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ABSTRACT:
Proton NMR spectra of a covalently linked self-complementary RNA-DNA

hybrid, r(GCG)-d(TATACGC), are recorded in H20 and D20. Imino proton res-
onances as well as the non-exchangeable base and H-l' resonances are unambig-
uously assigned by means of nuclear Overhauser effect measurements.
Additional information was obtained by 31P NMR and circular dichroism spectra.
The RNA parts in the duplex attain full conformational purity and adopt the
usual A-RNA conformation. The DNA residues opposite the RNA tract do not
adopt an A-type structure completely. Their respective sugar rings still appear
to possess a certain conformational freedom. The same holds true for the cen-
tral d(-TATA-) sequence which forms a DNA*DNA duplex. There appears to be
a structural break in this part: the first two residues, T(4) and A(5), are
clearly influenced by the adjacent RNA structure, whereas residues T(6) and
A(7) behave quite similar to what usually is found in DNA duplexes in aqueous
sol ution.

INTRODUCTION: [1,2]
DNA replication is known to be a process of extremely high fidelity[3].

This fidelity requires very efficient control of the enzymes involved. Especially
the stage of getting started (initiation) is prone to errors in the replica being
formed. DNA dependent DNA polymerases are known to use several possible me-
chanisms of priming the biosynthesis of the new DNA chain [4,5]. Initiation of
discontinuous replication of bacteriophage M13 DNA in E.coli was found to be
inhibited by rifampicin, an inhibitor of RNA synthesis [6]. Covalently bound
RNA-DNA hybrids (so called "Okazaki-fragments") were proposed and exper-
imentally demonstrated as intermediates in DNA replication [7,8].

At present little detailed experimental evidence concerning the conforma-
tional consequences of covalent RNA-DNA hybrids appears available. For this
reason we studied the structure in solution of a deliberately tailored fragment:
r(GCG)-d(TATACGC). At the outset of our investigation the following picture
was generally accepted. From X-ray studies [9,10] as well as from investi-
gations carried out on solutions [11,12] it was believed that the RNA part in

RNA*DNA hybrids dominates the DNA geometry, i.e. the complementary strand
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adopts an A-DNA type structure. It remained a matter of debate whether or not

this A-DNA structure is propagated into the DNA*DNA duplex part and, if so,
how many nucleotidyl residues are involved. Selsing et al. studied block polym-
ers of the general type rCidCVkdGn by means of 300 MHz NMR [11] and CD
[13]. It was found that the DNAoDNA part maintains a B conformation despite
the adjacent A conformation of the RNA*DNA hybrid part. The NMR spectrum
was not sufficiently resolved to provide information concerning the perturbation
of the helix at the junction of the conformations. However, the close agreement
between experimental and calculated CD spectra led to the conclusion that any
disruption at the junction is probably only one or two base pairs in length. On
the basis of these findings, a one-base-pair bend model of the DNA residues lo-
cated at the junction was proposed [14] which involves S-type sugar pucker for
the first deoxyribose unit (strand running 5' -+ 3'), i.e. T(4) in our compound,
and N-type sugar conformation for its complementary residue, i.e. A(7).

In the present paper we describe a 500 MHz 1H NMR study (and some addi-
tional 31P NMR and CD data) on the title compound, including an assignment of
the exchangeable imino and non-exchangeable base and 1' protons by means of
the nuclear Overhauser effect (NOE). A relatively large molecule like the title
compound poses several problems for the NMR spectroscopist. In the first
place, larger molecular weights ( > 3000) and concomittant conformational beha-
viour (e.g. rigidity; relatively slow exchange processes; slow overall tumbling
rates) may result in severe line broadening due to short transversal relaxation
times T2 or coalescence. These phenomena often preclude detailed NMR studies
of spin-spin coupled resonances of large biomolecules. Secondly, the large
number of crowded resonances causes great difficulties with the traditional as-
signment procedures, e.g. the incremental method [15], the additivity method
[16] and decoupling experiments (see for a discussion of various assignment
strategies [17]). A magnetic resonance study of a nucleic acid decamer bal-
ances on the present border of possibilities for assigning non-exchangeable res-
onances [18,19]. In most published cases of assignments above the trimer
level, knowledge of constituent oligomers was necessary to complete the picture
[12,20-23]. It will be demonstrated in this study that nuclear Overhauser ef-
fect spectra provide an extremely powerful tool for the assignment of oligonu-
cleotides. Direct connectivities between base, 1' and 2',2" protons within a
given residue and between neighbouring residues enabled assignment of these
signals in the hybrid decamer spectrum from only 17 NOE-difference spectra.
The method presented here has several advantages above other published meth-
ods for oligonucleotide assignment:
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* No constituent compounds are needed as in the case of incremental assign-
ments [15,18].

