motion
is found to correspond to diffusion within a sphere of
3-5 A radius for high hydration levels (86% r.h.).

The isotropic incoherent background is also indi-
cated in Fig. 5 by the straight dashed lines. The semi-
logarithmic representation shows that it may be de-
scribed by an effective Debye-Waller factor (e ~*#/2),
at least on the time scale defined by our experimental
resolution. The mean squared displacement u?=
B/4n? derived from the ¢- or {-dependence of the inco-
herent background is u?~0.046 A2 for the case of
D,O-humidification and u?~0.076 A% for H,O-hu-
midification. On the basis of a fraction of 59% water-
hydrogens for 75% r.h. or 8 moles water per mole
nucleotide (Falk et al. 1962) a value of u*=(0.095+
0.010) A2 follows for the water hydrogens. The influ-
ence of a multiple scattering correction (Vineyard
1954) is estimated as being smaller than the generously
estimated error. The fraction of water hydrogens is
also compatible with the ratio of the background in-
tensities extrapolated to #=0. Thus, the mean squared
displacement of the average water hydrogen is about
twice as large as that of the average DNA hydrogen
which accounts for the background slope in the case of
D,O humidification. On the other hand, correspond-
ing values reported for liquid water range from w2~
0.3 A2 to u?>~0.7 A? (Franks 1972). These large values
may, however, only serve as a hint for the degree of
hydrogen localization on the time scale of picoseconds
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Fig. 5. Elastic scans along the helix direction (¢=0) for sample
No. 2 (NaDNA) hydrated to 75% r.h. both with D,O (open
circlesy and H,O (open squares). The arrows mark the expected
peak locations due to the axial repeat distances for A-DNA
(short, up), B-DNA (short, down), and C-DNA (long, up). The
intensities are corrected for effective sample volume and absorp-
tion. The dashed lines represent the effective exponents of the
Debye-Waller factor which describes the incoherent scattering.
The curves obtained by filling the sample container with D,0O
(open triangles) and H,O (open diamonds) are added for compar-
ison. The corrected intensities have been arbitrarily scaled in
order to avoid intersection of the curves

because of the artificial Debye-Waller type description.
This is also evident from the curve for bulk H,O in
Fig. 5. The initial slope ({ —0) of this curve would
correspond to u?~0.4 A2,

In summary, the equatorial test scans show that
the oriented DNA-polymers of about 22 A diameter
follow essentially the expected hexagonal arrange-
ment. It is found that this hexagonal lattice is only
partly averaged around the helix axis and that other-
wise a* has a mosaic distribution of about 30° FWHM
with its mean direction in the plane of the DNA film.
The scans also prove the expected sensitivity of the
(hkO)-reflections on H,O/D,0-exchange and substan-
tiate the intermediate degree of the average localiza-
tion of the water molecules. Part of the water is corre-
lated in a similar way to liquid water.

NaDNA — meridional scans

The effect of H,O/D,O contrast for scans along the
helix direction is shown in Fig. 5. The representation
of the data by logarithm of intensity versus {*is chosen
in order to facilitate subtraction of the incoherent
background. All data have been corrected for the weak
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Fig. 6. Temperature variation of the meridional scan shown in
Fig. 5 (symbol (open circles), D,0O-humidification). The symbols
refer to sample temperatures of T=2320 (open squares), 290 (open
triangles), 260 (open diamonds), and 200 (asterisks) K

{-dependence of effective volume and transmission of
the samples. This correction factor increases with { in
the displayed range by 10% and 14% for humidifica-
tion to 75% r.h. with H,O and D, 0O, respectively.

Although the test of the sample (No. 2) by X-ray
diffraction had shown the pattern being typical for the
A-conformation (Fig. 2a), one recognizes in the merid-
ional scans peaks due to the axial repeat distances p for
all three conformations as indicated by the arrows.
They correspond to the axial repeat distances
p.=2.56 A, p,=3.38 A (Arnott and Hukins 1972), and
p.=3.32 A (Marvin ct al. 1961). For brevity, the peaks
will be referred to as A-, B-, and C-peak below (the
very small B-peak on the flank of the broad C-peak is
more apparent in the linear presentation shown in
Fig. 6). The strong peak at (>=0.184 A~2 is the
Debye-Scherrer line of Al (111) and results from the
sample container. Its width corresponds to the instru-
mental resolution of § {=0.005 A~! which decreases
to 6(=0.004 A~! for {~1/p,. Resolution correction
of the observed width of the A-peak results in a merid-
ional correlation length [, ~45 A for the DNA with
A-conformation. This peak is not much affected by the
H,0/D,0 exchange.

