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ABSTRACT

The hexanucleoside pentaphosphate d(m5CpGpm5CpGpm5CpG) has been studied
in solution by ultra-violet absorption, circular dichroism and 31P nuclear
magnetic resonance under various experimental conditions.In 0.2 M NaClO4 at
low temperature, an hexamer duplex is formed which has a B or B-like confor-
mation. As the salt concentration is increased, a transition from a B-form to
the Z-form occurs and is complete in 3 M NaCl04. In 3 M NaClO4, the behavior
of the Z double helix is complex as a function of temperature. The variation
of the circular dichroism at 295 nm is biphasic. A first transition occurs
over a large range of temperature and corresponds to a conformational change
due to a non-cooperative intramolecular process. Ultra-violet absorption and
31P nuclear magnetic resonance show that the new conformation arising from a
distortion of the backbone is not similar to that observed in low salt condi-
tions (B-form). At high hexanucleotide concentration, aggregates are formed.
The second transition is cooperative and corresponds to the melting of a dou-
ble stranded helix into single strands.

INTRODUCTION

Immunochemical studies have brought strong evidences that segments of na-

tural DNAs can adopt the Z-conformation. Z-DNA was discovered from an X-ray

crystallographic analysis of alternating oligodeoxynucleotides (dCpdG)n (1-3).

It is a left-handed double helix in which the guanine have the syn conforma-

tion and the cytosine the anti conformation. The deoxyguanosine residues have

the C3' endo conformation and the deoxycytidine the C2' endo conformation.

The asymmetric unit is a dinucleotide (4). Z-DNA is a strong immunogen (5-6).
The antibodies to Z-DNA bind to chromosomes of DrosophiLa meZanogaster, Chiro-
nomus thumni and Stylonychia mytilus as visualized by fluorescent staining (7-
10). Z-DNA immunoreactivity was also detected in most but not all nuclei of

rat cerebellum, liver, kidney and testis (11). In testis, nuclei of spermatogo-

nia were heavily stained whereas the nuclei of spermatocytes, spermatides and

sperm remained largely unstained.

Several factors stabilize the Z conformation (general review 12) and among
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them, methylation of cytosine residues is very efficient. Behe and Felsenfeld

have shown that in 50 mM NaCl plus traces of divalent or polyvalent ions poly

(dG-m5dC).poly(dG-m5dC) adopts the Z conformation (13).

The hexamer (m5dC-dG)3 has been crystallized (14). It forms a left-handed

Z-DNA helix which is similar to the unmethylated Z-DNA structure with slight

modifications due to the methyl groups. In high salt conditions, the hexamer

(dC-dG)3 has the left-handed structure as judged by Raman spectroscopy (15)

and circular dichroism (16).

In this work, we have studied the conformation of the hexanucleotide penta-

phosphate (m5dC-dG)3. We show by circular dichroism, ultra-violet absorption
31 3

and P NMR that in high salt solution and at low temperature, the hexanucleo-

tide adopts the Z or a Z-like conformation. As the temperature is increased,

far below the melting of the double helix, a conformational change due to a

cooperative intramolecular process occurs. This new conformation is neither

similar to the B conformation observed at low salt concentration nor to the

single strand observed at high temperature.

MATERIAL AND METHODS

The synthetic procedure used to prepare the hexadeoxynucleotide pentaphos-

phate m5dCpdGpm5dCpdGpm5dCpdG which will write (m5dCpdG)3 has been already

described (17a).Briefly, this synthesis involves preparation of 5-methyldeoxy-

cytidine-3' phosphodiester which is obtained in one step process from 5'-o-di-

p-methoxytrityl-N-anisoyl-5 methyl deoxycitidine and by using the mixture me-

thyl-p-chlorophenylphosphorochloridate-1,5-dimethyltetrazolpyridine (17b).

The purity of the hexanucleotide was verified by HPLC (column Hibar RP-18,

Merck). Two peaks corresponding to m5dcytidine and dguanosine were detected

after hydrolysis of the hexanucleotide by P1 nuclease and alkaline phosphata-

se. There was only one peak for the intact hexanucleotide.