* The assignment can be carried out at low temperatures where the molecule ex-

ists in the natural, and conformationally interesting, duplexed state. Recent-

ly, an assignment procedure based upon empirical chemical shift additivity
parameters at high temperature was published [16]. Although this method ap-
pears to be highly useful in the case of smaller fragments, it is bound to fail
for duplexes that remain largely intact at 70 °C or are rapidly exchanging be-

tween duplex and random coil structures at that temperature.
* The H-i' resonances can be assigned directly in a single experiment instead of

using an intermediate step via the H-2' resonances [18].
The method described in this paper has already been successfully employed in

our laboratories to assign the base and H-i' resonances of the DNA octamer
* * * 5

d(GGC C GGCC) [24] (C = m C). Independently from our work, an essentially
similar approach led to recent assignments in ribonucleotides up to a hexamer
[25,26].

Recently, a single-crystal study on the title compound was published [27]
which showed that the molecule crystallized as a completely A-type double helix.
However, Wang et al. [27] indicated some structural irregularities in the cen-
tral -TATA- part. It will be demonstrated from the present proton NMR data
that none of the DNA residues attains full conformational purity in solution, not
even the ones opposing the RNA tract. The RNA residues, however, show 100 %
N-type sugar pucker. Half of the central -TATA- sequence, residues T(4) and
A(5), shows a tendency towards N-type sugar pucker (A-DNA type), whereas
residues T(6) and A(7) show a predominant S-type sugar pucker as is usually
found in B-DNA structures. It can be concluded from these findings that the
influence of a small RNA tract on DNA conformation is different from that as-
sumed earlier insofar its own strand is concerned and may extend to two nucleo-
tidyl residues. In contrast, the influence on the complementary strand in the
present hybrid molecule appears less outspoken than expected at the outset of
this investigation.

MATERIALS AND METHODS:
The oligonucleotides under investigation were synthesized by a phospho-

triester approach as has been described elsewhere [28-30]. After purification
on a Sephadex G50 column the compounds were passed over a Dowex ca-
tion-exchange resin (Na form) to yield the sodium salts. NMR samples for ob-
servation of the imino-proton signals were prepared by dissolving 3-5 mg of the
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purified oligonucleotide in 0.4 ml of a buffer solution containing 0.1 M NaCI, 5
mM sodium cacodylate (pH 7.2), 0.1 mM EDTA and 15:85 (v/v) D2O/H20. Mea-
surements of the non-exchangeable proton resonances were carried out on sam-

ples in 99.9 % D20 obtained by three-fold lyophilization from D20. Salt concen-
trations were the same as for the H20 samples and pD values were adjusted to

7.4 throughout. All samples were carefully degassed by repeated freez-
ing/thawing under vacuum and transferred into 5-mm NMR samples tubes (Wil-
mad 528-PP or Stohler S-4) under a dry nitrogen atmosphere.

Imino-proton spectra were recorded at 500 MHz on a Bruker WM-500 spec-
trometer using a "Redfield 214" weak pulse [31,32]. Data were collected using
the alternate-delay-accumulation (ADA) technique. The combination of both
techniques as well as the application of a time-shared version of the Redfield
pulse [32,33], which was used to record NOE difference spectra in H20 (Figure
2), was recently described by Haasnoot and Hilbers [34]. NOE experiments were
carried out at 25 'C to assign the imino-proton resonances, employing a preir-
radiation pulse of 0.4 sec. The irradiation power was set to a level that just sa-
turated the irradiated resonance completely in order to obtain an optimal S/N
ratio. This point was checked by inspection of an on-resonance spectrum be-
fore subtraction from an off-resonance spectrum. Chemical shifts of the imi-
no-proton resonances were measured relative to the solvent H20 peak and
converted to DSS reference by correcting for the H20 to DSS chemical shift us-