This is in contrast to the variation of the broad
C-peak. Remarkable observations are: (i) the peak
height more than doubles for humidification with D,0O
(the peak/background ratio changes by a factor of
about 4.8), and (ii) the peak shape changes with
H,0/D,0 exchange (“tail” for higher {-values). Fur-
ther properties of the C-peak are, that its position is
remarkably close to the position of the first maximum
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Fig. 7a—d. Intensity variation with energy transfer at fixed momentum transfer (h) oriented parallel (open triangles, h={) and
perpendicular (open circles, h=¢) to the helix axis. The correspondence for the wave vector is: h=¢, {=0.247 A~1(a), 0310 A" 1 (b),
0.323 A~ (¢), and 0.374 A~1 (d). The sample (No. 2, NaDNA) was humidified to 75% r.h. with D,0

in the structure factor for liquid D,0O and would corre-
spond to the somewhat smaller value of p,=3.27 A
and that its width would correspond to a meridional
correlation length of [ ~38 A, only.

We conclude from these observations that this
peak contains a substantial contribution of intermedi-
ately correlated water whose correlation to DNA
bridges that of the first hydration layer (Falk et al.
1962, 1963) and that of liquid water. This contribution
will be referred to as “water peak” (WP) in the follow-
ing.

Another means for distinguishing between WP
and DNA-layer peaks is their different temperature
dependence. This is shown in Fig. 6. The water struc-
ture corresponding to the WP contracts much more
“rapidly” on temperature lowering than A- or B-DNA,
as shown by the difference in the shift of the peak
positions. Because of the larger shift of the WP, the
B-DNA admixture becomes more apparent at lower
temperatures.

NaDNA — low energy spectra at WP

One notices also that the WP region gains relatively
more intensity on cooling than other regions of {
(Fig. 6). As mentioned above, the measured intensity
corresponds to a frequency resolution of dv=
0.23 THz and the increase of intensity means that part

of the inelastic spectra is shifted into this resolution
“window”. Thus, Fig. 6 suggests the existence of low-
energy excitations associated with the WP. This has
been verified by inelastic scans at fixed momentum
transfers { which were compared to corresponding
ones for £ in order to discriminate the isotropic part of
the spectra. The results for NaDNA are shown in
Fig. 7. The difference between these scans represents
excitations which involve mainly displacements u
along the helix direction since the “visibility” is deter-
mined by the dot product hu, i.e. whether the motion
gives rise to a phase shift in the scattered radiation.

Similar quasielastic difference spectra have been
observed for the C-DNA sample (No. 1). A recently
performed repetition of these measurements with
smaller steps in the momentum transfer shows that the
difference intensity clearly peaks at {~1/p,. The con-
tributions from heavily damped compressional waves
travelling along the helix direction become visible for
{#1/p, just before the spectra vanish in the isotropic
background. A report of these inelastic measurements
will be published elsewhere. Underdamped compres-
sional waves have been observed for B-DNA around
{=1/p, (Grimm et al. 1987). However, their damping
is found to be more than three times larger than ex-
pected from the fluctuation ¢ p,. Overdamping occurs
for changing the humidification from 75% to 84% r.h.
(unpublished work).



We conclude from the WP contribution to the
C-peak and the intermediate degree of localization of
the water hydrogens that the difference spectra shown
in Fig. 7 probably represent the hybridisation of relax-
ational motions of intermediately correlated water
and oscillatory motions of the DNA bases (with or
without tightly bonded water molecules) along the
helix direction.

NaDNA — humidity variation

Information about the WP by means of humidity vari-
ation is ambiguous because of the simultaneous
changes in the hydration structure and DNA confor-
mation. However, compatibility with the interpreta-
tion based on contrast, temperature variation, and en-
ergy spectra of the WP can be tested.