Ultra-violet spectra were recorded on a spectrophotometer Cary 210 and

circular dichroism on a dichrograph Jouan-Roussel III. 31P NMR spectra were

recorded on a WH.90 Bruker Fourier transform spectrometer operating at 36.43

MHz. In qualitative studies, the spectra were recorded with broad band proton

noise decoupling. In the measurements of the relative intensities of the com-

ponents, the inverse gated decoupling method was used in order to get decou-

pled spectra without nuclear Overhauser enhancement (nOe). Sedimentation equi-
librium experiments were performed in a model E Spinco ultracentrifuge equip-
ped with a digital scanner. Absorbances were measured within ± 1 10 3 unit and

distances from the axis were determined within ± 4 pm (41).
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RESULTS
Sedimentation Equilibrium

The molecular weight of the hexanucleotide (m5dC-dG)3 has been determined

in low and high salt concentrations,at low temperature, by sedimentation equi-

librium experiments. The experiments were performed in 2H 0 and H 0. The va-2 20Thva
lues of partial specific volume v of high molecular weight nucleic acids are

known but v of oligonucleotides are unknown. The results relative to the expe-

riment performed in 3 M NaClO4 at 5°C are shown in figure 1. The variation of

Ln A (A being the absorbance) as a function of r2 is linear. According to the

method of Edelstein and Schachman (18), assuming 17 exchangeable protons for
-1

the hexanucleotide, one deduces that v is equal to 0.64 ml g and thus the

molecular weight of the sample is 3940 which is almost exactly the expected

molecular weight for a duplex (m5dC-dG)3.(m5dC-dG)3. It has been verified that
3 -4 3

for a hexanucleotide concentration up to 10 M, the variation of Ln A versus

r is linear. In this range of concentration, there is no aggregation of the

hexanucleotide duplexes. Similar experiments were performed in 0.2 M NaClO4 at

50, 100 and 15°C. Again, the variation of Ln A versus r2 were linear (results
not shown) and the measured molecular weight is in excellent agreement with

the expected molecular weight for the hexanucleotide duplex.

Ultra-violet Absorption
The u.v. spectra of the hexanucleotide in 0.2 M and 3 M NaClO4 at 0°C,

46 U SO r2 (cm2) 52

Figure 1 - Sedimentation equilibrium of (m5dC-dG)3. Variation of the logarithm
of the absorbance at 255 nm as a function of the square of the distance r from
the axis of rotation. Solvent 3 M NaC104, 5 mM Tris-HCl, pH 7.5 in H20 (x), in
2H20 (*). Temperature 50C. Speed 40161 rpm.
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Figure 2 -Ultraviolet absorption of (m5dCpdG) in 0.2 M NaC104, 10 mM Tris-HC1
at 0°C ( ) and at 70°C (.)in 3 M NaC104, 10 mlM Tris-HC1 at O°C (-)
Inset: variation of C280 as a function of NaC104 concentration.

are shown in figure 2. These spectra present several similarities with those

of poly(dG-m5dC).poly(dG-m5dC) (13), i.e., and hyperchromic effect in the ran-

ge 300-275 nm and a hypochromic effect in the range 270-240 nm as the salt

concentration is increased from 0.2 M to 3 M NaClO4' There is an isosbestic

point at 271 nm. The midpoint of the transition between these two forms is at

about 1.2 M as shown in the inset of figure 2.

The thermal stability of low and high salt forms depends upon the hexa-

nucleotide concentration. The variation of the absorbance A at a given wave-

length expressed as H = (A80-AT) /A80 x 100 is represented in figure-3.
In 0.2 M NaC1O4, the maximum value of H275 is 20 % and is independent of

the hexanucleotide concentration. The variation of 1/Tm as a function of Ln c

is linear, Tm being the midpoint of the transition and c the hexanucleotide

concentration (inset figure 3). The total enthalpy for the oligonucleotide
melting deduced from the slope of the straight line representing 1 /Tm versus

Ln c (19-21) is equal to 60 Kcal mole

In 3 M NaClO4, H275 increases as the hexanucleotide concentration is rai-

sed (from 16 %, c =2.6 105 M to 19 %, c = 1.3 103 M). Nevertheless, the va-

riation of 1/Tm versus Ln c is linear (inset figure 3) and one deduces a value

of AH equal to 45 Kcal molerpAt 80oC, the absorption spectrum of the hexanu-

cleotide looks like the spectrum in low salt shown in figure 1.
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temperature temperature

