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Abstract, Fiber X-ray diffraction and measurement of
fiber dimensions yields information about the hydration
of DNA in fibers. The results obtained give us the fraction
of nucleotides in the B form for the A—B transition or the
rate of progression for the B—C transition as functions of
the number of water molecules per nucleotide. The pres-
ent experimental results confirm the importance of
cooperativity in the A—B transition and the progressive
change of the DNA double helix conformation during
the C—B transition. At least twenty additional water
molecules per nucleotide are necessary to stabilize the B
form for DNA molecules in fibers following the A to B
transition whereas only ten are sufficient when the B con-
formation is obtained starting from the C form.

Key words: DNA — Conformational transitions — Hydra-
tion — Fiber X-ray

Introduction

It is well known that water is of major importance for the
stabilization of secondary and tertiary structures of bio-
logical macromolecules (Tanford 1968; Kuntz et al. 1974;
Eldelhoch and Osborne 1976). In the case of DNA, hydra-
tion of the molecules is an important factor (Drew et al.
1981; Conner et al. 1984; Lee et al. 1987) which deter-
mines the form of the more or less stable double helix
conformations. For DNA in fibers, we obtain the B-form
at a high r.h. (relative humidity) (Langridge et al. 1960)
and when the r.h. is lowered, the A form (Fuller et al.
1965) or the C one (Marvin et al. 1961) is obtained, de-
pending on the type and content of salt. This is also the
way one can observe the D (Davies and Baldwin 1963) or
the Z form (Leslie et al. 1980), depending on the primary
structure of the polynucleotide chains.

Many different experimental methods such as equilib-
rium sedimentation (Hearst and Vinograd 1961; Cohen
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and Eisenberg 1968; Tunis and Hearst 1968a, b; Wolf and
Hanlon 1975), gravimetry (Falk et al. 1962), isopiestic
measurements (Hearst 1965), spectroscopy (Falk et al.
1963, 1970; Hanlon et al. 1975; Semenov et al. 1988);
X-ray diffraction (Saenger et al. 1986; Westhof 1987) have
clearly shown that DNA molecules are generally highly
hydrated. The average number of water molecules bound
to or in the near vicinity of nucleotides determines the
DNA helical structure (Dahlborg et al. 1980; Lindsay
et al. 1988; Forsyth et al. 1989; Tao et al. 1989; Grimm
and Rupprecht 1989). These water molecules contribute
to the primary and secondary hydration shells.

In a previous study (Premilat et al. 1990) it was shown
how one can follow conformational transitions of DNA
by coupling X-ray diffraction with measurements of fiber
dimensions. We recently found in the literature that vari-
ations of DNA fiber length, characteristic of form transi-
tions of DNA, can also be observed in water-ethanol mix-
tures (Rupprecht and Piskur 1983). In the present ap-
proach, precise cvaluation of the water content and its
variation with the r.h. during conformational changes
associated with the A—B and B—-C transitions of natural
DNA are presented. It is shown that the minimum num-
ber of water molecules necessary to stabilize different
DNA structures can be deduced from measurements of
fiber dimensions and analysis of X-ray patterns. The pres-
ent approach shows that the B form can be realized with
very different numbers of water molecules, depending on
the salt used for the preparation of DNA fibers.

Material and methods

In the present study, preparations of calf thymus DNA,
purchased from Pharmacia, were used without further
purification. The lyophilized DNA was dissolved in dis-
tilled water at pH 7 and the salt concentration was de-
fined by dialysis. The DNA gel from which fibers were
drawn was obtained from centrifugation of the solutions
at 40 000 rpm. Two different salt concentrations were
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used for NaCl solutions of DNA; one with 0.05 Na™ per
nucleotide and the other one with 0.5 Na™* per nucleotide.
The same concentrations of salt were used for Li DNA
preparations.

The behaviour of the different DNA fibers submitted
to variations of the r.h. was analysed by X-ray diffraction
measurements and direct observation with an optical
microscope. Details concerning the experimental meth-
ods used are given elsewhere (Premilat et al. 1990). One
should only note that a small tension was applied to the
fiber. This is because measurement of the fiber length can
be complicated by slight fluctuations of the fiber which
may appear when the r.h. is varied. As shown previously
(Albiser et al. 1988), such a tension has no effect on the
conformational transition of the DNA.