1f dried pieces of the DNA-films are exposed to an
atmosphere of e.g. 75% r.h., their weight increases by
a factor of ~1.45 owing to water adsorption. More
than 90% of this increase is completed within 24 h. We
could make use of this time scale for in situ experi-
ments by using a sample with free standing DNA-films
(sample No. 4, Fig. 1).

To this end, a washing bottle with saturated D,0O-
solution of NaClO; (corresponds to 75% rt.h. at
ambient temperature) was connected with the inlet
and outlet of the sample container by rubber tubes. In
this closed circuit, a forced convection of humidified
air was maintained by means of a peristaltic pump.
Valves allowed to switch this circuit to dried air (sil-
icagel) or vacuum.

Three scans were measured alternatively during
two humidification periods: (i) the meridional scan
through the WP, (ii) a scan in meridional direction at
¢=0.111 A~* which crosses the 6th-, 7th-, and 8th-
layer lines of A-DNA at about their maximum intensi-
ty (see Fig. 2a), and (iii) a scan in equatorial direction
at {=0.283 A~1, i.e. within the 8th layer. The results
for the scans in meridional direction are shown in
Fig. 8a and b. Three selected scans of type (7ii) are
compared in Fig. 9a and b to identical scans obtained
from the other samples at fixed humidity levels.

The humidification history was as follows. Period I
was started after 3 h of vacuum drying and lasted for
about 17 h. The time interval between adjacent scans
was 1.15 h. One scan took 20 min. Two things went
wrong with the first attempt: (i) the drying period was
obviously too short (WP had not vanished), and (ii) the
chosen pump speed was too high. The latter caused an
overshooting of the humidity level. The lack of equilib-
rium and of a calibrated humidity meter allowed us to
only estimate the highest r. h.-level (~90%). Period 11
was started after 23 h of drying with silicagel and last-
ed for about 18 h. Thereby, a saturated NaNO ,-solu-
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Fig. 8a and b. Humidity variation of two elastic scans in merid-
ional direction for NaDNA (sample No. 4). (a) and (b) corre-

spond to ¢=0 and £=0.11 A~ %, respectively. The humidifica-

tion history is described in the text. The arrows mark the state
of humidification at which closest similarity to the equilibrated
sample No. 2 (75% r.h., D,0) was observed

tion (66% r.h.) was used and the pump speed was
reduced. The time interval between adjacent scans was
2.6 h (apart from the “dry” scan). The two humidifica-
tion periods are arranged in Fig. 8, according to in-
creasing humidity and are separated by a constant
level of intensity. The humidification period II (r.h.
<66%) was repeated three times and good reproduci-
bility of the intensity variations was observed. We con-
clude from these repetitions that the state of the sam-
ple at the end of period Il was close to that for
humidification to 66% r.h. at equilibrium conditions.
The peak positions of the 6th-, 7th-, and 8th-layer lines
correspond to a helical pitch of L=(27.8+0.15) A in
this region and at the beginning of period 1. Further
information about the approximate humidity scale re-
sults from the comparison with the similar sample
(No. 2) being equilibrated to 75% r.h. D,0O. Best cor-
respondence with the value of P=(28.1+0.15) A re-
sulting from the 11th-layer line (Fig. 5) was observed
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Fig. 9a and b. Comparison of intensity profiles at { =0.283 A~!
(8th layer of A-DNA) at selected states of the in situ humidifica-
tion of sample No. 4 (symbols plus lines) with corresponding
scans obtained for the other samples being equilibriated to 75%
r.h. with D, O (lines only). All curves are independently scaled by
the incoherent background from hydrogen in order to correct
for differences in sample volume and neutron flux. (a) dried
status at the start of period II (+), status marked by arrow in
Fig. 8 (asterisks). The solid line corresponds to the NaDNA sam-
ple (No. 2) and the dashed line to the LIDNA sample (No. 1, low
excess salt concentration). (b) status at the end of period I (open
circles). The solid line is the same as for (a). The dashed line
corresponds to the LIDNA sample (No. 3, high excess salt con-
centration)

for about the middle of period I (marked by arrow in
Fig. 8). The close correspondence in the intensity pro-
file within the 8th layer is shown in Fig. 9 a. The inten-
sity at £=0 was lowest at this state of humidification
and did not reach the level for the equilibriated
sample.