Figure 3 - Ultraviolet changes as a function of temperature. The hypochromici-
ty H = (A80-AT)/(A80) x 100 where A is the absorbance at a given wavelength,
at 8000 and at temperature T versus temperature.
0 Solvent 0.2 M NaClO4, 10 mM Tris-HCl pH 7.5 ; (m5dC-dG)3 concentration,

1) 5.7 10-5 M, 2) 1.15 10-4 M, 3) 2.8 10-4, 4) 5.45 10-4.
( Solvent 3 M NaClO4, 10 mM Tris-HCl pH 7.5 ; (m5dC-dG)3 concentration, 1)

2.6 10-5 M, 2) 2 10-4 M, 3) 1.32 10-3 M.
Insets (0 and (, Variation of 1/Tm as a function of the logarithm of
(m5dC-dG)3 concentration.

Figure 4 - Circular dichroism. Solvent 0.2 M NaC104, 10 mM Tris-HCl pH 7.5,
temperature 0°C (_), 350 (-) 470 ( ), 570C (o-O), 800C (---).
(m5dC-dG)3 concentration 0.93 10-4 M.
Inset : Variation of As255 as a function of temperature, (m5dC-dG)3 concentra-
tion (D), 0.93 10-4 M, ©, 2 10-3 M.
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Figure 5 - Circular dichroism. Solvent 3 M NaClOg, 10 mM Tris-HCl pH 7.5 tem-
perature - 9°C (-), 13C (-.-), 300C (-), 41 C (-0-), 600C C---). (m5dC-
dG)3 concentration 0.95 10-4 M.
Insets Viriation of Ac255 (left) and AU295 (right) as a function of tempe-
rature. (m dC-dG)3 concentration 1) 0.95 1 54 M, 2) 1.1 10-3 M.

Circular Dichroism

The effects of temperature and concentration on the conformation of (m5dC-

dG)3 have been studied by circular dichroism.
In 0.2 M NaClO4 and at 0°C, the spectrum presents a first positive band

centered at 280 nm and then a large negative band centered at 255 nm (figure

4). As the temperature increases, the main changes are a decrease of the band

amplitudes with an isoelliptic point at 272 nm. The variations of Ac255 versus

temperature is shown in the inset of figure 4. The curve has a sigmoidal shape

but the extrem values of Ae are independent of the hexanucleotide concentra-

tion. On the other hand, Tm values are dependent upon the hexanucleotide con-

centration.
In 3 H NaClO4 and at low temperature, the CD spectrum presents a first

negative band centered at 295 nm and a large complex positive band (figure 5).
As the temperature is increased, in a large range of temperature, the spectra

change gradually with an isodichroic point at 278 nm and then change more

abruptly with the disappearance of the isodichroic point. At high temperature,

the spectrum presents a positive band and then a negative one and is similar
to that oberved at high temperature and in 0.2 M NaClO4 (figure 4).

In the insets of figure 5, are represented the variations of Ac295 and
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Figure 6 - Proton noise decoupled 36.43 MHz 31P NMR spectra of (m5dC-dG)3, c =
6.10-3 M, in 2H20:H20 mixture (2:1), 10 mM Tris-HCl pH 7.5 plus various amounts
of NaClO4, temperature 15°C. The spectra at 0.7 M and 1 M NaClO4 are composed
of B-form and Z-form spectra (marked by sticks). The percentages of Z-form as
a function of salt were evaluated by the relative intensity of low field dou-
blet. Chemical shifts are relative to internal standard trimethylphosphate.

AC . The curves (1) are relative to a hexanucleotide concentration 0.95 10 4
255'

M. The variation of As295 is biphasic. The first transition occurs in a large

range of temperature (there is no plateau even at - 8°C) while the second

transition is more cooperative. On the other hand, As255 is almost constant

from - 8°C to 25°C and then increases. The curves (2) are relative to a hexa-

nucleotide concentration 1.4 10 3. The variation of AC is biphasic. From295
- 8°C to about 35°C, Ac295 increases linearly and the changes are larger than

those observed at low concentrations. The second transition is cooperative.
The variation of As255 is now biphasic. There is no plateau even at low tempe-

rature.