ing the appropriate calibration curve [35,36].
NMR spectra of the non-exchangeable resonances were recorded at 500 MHz

using the DASWEFT solvent suppression technique [37]. A DANTE pulse [38] is
applied to create the 180' pulse in a [180'-delay-90'-acq.] sequence in order to
selectively reverse the magnetization of the solvent peak. This method appeared
to be a prerequisite for succesful measurements because in the case of the de-
gassed samples of the hybrid decamer the longitudinal relaxation times T1 of se-
veral of the solute resonances (in particular those of the ribose 1' protons) are
of the same order of magnitude as T1 of water. This causes a normal WEFT se-
quence [39,40] to fail. Resolution enhancement was carried out by a Lorentzian
to Gaussian transformation as provided by the Bruker DISNMRP program prior
to Fourier transformation. Free induction decays were accumulated on 8K data-
points and the FIDs were zero-filled to 32K in order to obtain a satisfactory dig-
ital resolution.

NOE experiments were carried out at 32 'C employing a preirradiation
pulse of 1.0 sec. Notwithstanding this relatively long preirradiation pulse, no
spin diffusion was detected as can be seen in Figs. 4 and 5. The on- and
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off-resonance FIDs were subtracted for each series of 16 scans during accumu-

lation. In this way a large number of scans (' 1000) can be accumulated to in-

crease the signal to noise ratio significantly without invoking dynamic-range
problems [41]. The NOE difference FIDs were processed using an exponential
window before Fourier transformation. Chemical shifts of the non-exchangeable
resonances are expressed relative to internal TMA reference (0.1 mM). The
H-i' resonances were computer-simulated using the program LAME.

Phosphorus-31 {1H) NMR spectra were recorded at 121.5 MHz on a Bruker
WM-300 spectrometer at ambient temperature. The accumulation of 800-1000
scans proved satisfactory. Spectra were processed using Gaussian windows and
zero-filling. Chemical shifts are indicated relative to TMPB which served as an
external reference [42].

CD spectra were recorded at 2 'C on a CNRS-Roussel-Jouan Ill dichro-
graphe (Jobin-Yvon, France), interfaced with an Apple-II computer. Elliptici-
ties are given in M cm1. Absorbancies were typically 0.80 indicating molar
concentrations of - 1.0x105. An estimated extinction coefficient of 7,856 per
residue was used [43]. Samples contained 0.1 M NaCI, pH 7.2.

RESULTS AND DISCUSSION:
Imino-proton resonances.

Figure 1 shows the exchangeable imino-proton resonances of the hybrid to-
gether with those of the deoxy analogue. The spectra were recorded at 15 'C at

4 3 *GCGdTATA CGC Figure 1. 500 MHz 1H NMR spectra of the
5 2 dCGC A;i;TGCG exchangeable imino-proton resonances of

23<123455X 32'1' r(GCG)-d(TATACGC) and d(GCGTATACGC)
1,l recorded at 15 'C (DSS reference). Chemical

shift calculations according to Patel and Tonelli
[44] for this specific sequence are indicated by
the vertical bars at the bottom.

23

dGCGTATACGC

11i1|} d CdCGCATAT GCG

234 5532'1'

14 13 12 ppm

A-type: J CALC.
""5 2,',

B-type: 1

14 13 12 ppm
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Figure 2. 500 MHz NOE difference spectra
(DSS reference) of the imino-protons of
r(GCG)-d(TATACGC). Irradiation of G*C
base pairs 2 and 3 is shown.

NOE
NOE-difference

_rr.

VNQE-difference
3

J 2

14 13 12 ppm

which temperature the decamers occur mainly in the duplex form. CD melting
studies on the deoxy compound yield a Tm of about 55 °C at 0.1 M NaCI (data
not shown). At the usual concentration of the NMR samples one expects then a

Tm of about 70 'C. A CD melting study of the hybrid unfortunately did not al-

low the determination of an accurate Tm value because the ellipticity extrema

(see Fig. 9) shift significantly during melting. Some indication of the stability
of the hybrid duplex was obtained from the temperature dependence of the line

widths of the non-exchangeable base resonances when the temperature is in-

creased. The greater number of these resonances start to broaden, reaching a

maximum (coalescence) at around 55 'C, and become sharper again at higher

temperatures. This coalescence phenomenon is ascribed to slow exchange be-

tween duplex (D) and random coil (C) forms. Although it is realized that the
coalescence temperature depends upon the rate of the D 2C reaction and Tm
upon the equilibrium thermodynamics, it may be assumed that, to a rough ap-
proximation, the stability of the hybrid duplex does not differ greatly from that
of the deoxy compound.