The monotonic rise of the WP (Fig. 8a) with hu-
midity can be considered as further hint for its identi-

fication. As expected, the 6th- and 7th-layer peaks
(Fig. 8b) pass through a maximum of intensity owing
to the stabilization of the A-conformation at the opti-
mum humidity of about 75%. The behaviour of the
8th-layer peak is puzzling at first sight. In the region of
over-humidification (end of period I), it gained intensi-
ty again and shifted thereby from ({~0.285 A" to
{~0.280 A~ !. This means a shift from 28.1 A to 28.5 A
in terms of the helical pitch P,. This difference in the
humidity dependence may be interpreted as reflecting
the transition to the B-conformation at about 90%
r.h. (Cooper and Hamilton 1966) and/or a growing
contribution of correlated water to the 8th-layer peak.
Therefore, the intensity profile within the 8th layer for
the end of period 1 is compared to corresponding scans
obtained for samples No. 2 and No. 3 in the A- and
B-conformation in Fig. 9b. The comparison with A-
DNA shows that the 8th-layer peak has somewhat
shifted to a lower value of &, however, the intensity
profile is still markedly different from that for B-DNA.
An interpretation of these differences in terms of
changes in the orientation and position of the bases
will be discussed below.

The alternative suggestion of a growing water con-
tribution to the 8th-layer peak — similar to that of the
WP to the C-peak —is supported by the vicinity in the
modulus of the wave vector for both peaks and the
ridge of intensity connecting them as shown in the next
section. This would be consistent with the expectation
that the intermediately correlated water is represented
by an intensity pattern in h-space which is intermedi-
ate between that for liquid water and that for DNA,
e.g. a highly textured ring. The possible region for such
a ring-like pattern is indicated in Fig. 2 by dashed
circles. They represent the FWHM contour of the
peak for liquid D,O shown in Fig. 3.

NaDNA, LiDNA — intensity pattern in the WP region

As suggested by the X-ray diffraction pattern (Fig. 2a),
the WP actually represents a cut through a disk-like
intensity distribution. Evidence for this shape has been
found by mapping the elastic scattering intensity in the
{, &-region of the WP. The resulting relief map of scat-
tering intensity for NaDNA (Fig. 10a) includes DNA-
peaks of the 7th, 8th, and 9th layer at {=0.249, 0.285,
and 0.320 A1, respectively. One notes that in the neu-
tron relief the disk is more clearly located between the
8th and 9th layer whereas it is closer to the 8th layer
for X-ray diffraction (Fig. 2a). We interpret this differ-
ence as being due to the fact that neutrons “see” both
the O,0- and O,D-interference for water with about
equal strength since both atoms have similar scatter-
ing lengths. In addition to the disk-like intensity distri-
bution, one notes a ridge of intensity connecting the
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Fig. 10a and b. Relief maps of elastic intensity in the ¢, {-region
containing the WP for (a) the NaDNA sample No. 2 and (b} the
LiDNA sample No. 1. Both samples were equilibrated to 75%
r.h. with D,0. Note the factor of 2 in the mapped range of &
between (a) and (b)

8th-layer peak and the WP. The obvious incommen-
surability between the position of the WP and the
helical pitch of A-DNA means that the WP cannot be
part of the diffraction pattern for the A-conforma-
tion.

Figure 10b shows a similar relief map as Fig. 10a
but with half the &-extension for the C-conformation
with its non-integral number of base pairs per helical
pitch (sample No. 1, LIDNA, low excess salt concen-
tration). By this map it becomes clear that the WP of
this previously studied (Dahlborg et al. 1980) sample
contains both a disk-like part and a highly textured
ring-like contribution. The latter contribution may be
indicative of less correlated water which tends to fol-
low the ring-like pattern of liquid D,O. The position
of the disk corresponds to an axial repeat distance of
p.=(3.31+0.04) A and its thickness results in a merid-
ional correlation length of (18 +2) A. The replacement
of D,O by H,O results in a reduction of the disk
intensity by a factor of about 2. This magnitude of
the contrast is similar to that observed for NaDNA
(sample No. 2).