In order to determine the number of water molecules
associated with a nucleotide in a given DNA conforma-
tion, one has to know the total number of nucleotides in
the fiber. The number, N, of nucleotides situated along
the fiber axis is given by the ratio of the fiber length to the
rise per base pair in the DNA helix. This ratio remains
constant with changes of the r.h. (Premilat et al. 1990).
We also need to determine the number, n, of nucleotide
pairs in a section of the DNA fiber. This number is equal
to the ratio of the section, S, of the fiber to the section, s,
of a DNA double helix. The fiber section was obtained
from a direct measurement of its diameter and the section
of the DNA helix can be deduced from the lattice parame-
ters determined from X-ray patterns obtained at very low
relative humidities. Hence, because in the hexagonal
lattice there are three DNA molecules in a unit cell and
only two in the monoclinic lattice (Langridge et al. 1960;
Marvin et al. 1961; Fuller et al. 1965), we obtain, with the
unit cell parameters ¢ and b in a plane perpendicular to
the helix axis:

s=a* \/3/6 (hexagonal)
and

s=ab/2 (monoclinic; x=y=90°; §=97°).

The number of moles of nucleotides in the fiber is thus
given by 2N - n/ A" (A is Avogadro’s number).

The number of water molecules associated with the
DNA in the fiber varies during conformational changes
and was determined from measurements of the variations
of the fiber volume following modifications of the relative
humidity. We assume that the volumes of DNA and water
can be simply added to obtain the total volume, ¥V}, of the
fiber ata given r.h. So, V, =V, + V,,, where V, is the water
volume and V,, the DNA volume at 0% r.h. The number
of water moles in the fiber is then given by m - V, /M,
with m the density and M,, the molecular weight of water.
Hence, the number, G, of water molecules per molecule of
nucleotide in the fiber is:

G=(m"V,/M,)2N - n/A)
=m-N2M)V,/N-n)=K-V,/N-n

with ¥, given in mm?, the constant K=1.67-10'?
mm ~3). Note that water molecules bound to DNA at 0%
r.h. (Tao et al. 1989) are not included.

Table 1. A-B transition of Na DNA. Fiber length (1}, diameter (D)
and geometrical parameters of helical conformations, p (rise per
nucleotide), unit cell constants a, b

th. 1(mm) D@m) p(Ad) a(A) b(A) Lattice DNA

% form

95 4000 0214 337 446 - hexag. B

92 3920 0.82 336 410 - hexag, B

90  3.629 0.173 336 228 413  mono. B-A
2.58

86 3364 0168 334 226 412 mono. B-A
2.57

75 31452 0.158 256 222 410 mono. A

66 3046 0.154 255 218 398 mono. A

58 2980 0.152 - 214 392 mono.

45 2864 0.151 - 214 382  mono.

0 2543 0148

Estimated standard deviations:
LD:3-10"3*mm; p: 001 A; a,b: 01 A; r.h: 1%

Results
I. The A—B transition

DNA fibers used for the study of the A—B transition were
prepared from solutions with 0.5 Na* per nucleotide. The
cooperativity of the A—B transition in DNA is well estab-
lished; it is therefore interesting to analyze, in this case,
the variations of the parameter G with the fraction X, of
nucleotides in the B form. We have shown (Premilat et al.
1990) that the variation of X, with the r.h. can be deter-
mined by measurements of the fiber length and we have:

Xp= (l—lA)/(lB_lA)

where [, [, and [ represent, respectively, the length of the
fiber in the conformations B, A and intermediate states
appearing during the conformational change (mixtures of
A and B).

As an example of experimental results, note that the
fiber under study adopts the B form at 95% r.h. and the
A form at 66% with the corresponding rises per nucle-
otide py=3.37 A and p,=2.55 A. For these well defined
conformational states of the DNA, the fiber lengths
lp=4.000 mm and [, =3.046 mm were measured (Table 1).
The number N of base pairs along the fiber axis is then
given by:

N=1L/py=1,/p,=119-107

We noted that the ratio S/s of the fiber section to the
section of a DNA double helix remains constant for r.h.
lower than 80% (Fig. 1). This constant value represents
the average number, n, of pairs of nucleotides contained
in a section of the fiber and is, for the present fiber, equal
to 43 - 108. This set of data allows us to determine values
of G as a function of the relative humidity (Fig. 2). The
present results are in accordance with previous observa-
tions (Tao et al. 1989). By using the set of values of X as
a function of the r. h. (Premilat et al. 1990) and the data for
G as a function of r. h. (Fig. 2) one can establish the curve
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Fig. 1. Ratio of the fiber section, S, to a section, s, of the DNA
double helix as a function of the relative humidity. A—B transition
with Na DNA (-e-); B—C ftransition: Na DNA (-o-); Li DNA
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Fig. 2. The number, G, of water molecules per nucleotide as a func-
tion of the r. h. for Na DNA: A-B transition (—e-); B—C transition
(~o-). Li DNA: B-C transition (—+-)
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Fig. 3. A—B transition: fraction X of nucleotides in the B form
versus G