It can be seen in Fig. 1 that, even at 15 'C, G-C base-pair signal 1 suf-
fers from exchange with the solvent (fraying ends). Assignment of G*C

base-pair signals 2 and 3 of both compounds was initially based on their relative
"melting" behaviour, i.e. at increasing temperature signal 2 collapses and dis-

appears before that of G*C 3. These assignments were fully confirmed by NOE

experiments designed in order to differentiate between the signals of A*T pairs
4 and 5. Figure 2 shows the crucial spectra. Irradiation of G*C resonance 2 did
not produce NOE in the A-T region of either spectrum, whereas irradiation of
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the G*C signal 3 resulted in a clear NOE of the signal designated 4 (see Fig.
2). It follows that the remaining signal 5 belongs to the central A*T pairs. Irra-

diation of base-pair signals 4 and 5 did also produce NOEs in the base-proton
region (not shown). These NOEs are ascribed to the adenine H-2 protons (as
indicated in Fig. 3), which are positioned close to the thymine N3-H hydro-
gen-bonded imino proton in a Watson-Crick base pair.

It is seen (Fig. 1) that the imino-proton spectrum of the hybrid decamer
differs in several important aspects from that displayed by the DNA decamer,
and this implies certain differences in the respective structures. On going from
the DNA compound to the hybrid one notes that the resonance of G*C base pair
2 moves upfield by about 0.3 ppm, whereas that of 3 maintains its position. The
A*T signals 4 and 5 move downfield, with that of 5 displaying the larger shift.
These findings can be rationalized with the aid of shielding calculations [44].
The calculations predict shifts effects, similar to those observed, in going from
the B- to the A-type double helix of this specific sequence, viz. downfield for
the A*T resonances and upfield for the G*C signals, see the schematic drawing
at the bottom of Fig. 1. The absolute values of the calculated imino-proton chem-
ical shifts should not be regarded with too much confidence, but the calculated
trends agree well with our experimental observations. It can be concluded from
these imino-proton spectra that the helical structure of the hybrid differs from
a normal B-type structure and that even A*T base pairs 5 and 5' have been af-
fected to some extent by the RNA terminal tracts of the molecule. So far, noth-
ing can be said concerning the conformational situation in the individual
residues. This subject will be discussed in the following section.
Non-exchangeable proton resonances.

The non-exchangeable proton spectrum as measured in D20 can be split up
into two regions: (a) the 0-5 ppm region (Fig. 3) which contains the aromatic
base-proton resonances, the anomeric H-i' resonances as well as the H-3', H-4',
H-5' and H-5" signals, and (b) the 2 ppm region upfield from TMA reference
which contains the thymine methyl signals and the H-2', H-2" resonances (Fig.
4). The two base resonances at 4.03 and 4.04 ppm (Fig. 3) belong to the ade-
nine H-2(7) and H-2(5), respectively as follows from the obervation of NOEs at
their positions upon irradiation of the A*T imino-proton signals 4 and 5 (see
Fig. 1). Distinction can be made in the H-i' region (2.4-3.2 ppm) between the
ribose H-i' resonances which appear as singlets or doublets (singlets in the
present case because of the absence of observable J1'2' couplings) and the de-
oxyribose H-i' resonances which commonly appear as triplets or quartets be-
cause of couplings to H-2' and H-2". In order to connect the base resonances to
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5 4
6(ppm)

Figure 3. 0 - 5 ppm region (TMA reference) of the 500 MHz 1H NMR spectrum of
the non-exchangeable resonances of r(GCG)-d(TATACGC) as measured in
D 0 at 32 'C. Sample conditions are as described in the Methods section.
The assignment of the base and 1' protons and the rG(l) sugar protons is
indicated by the staff notation.