The intensity patterns obtained for the other
LiDNA sample (No. 3, LIDNA, high excess salt con-

181

T
s
~N

O

\\k\

T
o~
103 cts/60 mon

L
12
b \ 2
\%“t\\\\\\\\\\ N
S ‘5&@3\\}&\\\\\\\\\\\ L, ':;
e

;
W\\
\\\\\\\\\}&\\\\\\

\\\\\
\“\\ N

gt

\\\\\\ﬁ's’z&\\\\\\\\ \
e LT S
i
i
=

0
214+, 032 T 3N

T
wJ
103 cks/60 mon

HRe
&\\\\.

—
[=1

Fig. 11a—c. Same as Fig. 10 but for LIDNA (sample No. 3, high
excess salt content). (a) corresponds to 75% r.h. D,O-humidifi-
cation, (b) to 75% r.h. H,O, and (¢) to 84% r.h. D,O. Note the
change of the intensity scale for case (c). The &, {-region indicated
for zero intensity corresponds to that shown in Fig. 10b

centration) arc shown in Fig. 11. In this case, the X-ray
diffraction pattern at 75% r.h. (Fig. 2b) corresponds
to the B-conformation with the integral value of 10
base pairs per helical pitch and the relief maps repre-
sent the intensity in the 10th layer of B-DNA. Three
humidifications are compared. Figure 11a and b
shows the result for humidification to the optimum
humidity for the B-conformation (75%) with D,O and
H, 0, respectively. Additional peaks on top of the disk-
like scattering are recognizable which signal the ap-
pearance of interhelical correlation in contrast to
C-DNA. This correlation is however of finite range
since for complete three-dimensional order the disk-
like scattering would vanish. Both the mosaic of the
helix axis 7 (FWHM) and the lateral correlation length
contribute to the width of these peaks in the equatorial
direction. Because of this mixed influence, any value
for the lateral correlation between next neighbour dis-
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tance and infinity may be derived from this observa-
tion for 1.9° <y <3.3° As a second qualitative differ-
ence to C-DNA one observes that the ring-like
contribution has practically vanished. The intensity
difference between Fig. 11a and b shows again the
factor of about 2 for the disk intensity on D,O/H,O-
exchange. The position of the disk corresponds to an
axial repeat distance of p,=(3.38+0.02) A and its
thickness results in a meridional correlation length of
(55+ 5) A. Thus, in the sequence WP, C-, and B-DNA,
one observes a monotonous increase in the axial re-
peat distance and the meridional correlation length.

A reversal of this tendency, i.e. a change towards
the intensity pattern for C-DNA, occurs for increasing
the humidity of sample No.3 above the optimum
value of 75%. This is demonstrated by Fig. 11¢c. The
increase of the humidity to 84% causes the disappear-
ance of the lateral correlation, a somewhat lower axjal
repeat distance of p,=3.36 A, a significantly lower
meridional correlation length of ~27 A, and again the
indication of the ring-like intensity contribution. A
decrease in the interhelical correlation is also observed
for a reduction of the humidity to 66% as shown by
the comparison of the intensity profiles at {=1/
(3.38 A)in Fig. 12. The intensity of the disk-like contri-
bution (~proportional to the meridional correlation
length) is seen to pass through a maximum for humid-
ification to 75%. This growth and decay of the three-
dimensional correlation between 66% and 84% r.h. is
in qualitative agreement with the change of Raman
spectra obtained from a similar sample (Demarco et al.

10% cts/100 s

0 T [ T l T l
-0.1 0 0.1
E(A)

Fig. 12, B-DNA (sample No. 3): Comparison of the intensity
profiles in the 10th layer ({ =0.296 A~Y) for three levels of D,0O
hydration, 66% (open triangles), 75% (open circles), and 84%
(open squares)

1985). If interpreted as interhelical mode with the low-
est restoring force, the transition from the spectral
shape “overdamped” (66% r.h.) to “underdamped”
(75% r.h.) and again to “overdamped” (86% r.h.) re-
flects the lifting of the degeneracy of the one-dimen-
sional compressional waves which become phase re-
lated for three-dimensional correlation.