The midpoints of the cooperative transitions at 295 nm correspond roughly
to the midpoints of the transition followed by u.v. absorption.
31P Nuclear Magnetic Resonance

The evolution of the proton noise decoupled 36.43 MHz 31P spectra of the

hexanucleotide (6 10i3 M) at various ionic strength is represented in figure 6.

At 15C and in 0.2 M NaClO4, a partially resolved spectrum spread over a

- 0.70 ppm chemical shift range is-observed. In 3 M NaC104, one gets a well-

resolved five lines spectrum spread over a - 2.14 ppm chemical shift range.
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Figure 7 - Proton noise decoupled 36.43 MHz 31P NMR spectra of (m5dC-dG)3, c =
6.10-3 M, in a 2H20:H20 mixture (2:1), 10 mM Tris-HCl buffer pH 7.5, 3 M NaClO4
as a function of temperature. The spectra are not normalized. The .chemical
shifts are relative to internal trimethylphosphate without correction for tem-
perature dependence of the standard.

At intermediate ionic strengths, composite spectra are obtained in which the

characteristic spectra obtained at low and high salt concentrations are simply
superimposed. Therefore, at 15°C, the equilibrium between the two forms is very

slow on the 3 P NMR time scale, the exchange frequency being smaller than 5

Hz, the smallest frequency interval between two neighboring resonances of the

two forms. In the range 2-5 M NaClO4, one observes a global low field shift
of the total spectrum and a slight decrease of the resolution (results not

shown).
The temperature dependence of P NMR spectra of the hexanucleotide in

high salt concentration is reported in figure 7. Between 5 and 35'C, there are

continuous changes in the spectra, 1) all the five lines (a, b, c, d, e) are

nearly equally downfield shifted (- 0.1 ppm), 2) the intensity of the (d, e)
doublet decreases whereas that of (b) increases. At temperature higher than

35'C, (a) and (d, e) lines are first broadened and then shifted towards the

central part of the spectrum. At 50°C (temperature close to Tm as calculated

from the variation of 1/Tm versus Ln c given in figure 3), the rate of con-

formation exchange depends strongly on temperature as indicated by the appea-
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Figure 8 - Changes in the relative intensities of 36.43 MHz 31P NMR spectra of
(m dC-dG)3. Same conditions as in figure 7. In addition inverse gated decou-
pling method was used to suppress nOe. The repetition time was 5s and the accu-
racy on integral values was - 10 %.

rance of narrow peaks on both sides of the central doublet.

In order to quantify the variations of the spectrum as a function of tem-

perature in the range 5-40°C, we have compared the integrated intensities of

the five (a-e) peaks (the nOe was suppressed by using the inverse gated de-

coupling method). At 5°C, the five peaks have the same intensity, each of

them corresponding to one phosphorus. At higher temperatures, the decrease of

(d, e) intensity is compensated by an increase of (b) peak intensity. There-

fore, there is a conformational change involving both (d) and (e) phosphate
groups. A new form appears, spectrum of which should be superimposed to a, b,
c lines of the starting high salt form. The equilibrium between these two con-

formations is slow on 3 P NMR time scale, the exchange frequency being smaller

than 50 Hz, which is the (d, e)- b frequency interval. At 400C, their relati-

ve proportions are about 75:25.

The effects of temperature were examined at lower hexanucleotide concen-

tration (2.5 10 M). The conformational changes in the range 5-400C are

more complex. The relative intensity of (d, e) doublet decreases as previously,
indicating a smaller percentage of the high salt form. Simultaneously, the

intensity of (a) singlet slightly decreases whereas that of (c) peak increases
(results not shown). These experiments show that the conformation changes are

at least partly dependent upon concentration.