of X, versus G given in Fig. 3 where linear variations of
X are observed until G=20. This last value is obtained
at 92% r.h. (Fig. 2) and corresponds to X ;=0.92. When
G is larger than 20, a saturation effect appears and X is
no longer proportional to G. Practically, the extrapola-
tion of the linear part of the curve Xy=f(G) until its
intersection with the line X;=1 (Fig. 3) gives a number
G,=21 molecules of water per molecule of nucleotide
necessary to get the DNA completely in its B form. When
G islarger than G, the DNA helices remain in the B form
but the lattice dimensions are increased. In addition, the
linear part of the curve X,=/f(G) intersects the line
Xz=0 at G,=4 (Fig. 3) and this value represents the
number of water molecules per molecule of nucleotide in
the A form. Between these two extreme values of G, we
have the fraction X, of nucleotides in the B form and
(1 —Xjp)in A. The linear variation of G with X, can there-
fore be expressed by:

G=Xy(Gz—G)+G, .

II. The B—C transition

The B—C transition of DNA was studied with Na and
Li DNA fibers. In order to get the B—C rather than
the A—B transition with Na DNA, one has to use very
low salt concentrations. We prepared solutions with
0.05 Na* per nucleotide in the DNA solution. With LiCl
there is no such limitation as only the B—C transition is
observed with that salt.

NaDNA fibers. X-ray fiber diffraction shows clearly the B
or C conformation adopted by the DNA helices depend-
ing on the value of the relative humidity. We also noted
that for r.h. lower than 75%, DNA fibers arc largely
disorganized. The experimental curve corresponding to
the B—C transition as a function of the r.h. is linear and
shows a change of slope in the vicinity of 75% r.h.
(Premilat et al. 1990). It corresponds to a progressive and
not a cooperative change of conformation: we thus deter-
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Table 2. B—C transition of Na DNA. Fiber length (1), diameter (D)
and geometrical parameters of helical conformations, p (rise per
nucleotide), hexagonal unit cell a

r.h. 1 (mm) Dmm) pA) ad) DNA
% form
95 3.375 0.214 335 40.8 B
92 3341 0.178 334 398 B
87 3.285 0.160 3.33 382 C
82 3228 0152 332 374 C
79 3.195 0.149 331 366 C
75 3.150 0.143 3.30 352 c
64 3.087 0.141
58 3.062 0.139
45 3.017 0.137
0 2.870 0.135

Estimated standard deviations:
LD:3-10"*mm; p: 01 A; a: 0.1 A; r.he: 1%

Table 3. B-C transition of Li DNA. Fiber length (1), diameter (D)
and geometrical parameters of helical conformations, p (rise per
nucleotide), hexagonal unit cell a

r.h. 1 (mm) D (mm) p(A) a(A) DNA
% form
95 1.160 0.186 3.37 49.0 B
90 1.125 0.161 3.36 419 B
84 1.085 0.143 3.35 358 B
77 1.050 0.136 3.33 351 C
57 1.005 0.128 331 332 C
45 0.990 0.126 3.30 325 C
34 0.980 0.125 3.28 320 c
0 0.950 0.121

Estimated standard deviations:
,D:3-10 *mm; p: 0.1 A; a: 0.1 A; r.h: 1%

mined a progression rate R for the transition from C to B
as a function of the number of water molecules per nucle-
otide. Values of this factor R at different r.h. were ob-
tained from measurements of the fiber length I. We actual-
ly have:

R=(=I)s—lc),

where [ and [ are the lengths of the fiber in the B (r.h.
higher than 95%) and the C (75% r.h.) forms. Different
parameters characterizing the DNA fiber during the con-
formational change are given in Table 2. We determined

P,=335A and PR =330A

from X-ray patterns.

As for the A—B transition, the ratio S/s remains prac-
tically constant during the transition as long as the r.h. is
lower than or equal to 80%. We can see in Fig. 1 that the
variations of this ratio are very similar to those observed
for the A—B transition.

By using the values of / as a function of the r.h.
(Table 2) and combining them with the variations of G
with the r.h. (Fig. 2) one can establish a curve represent-

1 b - -4 - — - - — - = - — — — — = —
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—

Fig. 4. Progression rate R for the B—C transition as a function of
the number G of water molecules per nucleotide. Na DNA (-o0-);
Li DNA (-4+-)

ing R as a function of G. We can see in Fig. 4, that the
relation between these two quantities corresponds to a
saturation effect as the function associated with the curve
can be written as:

R=1—cxp(—u(G—G,)) or In1—R)=—-u(G—-G,)

with a positive constant u; G — G, when R —» 0 and G,
the number of water molecules per molecule of nucleotide
necessary to get the DNA completely in the C conforma-
tion (at 75% r.h.). The experimental curve presented in
Fig. 4 corresponds to u=0.16 and G,=3.5.