Discussion
Geometric aspect of DNA—water interaction

A key to a better understanding of the geometric as-
pect of the mutual DNA-water stabilization seems to
be an argument given by Axe (1980) in the context of
a model compound for quasi-one-dimensional sys-
tems. We repeat it below since the observed systematic
trends in periodicity and correlation for A-, B-, and
C-DNA indicate its relevance for the intermediate
humidity range between already occupied primary hy-
dration sites and the onset of the excessive swelling
(Edwards et al. 1986).

Let g, (r) represent the DNA density together with
the strongly bonded first hydration layer and g (r) the
density of the intermediately correlated water. Assume
further a potential @,(r) being associated with g, (r)
(i.e. same symmetry) which acts on o(r). If g, (r) and
¢ (r) would be perfectly periodic with reciprocal lattice
vectors G, and G, the mutual interaction energy is

V=[®,(r) ¢ (r) dr =GZG B4 (Go) 0(—6) 6(G,—G). (1)
Qs

where &, (G,), §(G) denote the Fourier transform of
@, (r), o(r), respectively. The é-function implies that
both structures interact by virtue of common recipro-
cal lattice vectors. If the structures are incommensu-
rate, they may interact via their spatially averaged
properties (G,=G =0), only. An example of such a
property would be the macroscopic dielectric constant
or susceptibility of water. However, the DNA -water
system may gain additional interaction energy if both
components g, (r) and ¢ (r) develop modulations with
common periodicities or, equivalently, common wave
vectors. Thus, one might expect, that a variation in the
overlap of the diffraction contributions from DNA
and water signals a variation in their strength of inter-
action. This means —in the language of linear response
— that both components try to achieve spatial reso-
nance since, according to the fluctuation-dissipation
theorem, the diffraction pattern represents (besides
atomic form factors or nuclear scattering lengths) the
imaginary part of the generalized frequency and wave
vector dependent susceptibility.

The susceptibility of liquid water (integrated over
the frequency resolution of 6 v=0.23 THz) is approxi-



mately given by the broad peak at h,~0.31 A~" ob-
served for D,O (Fig. 3) since O and D have similar
scattering lengths. One criterion for the optimization
of the DNA-helix should then be whether large diffrac-
tion peaks (both elastic and quasi-elastic) are found in
the neighborhood of the ring with radius h,,. These are
the 10th-layer peak for the B-conformation and the
off-meridional 8th-layer peaks for the A-conforma-
tion. The axial repeat distance for C-DNA is ~2%
smaller than for B-DNA and has a larger fluctuation.
This shifts the broader C-peak (and WP) closer to A,
and provides a somewhat better overlap with the lig-
uid water susceptibility. In addition, the fluctuation of
the axial repeat distance p, contains an appreciable
dynamic component as shown by the strong tempera-
ture dependence of the peak position and the associat-
ed quasi-elastic spectra. From this point of view, the
C-conformation is best suited for the interaction with
water. This is of course only one principle in competi-
tion with others, e.g. the optimization of the interheli-
cal interaction. In this case, the achievement of an
integer number of base pairs per turn is important for
the energy gain by the interhelical lock-in transition.
In the following, the neutron molecular form-
factors of A- and B-DNA are considered with special
emphasis on the region of h,. The relation of the
molecular formfactor and configuration of DNA to
the X-ray diffraction patterns has been extensively dis-
cussed (Langridge etal. 1960; Marvin et al. 1961;
Fuller et al. 1965). In the present context we seek a
highly simplified translation of the information in
h-space into real space in order to facilitate the discus-
sion of our limited experimental data in h-space.

Formfactors of DNA

Figure 13 a shows the squared modulus of the molecu-
lar formfactor for a finite piece of A-DNA based on the
optimised parameters of Arnott and Hukins (1972).
The atomic positions are decorated with the neutron
scattering lengths, the hydrogens are omitted and
finite meridional correlation length is chosen. A realis-
tic correlation length would cause a {-dependent de-
crease and increasing broadening of the layer peaks.
These restrictions are, however, not relevant for the
purpose of the present discussion.