DNA 2'. 2' region

T (4) 5-CH3

A (5)

T (6) ,5-C

A(7) |

C(8)

G(9) , _

c (10) - !11

0

I~

IIIN III

I
II

-1
5(ppm)

Figure 4. -2 - 0 ppm region
(TMA reference) of the spectrum
of Fig. 3 together with the NOE
difference spectra obtained by
irradiation of the deoxyribose
H-I' signals.

-2
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1(3) 1(2)

HDO

5 4 3 2 1 0
6(ppm)

Figure 5. NOE difference spectra (TMA reference) for the irradiation of H-8(l),
H-6(4) and H-8(3). The spectrum of Fig. 3 is reproduced at the bottom for
comparison.

their associated H-i' signals, ten NOE difference spectra were recorded. A

summary of these NOE difference spectra obtained by irradiation of the base re-

sonances is given in Scheme 1. Typical spectra are presented in Fig. 5. This

method proved to be highly informative, because under the conditions described

above (Methods section) magnetization transfer not merely occurs within a given

nucleotide residue (intraresidue NOE) but also to adjacent residues (interresi-
due NOE). Irradiation of a pyrimidine H-6 or a purine H-8 signal generally

yields NOEs on the adjacent bases and on two H-i' signals. Scheme 1 shows that

all ten experiments can be linked. The chemically established sequence then

leads to a complete and unambiguous assignment of the base and H-i' resonances
of the hybrid decamer. At this point several interesting observations concerning
NOEs in the present molecule can be made.

In a regular helical structure (A- or B-type helix) an aromatic base can be

considered as "sandwiched" between the associated sugar and the sugar of the

5'-neighbouring residue. Counting the residues of a given oligonucleotide in 5' +

3' direction, it is therefore likely that saturation of an H-6 or H-8 of the n-th
residue yields NOEs to the 1' protons of residues n and (n-1). Similar phenome-
na were recently observed by Petersheim and Turner in an NOE study on se-

veral RNA oligomers [25]. A confirmation of this "rule" is provided by the
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experiment in which H-8(1) was irradiated. This experiment (Fig. 5) consti-

tutes an additional handle for assignment because it shows NOEs to the easily
recognizable 5'-terminal protons H-5' and H-5", and to only one ribose H-i' sig-
nal. Every other experiment (scheme 1) yielded two medium to strong NOEs in

the H-i' region. In addition, two weak H-i' NOEs (rG(3) and dT(6)) are de-

tected (Scheme 1) that on first sight appear to violate the n -+ (n-1) rule. These

are probably artifacts caused by tailing of the frequency distribution to H-6(4)
and H-8(7), respectively.

The interbase NOEs exhibit a different pattern compared to the base-sugar
NOEs. In general, H-8 -+ H-6 and H-6 -+ H-8 NOEs occur in both directions, n-1

and n1. This is observed for dG-dC, dC-dG, dA-dC, dA-dT, rG-dT, rC-rG,
and rG-rC sequences in the present hybrid. The only exception noted concerns

both dT-dA sequences. Under the conditions employed no NOE is observed upon

H-8(5) when H-6(4) is irradiated and vice versa, Scheme 1. Similarly, irradia-

tion of H-8(7) has no effect upon H-6(6). The reverse experiment is not conclu-

sive, unfortunately, because near isochronicity between H-6(6) and H-6(8)
precludes irradiation of either resonance without spill-over to the other one.

From our earlier study on d(GGC*C*GGCC) [24] (C =m5C) it is noted that
the above list of interbase NOEs can be extended by H-6 -+ H-6 in dC-dC. In

contrast, no H-8 -+ H-8 NOE was detected for dG-dG [24]. Without doubt, a list
of strong, medium, weak, and absent interbase NOEs in DNA and RNA frag-
ments will be completed in the near future and such a list will prove to be an

invaluable aid in carrying out spectral assignments in complex nucleic acid oli-

gomers using 2D NOE spectroscopy.
In order to determine the positions of the H-2' and H-2" resonances a sec-

ond series of NOE difference spectra was recorded under identical conditions as

were the previous series. Saturation of the successive deoxyribose H-i' signals
yielded all the H-2' and H-2" resonances separately (shown in Fig. 4), whereas
the convential spectrum showed only several "humps" (bottom spectrum in Fig.