DISCUSSION

The conformation of the hexanucleoside pentaphosphate d(m5CpGpm5CpGpm5CpG)
depends upon concentration of the oligonucleotide, salt concentration and tem-

perature.
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In 0.2 M NaClO4, an ordered structure is formed at low temperature and a

disorder one at high temperature, the transition between the two states being

cooperative as a function of temperature. This oligonucleotide behaves as se-

veral other self-complementary oligonucleotides and in particular as oligo(dG-

dC) (19). It can be stated that at low temperature a double helix is formed

which belongs to the B-family as judged by determination of molecular weight

and by circular dichroism. This double helix dissociates into single strands

as the temperature is increased. The enthalpy change AH' for the melting of

the double helix is 60 Kcal/mole. It has been found a AH' equal to 50.9 Kcal/

mole and 57.4 Kcal/mole for the melting of (dG-dC)3.(dG-dC)3 (19,40).

31P NMR experiments show some differences between this hexanucleotide and

(dC-dG)3 (22). There is large spreading (- 0.7 ppm) of the resonance as compa-

red to that of (dC-dG)3 hexamer duplex (- 0.3 ppm). Methylation of cytosine

residues modifies the conformational parameters of the phosphodiester backbone

and the micro-environment which determine 31P chemical shifts (23).

At low temperature, an increase of salt concentration induces conforma-

tional changes. As judged by u.v. absorption and 31P NMR, the transition is

complete in 3 M NaClO4 (midpoint of the transition is at about 1.2 M NaClO4).

From the sedimentation equilibrium and the spectroscopic data reported here

and by comparison with the literature results on oligo(dC-dG), poly(dG-dC).
poly(dG-dC) and the corresponding methylated derivatives (1-3, 13-15,24,25),
it can be assumed that the ordered form of the hexanucleotide observed at low

temperature is a double helix which belongs to the Z-family. At high tempera-

ture, the helix dissociates into single strands.

Absorption and circular dichroism experiments reveal a simple behavior
for the B or B-like form of (m5dC-dG)3. There is no large conformational chan-

ge before the cooperative melting to single strands and there is no evidence
for aggregation. H275 and 255 do not depend upon concentration (up to 10 M)
and the plateaux are well-defined at low temperature.

The three techniques used in this work show a more complex behavior for

the Z-form of (m5dC-dG)3. For example, the variation of A295 is biphasic and

the shape of the curve depends upon hexanucleotide concentration (figure 5).
At low hexanucleotide concentration (at least up to 10O4 M), equilibrium

ultracentrifuge experiments clearly prove that there is no aggregation. We find

the expected molecular weight for an hexamer duplex in 0.2 and 3 M NaClO4 (v =

0.64 ml g as determined by the method of Edelstein and Schachman, 18). In

the same range of concentration, large variations are observed in the CD spec-

tra as the temperature is raised from - 80 to about 30°C, As295 changing from
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- 2.4 to - 1.4 M cm . Assuming the rotational strength independent of tempe-

rature, such variations reflects an intramolecular change (this change is nei-

ther detected at 255 nm in the CD spectra nor at 275 rm in the u.v. spectra).

From u.v. spectra, it can be excluded that this transconformation corresponds

to a transition towards the B-form as characterized in 0.2 M NaClO4. Such a

transition would produce a decrease of the u.v. absorption near 285 nm (see

figure 2). It has been carefully checked that this does not occur as the tem-

perature is increased. Thus, one can assume that the decrease of the negative

band centered at 295 nm in the C.D. spectrum does not correspond to a Z-form +

B-form transition. It can be pointed out that an increase of temperature sta-

bilizes the Z-form of poly(dG-dC).poly(dG-dC) and of poly(dI-br5dC).poly(dI-
br5dC) (27-28).

At high concentrations (- 10 3 M), some spectroscopic parameters are sen-

sitive to concentration effects which can be attributed to aggregation. Aggre-

gation of oligonucleotides has been already reported (26). The structure of

aggregates has not yet been resolved. Nevertheless, as discussed below, 31P
NMR suggests that end-to-end aggregates could be formed due to the interactions

between the terminal base pairs as it occurs in the (m5dC-dG)3 and (dC-dG)3

crystals (1,14).

At high concentration, the slope of the curve As295 versus temperature is

increased and a slight change of As255 is now detected. The hypochromicity is

slightly dependent upon hexanucleotide concentration but the experimental ac-

curacy cannot establish unambiguously a variation of u.v. absorbance as a func-

tion of temperature. It is important to point out that the solutions were lim-

pid and no light-scattering was detected above 330 nm. In any case, before the

melting of the double helix, one has to consider on one hand an aggregation

process which depends on concentration and temperature on the other hand a

conformational change which depends on temperature.