Li DN A fibers. DNA fibers prepared from Li DNA solu-
tions give better defined X-ray patterns than those ob-
tained from NaDNA fibers. The fibers are homogeneous
and very well organized. The crystal lattice remains hex-
agonal with practically the value of the a parameter ob-
tained with Na DNA at r.h. lower than 80%. For higher
values of the r.h. the lattice parameter a increases much
more with Li DNA fibers than with Na DNA (Tables 2, 3).

We also noted that the X-ray reflection on the first
layer line at 0.1 A~*, which is characteristic for the C
conformation, disappears when the r.h. is in the range of
80 to 86%. It is important to observe that it takes much
more time to stabilize a Li DNA fiber at a given r.h. than
a Na DNA one; the withdrawal of water is more difficult
to achieve when the Li salt is present. Nevertheless the
same kind of curve of R versus G is obtained (Fig. 4) with
u=0.14 and G,=4.0.

In Table 3 different fiber data are given to show their
variations during the B—C transition of Li DNA. An
important difference in the behaviour of the Li DNA
compared to the Na DNA is that the ratio S/s remains
constant when the r.h. is varied (see Fig. 1). This may be
related to a better organization of Li DNA molecules in
the fibers and also to the higher conformational stability
given to the DNA by the Li salt. This is the reason why
the B—C transition is the only possible one with the Li
salt; it actually represents a relatively slight change of
conformation compared to the more substantial A—B
transition.



Discussion

Measurements of DNA fiber dimensions associated with
X-ray fiber diffraction give precise information on the
polymorphism of the DNA and on the role of water dur-
ing conformational transitions (Premilat et al. 1990). The
determination of the fiber volume and its variation with
r.h. also allows one to determine the evolution of the
number of water molecules associated with a nucleotide
during the A—B and B—C transitions.

For the A—B transition of DNA, the results presently
obtained show that every nucleotide in the A form is
associated with an average of 4 water molecules (water
molecules still present at 0% r.h. are not included) where-
as 20 are necessary to stabilize the B conformation
(Saenger et al. 1986; Tao et al. 1989). Mixtures of these
two stable forms correspond to intermediate states of the
DNA which can be defined by the fraction X of nucle-
otides in the B form. We observed that this fraction varies
linearly with the average number of water molecules per
nucleotide. This experimental fact confirms that no other
conformation (different from A or B) appears during the
A—B transition. Moreover, we can note that a nucleotide
remains in the A form as long as the number of water
molecules in its vicinity is lower than Gz=20.

For the B—C transition, obtained with Li as well as
with Na DNA, we observed exponential variations of the
progression rate of the transition as a function of G. Such
an effect of saturation shows clearly the progressive defor-
mation of the DNA conformation which changes from
the C to the B form by addition of water molecules to the
double helices. When the average number of water
molecules per nucleotide is larger than 9, the B form is
stabilized. This happens for relative humidities equal to
or higher than 85%.

Moreover, we observed that only four water molec-
ules are associated with one nucleotide when the DNA is
in the C form at 75% r.h.; surprisingly, this is the same
amount as for the A form. However, as noted before,
whereas 20 water molecules per nucleotide are necessary
in order to get all the DNA in the B form during the A—B
transition, only 10 are sufficient to obtain it from the C—B
transition (with Na or Li salt). These minimum amounts
of water stabilizing the B form are obtained at 92% r.h.
(A-B transition) and 86% r.h. (B—C transition).

The ratio of the fiber section to the section occupied
by a DNA double helix in the lattice is constant when the
r.h. is lower than 80%. At higher values of the r.h., this
ratio increases for Na DNA fibers whereas it remains
constant during the B—C transition of Li DNA. Note that
similar results, showing differences in the behaviour of Na
and Li DNA, have recently been presented (Lindsay et al.
1988). The swelling of Na DNA fibers thus observed indi-
cates the enlargement of highly hydrated and disorga-
nized parts of the fiber. As Li DNA fibers do not show
such behaviour, it seems that the presence of Li salt in-
duces a good organization of the DNA in the fiber (X-ray
patterns are better defined) and also a stabilization of the
B-form as only the small conformational changes neces-
sary for the B—C transition are then possible.
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