4) due to severe overlap. However, these NOE difference spectra are not suffi-
ciently resolved to enable distinction between H-2' and H-2" signals on the basis
of their respective line widths. Chemical shifts of the proton resonances as-
signed so far are given in Table 1.

The NOE difference spectrum obtained by saturation of H-1'(5) (Fig. 4)
shows three NOEs instead of the two expected in the H-2',2" region. This phe-
nomenon was traced to the near chemical shift equivalence of H-1'(5) and

H-1'(10). The third unexpected NOE indeed corresponds to one of the NOEs

obtained by irradiation of H-1'(10) (Fig. 4). Inspection of the H-2',2" regions
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Table 1. Chemical shifts of base, H-i', H-2' and H-2" resonances of the hybrid
decamer r(GCG)-d(TATACGC) recorded at 32 °C by 500 MHz 'H NMR.

proton rG(1) rC(2) rG(3) dT(4) dA(5) dT(6) dA(7) dC(8) dG(9) dC(10)

ppm (TMA)

H-8 4.795 - 4.339 - 5.008 - 4.935 - 4.388 -

H-2 - - - - 4.042 - 4.029 - - -

H-6 - 4.554 - 4.431 - 4.101 - 4.094 - 4.225

H-S/Me-S - 2.094 - -1.897 - -1.789 - 2.039 - 1.977

H-l' 2.481 2.404 2.511 2.711 3.074 2.967 2.647 2.554 2.78 3.037

H-2' -1.60 -1.60 -1.60 -0.55 -0.28 -0.37 -0.60 -0.73 -0.51 -0.93

H-2} - - - -0.75 -0.60 -0.57 -1.00 -0.97 -0.70 -1.05

a) H-2' and H-2" chemical shifts are determined from NOE difference spec-
tra (Fig. 4) which do not display sufficient resolution to allow a stereo-
chemical assignment.

of the previous series of NOE difference spectra (irradiations of the base reso-

nances, Scheme 1) reveals four NOEs in most cases (not shown). Comparison of
these spectra with the second series of NOE difference spectra (Fig. 4) leads to

the conclusion that saturation of a purine H-8 or a pyrimidine H-6 of residue
number n resulted in a superposition of NOEs on the H-2' and H-2" resonances

of residues n and (n-1) in the DNA helix. In this way the second series of NOE
difference spectra (Fig. 4) provided an additional confirmation of the base pro-
ton and H-i' assignments.
Sugar conformations.

Figure 6 shows the expanded H-i' region together with a computer simu-
lation. The shapes of the H-i' signals are of great interest because they serve
as a probe for the preferred type of sugar pucker and, indirectly, for the type
of helix present. It is generally accepted that A-type helices are characterized
by N-type (C3'-endo) and B-type helices by S-type (C2'-endo) sugar conforma-
tions. N-type and S-type furanose rings display different torsion angles about
Ci'-C2' and are therefore characterized by different spin-spin proton coupling
constants along this bond. Moreover, the coupling pattern allows clear dis-
tinction between ribose and deoxyribose sugars. A ribose H-i' is coupled only
to H-2' and shows up as a singlet or doublet with a separation (J1'2') varying
between = 1 Hz for pure N to = 7.8 Hz for pure S [45-47]. The absence of ob-
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32 30 28 26
6(ppm)

24

Figure 6. Expansion of the H-i' region of the spectrum shown in Fig. 3 (EXP)
together with a computer simulation (SIM).

servable splitting (J12'<1.5 Hz) of the three ribose H-i' resonances (Fig. 6)
indicates a virtually pure N-type sugar pucker and it can be concluded, there-
fore, that the r(GCG-) sequence in the hybrid adopts the expected A-type he-
lix. The middle singlet of the three, assigned to rG(1), appears somewhat
broadened relative to the other two and this increased linewidth is probably
caused by the existence of conformational freedom of the ribose at the
5'-terminus of the molecule. In contrast to the ribose 1' proton, a deoxyribose
H-i' is coupled to both H-2' and H-2" and displays a triplet or quartet signal.
Current best values of the total width of the H-i' signal £J1, = J1'2' + J1'2" pre-
dicted [47] are of the order of 9.2 - 11.1 Hz for pure N-type and 15.3 - 15.8 Hz
for pure S-type deoxyribose rings. However, J1. is less indicative for the con-
formational situation in the deoxyriboses than are the individual couplings J112'
and J1'2"