One can now examine how 3 P NKR reflects the properties of (m5dC-dG) es-
313pecially in Z-form. Univocal assignments of individual P resonances require

specific labeling or combined 3 P and H NMR experiments in which a sequential
assignment of 1H spectrum has been first done (29). In the present study, it

seems reasonable to assign the low field (d, e) doublet to dG2pm5dC3 and

dG4pM5dC5 phosphate groups of the hexamer duplex in the Z-form. Indeed, for

poly(dG-dC).poly(dG-dC) in Z conformation, the low field 31P peak characteri-

zing this conformation has been univocally assigned to dCpdC phosphate groups

(30).
On the other hand, it seems premature to correlate chemical shifts with
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conformations of the phosphodiester bonds and a well-defined conformation of

the helix. Gorenstein et al. have proposed that a (g, g) + (g, t) transition

induces a low field shift of P resonance (31). This could explain the appea-

rance of the (d, e) doublet in the spectrum of the hexanucleotide in the Z-

form, two dGpdC phosphate groups changing their conformations form (g, g) to

(g, t). The existence of a (t, g) conformation in B-DNA fibers has been re-

cently proposed by several authors from X-ray data (32-34). If such a confor-

mation exists in solution for oligonucleotides, the assumption of Gorestein

would not be verified. Moreover, recent theoretical considerations (Giessner-

Prettre, personnal communication) suggest that 31P chemical shifts depend also

on the 0 - C torsion angles which makes rather difficult to correlate chemical

shifts changes and a precise conformational change.

At room temperature, in aqueous solution, there are important internal

motions in a B-helix involving the backbone, the sugar puckering and the base

orientations (35,36). Such motions should also exist in a Z helix though they

can differ in nature, frequency and amplitude (27,28,37,38). Thus, one cannot

assign the low temperature 31 P NMR spectrum to a ZI, ZII or Z' conformations
observed in crystals (1-4,14). The conformation existing in solution must be

an average conformation resulting from fast exchanges (on NMR time scale) be-

tween these conformations and possible others, all belonging to the Z-family
The existence of fast internal motions has been proposed to explain the

small dependence of 31P relaxations and nOe's as a function of DNA length (35,
39). An important consequence is that for an hexanucleotide linewidths should

be hardly sensitive to aggregation, especially for end-to-end aggregates.

31P NM*R experiments have been carried out at hexanucleotide concentrations

2.5 10 3 and 6 10 3 M and aggregation of the duplexes occursaccording to the

u.v. and C.D. data. At the lower concentration changes in the relative inten-

sities of (a) and (c) peaks as a function of temperature (in the range well

below Tm) could indicate some end effects which are detected because of a small

degree of aggregation. In parallel there is an intramolecular change. The a-

mount of Z-form decreases as that of a new conformation increases.
At higher concentration, because of larger degree of aggregation end ef-

fects are less apparent and the transconformation from the Z-form to the new

conformation is more clearly detected especially in 25-40°C range. In spite of

these concentration effects, there is a qualitative agreement in the evolution

of the Z-form versus temperature in the premelting range as detected by u.v.,

C.D. and NMR.

In the Z-form, the stereochemical unit is a dinucleotide (1-4). As the
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conformational change from the Z-form to the new conformation involves two

dGpdC phosphate groups, it seems likely that the two terminal dinucleotides

dClpdG2 and dC5pdG6 are also modified. Several changes can occur as the tempe-

rature is raised, i.e., fraying which is a fast kinetic process, premelting

of the ends, conformational changes.

On the 31P NMR time scale, only a conformational change is detected which

has an effect on the nucleotide backbone and the frequency of which is relati-

vely small. In agreement with u.v. absorption, one can exclude a Z-form B-

form transition, the 3 P NMR spectrum of the B-form being not detected. The
3 P NMR spectrum of this new conformation is also different from that of sin-

gle strand hexanucleotide. All these results suggest that this new conforma-

tion corresponds to a distortion of the Z-form double helix leading to a more

regular form in which the internal phosphate groups have a more similar envi-

ronment.
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