The 8th-layer peak (indicated by arrow) is closest
to h,. No drastic change results in this region if
the deoxyribose and phosphate parts are omitted
(Fig. 13b). The reason is demonstrated in Fig. 14. If
one shrinks the bases to points at the center of their
number density, Fig. 14 a is obtained. This is the folded
X-type pattern for a discrete helix as discussed by
Cochran et al. (1952). The average distance d of the
base center from the helix axis (d=4.9 A for the A-con-
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7(A

Fig. 13. a Squared modulus of the Fourier transform of the
A-DNA atomic density (Arnott and Hukins 1972) decorated
with the rather similar neutron scattering lengths for these atoms
(0.665 (C), 0.94 (N), 0.58 (O), and 0.51 (P) in units of 10~ 12 cm).
No hydrogen atoms have been added. The DNA density has
been generated by application of the two-fold axis (C,,) and 25
screw operations on the generating nucleotide residue which was
averaged over the four bases. b Same as (a) without deoxyribose
and phosphate parts. The arrows indicate the position of the
8th-layer peak

formation) serves as scaling factor for the {-depen-
dence. If the number density of the bases is only
coarsely represented by a Gaussian having the same
first and second moments, Fig. 14b is obtained. Since
the bases are planar objects their formfactor is given
by a line along their normals. They make an angle (tilt
angle 0) of 20.3° with the helix direction. This formfac-
tor suppresses all peaks of the point approximation
(Fig. 14 a) which are too far off from the directions of
the normals of the base planes. The intersection of
both conditions is close to the 8th-layer peak which
is located at £~0.125A~!. The position of &=
(8/P,) tan 6~0.105 A~ ! would result from the base tilt.
From the base center a value of ¢é~42/2nd)~
0.135 A~ ' is obtained by using the location of the first
maximum of the 3rd Bessel function.
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Fig. 14. a Same as Fig. 13 b but base centers, only. b The number
density of the bases (Adenine, Thymine) is replaced by a Gaus-
sian density with the same first and second moments. The shown
ellipsoids of the real space density correspond to contours of
constant density of the Gaussians. Using the average of the
Gaussians over the four bases causes a vanishing of the small
meridional 11th-layer peak

One notes the qualitative similarity between the
Gaussian approximation and Fig. 13b. This similarity
shows that e.g. the strong 6th-, 7th-, and 8th-layer
peaks represent mainly two pieces of information, the
distance d and the tilt 8 of the bases from the helix axis.
The small contribution of the other molecular groups
can again be understood qualitatively by means of
their formfactor. The normal of the sugar ring has no
large component along the helix axis and the phos-
phate group is a globular object with a radius of
~1.5 A. Their formfactors do not therefore favour
peaks at high layer lines both for A- and B-DNA. The
analogous Gaussian approximation for the bases of
the B-conformation is shown in Fig. 15. One notes in
Fig. 15a that the angle of the X-type pattern has

(A7)

Fig. 15a and b. Same as Fig. 14 but for B-DNA, iec. representa-
tion of the density of the bases by their centers (a) and by effective
Gaussian densities (b), as indicated

opened up due the smaller value of d~0.3 A for
B-DNA. The smaller tilt of 8 ~6.3° favours the neigh-
bourhood of the 10th layer, only. The C-conformation
with d~0.5 A and 8~8° (Arnott and Selsing 1975) is
very similar to the B-form apart from the screw opera-
tion. This confirms the dominant contribution of the
bases to the B- and C-peak (Langridge et al. 1960). The
distance of the base planes d, acts as a contraint on d,
# and the screw operation. It is determined to first
order by the relation

d,=pcos +dasinf (2)

where o =2 p/P denotes the screw angle. The values
of d,=3.37, 3.38, and 3.33 A result from the used
parameters of A-, B-, and C-DNA, respectively.



Relation to experimental observations

The foregoing discussion might contribute to a better
understanding of questions raised by the experimental
observations. One question is the coexistence of A-, B-,
and C-conformation in the NaDNA samples. Figure
13 a confirms that the C-peak which was observed for
samples No. 2 and No. 4 is not part of the A-confor-
mation. This means that bases with small and large tilt
angles coexist. The tilt angle distribution can be mea-
sured by the locally probing deuteron-NMR. An ap-
preciable admixture of bases with small tilt angles
(57%) has been identified for an A-DNA sample simi-
lar to our samples by means of this method which
entails however a heat treatment for the labelling of
the bases (Brandes et al. 1988).