The shapes of the seven deoxyribose H-i' resonances (Fig. 6) show simi-
larity, but also subtle differences in their triplet-like patterns. An effort was
made to reproduce these signals by computer simulation, in which special atten-
tion was paid to the relative height and width of the central peak of each trip-
let. These simulations indicated that in most cases the two different coupling
constants could be determined separately within an accuracy of = 0.3 Hz. The
couplings thus obtained are listed in Table 2.

Strictly speaking, an unambiguous experimental assignment of J1'2' and

J1'2" would require analysis of the H-2' and H-2" signals in terms of J1'2" J2'3'
and J1'2"' i2113, respectively [47]. Unfortunately, the present spectra are un-

suited for this purpose, partly because of serious overlap and partly because of
the relatively short T2 values of these methylene protons [Sanderson, M.R. and
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Table 2. Pseudorotation analysis of the hybrid decamer r(GCG)-d(TATACGC).
Values between brackets are constraints. Rms values are zero in all cases,
i.e. the couplings are exactly repoduced.

residue J112'1 1'12" PN ps Is XNN

rG(1) 1.5 - 1.00
rC(2) 1.0 _ 1.00
rG(3) 0.5 - 1.00
dT(4) 5.1 6.4 <0> 39.6 <153> <38> .59
dA(5) 5.6 6.7 <0> 35.0 <153> <35> .53
dT(6) 8.0 6.0 <0> 33.6 <153> <37> .27
dA(7) 7.9 6.4 6 38.2 <153> 32.2 .24
dC(8) 5.8 6.9 <9> 34.3 <153> <35> .52
dG(9) 7.0 6.3 <0> 35.0 <153> <37> .37
dC(10) 7.1 6.6 8 36.2 <153> 31.5 .33

Altona, C. unpublished results], which give rise to line broadening. There-
fore, in each case both possible assignments of J1'2' and J1'2" were taken into

consideration in the course of the pseudorotation analysis. It should be noted
that these couplings are mutually correlated [46-48] through the phase angle P,
the puckering amplitude *m and the N/S ratio. In first instance, the pure
04'-endo (P = 90°) conformation, which appears indicated for some pyrimidine
residues in d(CGCGAATTCGCG) from single-crystal X-ray studies [49], can be
ruled out for the present hybrid molecule, because conformations of this type
would produce a EJ1. value of about 16 Hz or more [46], contrary to experiment.

Of course, knowledge of two couplings along one bond (C1'-C2') of the
five-membered rings precludes a complete pseudorotation analysis. However, a
search for possible solutions can be carried out under the reasonable assumption
that the N and S geometries fall within the ranges indicated by 'H NMR studies
on many other DNA fragments [47], viz. PN lies between 0° and 9, PS be-
tween 144° and 162°, and *m of both conformers between 320 and 38°. A recent
NMR study on the covalent RNA-DNA hybrid d(CG)r(CG)d(CG), which enabled
the separate determination of four couplings along two bonds (C1'-C2' and
C2'-C3') of the deoxyribose rings revealed that indeed no significant deviations
from these assumed geometries occur [50].

As it turned out, only one of the two possible assignments of J1'2' and

J1'2" led to a perfect solution of the pseudorotation problem (Table 2) within the
constraints mentioned above (except T(4), vide infra), whereas reversal of the
assignment did not produce meaningful results. Further analysis of the solution
space by means of program PSEUROT [51] indicated that the acceptable range of
solutions is fairly narrow. Most important is the finding that the calculated per-
centage of N-type conformer did not vary significantly (± 3 %).
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5 3 Figure 7. Schematic drawing of the
occurrence of N-type conformer at 32 °C

//rIedGdIC \l (hatched areas) in the various
r C - d G nucleotidyl units of the hybrid molecule
rIGXddICA X r(GCG)-d(TATACGC).
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The couplings of residue T(4), with an estimated accuracy of 0.2 Hz,

deviate slightly from the normal pattern . The pseudorotation analysis indicates a
relatively large amplitude of pucker *m (38-40°) for the sugar ring in this par-
ticular residue. One notes that residue T(4) plays a unique role in the mole-

cule, being at the transition point between the RNA chain and the DNA chain.
It is of interest to note that a comparable relatively large amplitude of pucker at
an RNA-DNA junction is also observed at residue dO(5) in the covalent

RNA-DNA hybrid d(CG)r(CG)d(CG) [Haasnoot, C.A.G. et at. , unpublished
observations] .