The coexistence is metastable. Figure 9a shows
that sample No. 4 contained a larger admixture of
C-DNA than the equilibrated sample No. 2. Also, the
very small admixture of B-DNA which was present for
both samples was not recovered for sample No. 4 after
the humidification period 1. Metastability and coexis-
tence seem to be the consequence of the different type
of optimization for C-DNA as compared to A-, and
B-DNA. For the C-conformation one observes the
best overlap with the susceptibility of water but also a
non-integer and ill-defined number of base pairs per
turn. This favours one-dimensional correlation, only.
The integer numbers of 11 and 10 base pairs per turn
for the A-, and B-conformation support three-dimen-
sional correlation as well. Large relaxation times are
therefore plausible for C —A, B-transformations ow-
ing to the difference in the dimensionality of the corre-
lation.

The close competition between these two types of
optimization can also be recognized in the difference
between Fig. 11a and ¢. As soon as the water influence
becomes too strong (75% — 84% r.h.), the 10th-layer
peak of B-DNA shifts to a somewhat higher value of {
and the three-dimensional correlation vanishes — at
least on the length scale of p,. One-dimensional corre-
lation causes a {-dependent broadening of the layer
peaks. This is shown in Fig. 16 by the comparison of
the meridional scans for the 10th- and 20th-layer peak.
The deduced ratio in the FWHM of ~3.4 may be
compared to the value of 4 which would result for a
free one-dimensional harmonic chain owing to the
vanishing of the Debye-Waller factor (Mikeska 1973).
The same ratio was observed for C-DNA (sample
No. 1 at 75% r.h.).

The difference in the humidity dependence of the
8th-layer peak as compared to that of the 6th- and
7th-layer peak for A-DNA may be interpreted by a
strong decrease of d and 6 at the end of the humidifica-
tion period I. As shown above, the 8th-layer peak rep-
resents the closest compromise between the formfac-
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Fig. 16. B-DNA (sample No. 3, 84% r.h. D,0): Comparison of
two meridional scans through the 10th (small circles, n=1) and
20th layer (large circles, n=2). The peak intensities were normal-
ized after the subtraction of the incoherent background

tors due to d and . Therefore, one would expect a
vanishing of the layer peaks in the sequence 6th, 7th,
and 8th for the scan shown in Fig. 8 b. This is in qual-
itative agreement with the observation for the 6th- and
Tth-layer peak. On the other hand, one would expect
indications of a decrease of the 8th-layer peak intensi-
ty, as well. Inspection of its profile (Fig. 9) shows that
peak position and peak amplitude have not changed
very much between the middle and the end of period 1.
We conclude therefore that the same is true for d and
0 of the A-type bases of NaDNA.

The comparison of the profiles shows, however, a
reduction of the three-dimensional correlation. This is
inherently connected with a decrease of the meridional
correlation which causes a reduction of all three peaks,
too. We observe indeed an increase of the width of the
8th-layer peak in meridional direction by ~36% (39%
after resolution correction) at the end of period I if we
compare these two levels of humidity. A special water
contribution of the 8th-layer peak in the humidity
range above 75%, like e.g. an increasing bridging of
the bases by water molecules, seems therefore not un-
likely. Note that the modulus of this peak is both close
to h, and the inverse distance of neighbouring base
planes.

Our limited experimental information about the
H,0/D,0O-contrast allows only for a compatibility
consideration with the assumption that the main influ-
ence of water on the meridional correlation length is
achieved by a direct and indirect bridging of the bases.
The strong contrast of the C- and B-peak and the
discussed dominant contribution of the bases in this
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region of h-space would be compatible with the forma-
tion of a kind of dynamical precursor of a water spine
similar to that observed for crystals of oligonucle-
otides (Kopka et al. 1983; Dickerson 1983). The speci-
fication as “dynamical precursor” takes into account
that C-DNA and B-DNA humidified above 75% r.h.
are rather close to the state of only one-dimensional
correlation which implies inelasticity of the C- and
B-peak (Mikeska 1973). The change in the shape of the
C-peak on D,0O-hydration and the associated quasi-
elastic spectra would indicate such a less rigid correla-
tion between the assumed spine and the bases.
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