The pseudorotation analysis shows clearly that none of the sets of J''and
.J1'2" couplings can be interpreted in terms of 100 % pure N- or S-type deoxyri-
bose conformers. Instead, each individual residue appears to display a specific
N to S ratio, depending upon its position along the DNA chain, Fig. 7 and Table
2. This surprising fact appears to rule out the possibility of the existence of a

mixture of pure A- and B-type duplexes, in equilibrium through more or less

complete opening and closing reactions, because if that were the case one would

expect a constant N/S ratio for all residues at a given temperature. Instead,
one finds for example (at 32 °C) 59 % and 53 % N-type conformer for the central

residues dT(4) and dA(5), respectively, whereas the adjoining central residues
dT(6) and dA(7) display only 27 % and 24 % N-type sugars, respectively. Per-
haps these data can be explained by assuming the existence of three or more
duplexes displaying mixed sugar puckers, but such an explanation appears so-
mewhat forced. It seems more likely that the deoxyriboses along the intact du-
plex are able to flip between N and S conformers, the equilibrium constant
depending upon local conformational demands. Seen in this light, Fig. 7 reveals
several interesting features. Up till now it is usually taken for granted that a
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DNA strand, hybridized with an RNA strand, completely reverts to the RNA
structure. In our case, the residues dC(10), dG(9) and dC(8), which face the
RNA residues rG(1), rC(2) and rG(3), do not show the expected N-type con-

formational purity that is associated with an A-type duplex. Residue dC(8)
displays 52 % N-type sugar ring, which means a significantly greater N popu-
lation than usually encountered in DNA duplexes at 32°C (0-20 %), but neverthe-
less remains far below 100 % purity. Residues dG(9) and dC(10) show even less
N-type populations, 37 % and 33 % respectively, but this could be due to end ef-
fects. It is well to note that Zimmerman and Pheiffer [52], from a fiber X-ray
diffraction study of the RNA*DNA hybrid poly(rA)opoly(dT) under conditions
of high humidity, proposed a structural model for this duplex in solution which
features a poly(dT) strand with S-type sugar combined with an N-type poly(rA)
chain. Earlier CD studies [53] on the polymers {r(GU)od(AC)} and
{r(AC)-d(GT)) already indicated that the conformations of these hybrids in
aqueous solution are not identical to the pure RNA conformation. 'H NMR spec-
troscopy now for the first time permits a residue-for-residue insight into the
conformational behaviour of the sugar rings along the chain. Before general
rules can be formulated, a systematic NMR study of RNA*DNA hybrids is called
for.

The central d(-TATA-) part of the molecule also deserves some comment.
Fig. 7 shows a surprising break in behaviour between residues dA(6) and
dT(7). It can be surmised that dT(4) and dA(5) are affected by the neighbour-
ing RNA sequence and are forced to adopt more N-type deoxyribose conforma-
tion than would be the case in an analogous DNA sequence. This conformational
transmission effect apparently dies out after two DNA residues, or anyway at a
dA-dT sequence. Further work is clearly necessary before the roles, if any, of
the RNA and DNA base sequences in determining the magnitude and the span of
the conformational transmission effect can be delineated. At the moment it suf-
fices to conclude that modifications are needed in the model proposed by Selsing
et al. [14] for a covalent RNA-DNA junction, which model predicts a striking
discontinuity in sugar conformation after the first DNA residue at the junction.
The present work indicates a more gradual transition from A-RNA to B-DNA,
and also the unexpected presence of conformational mobility in the B-DNA
chain. The latter feature implies the presence of stacking interactions of
"mixed" type (N-S) at the RNA-DNA junction as well as N-S and S-N further
down along the DNA chain. The existence of such mixed stacks comes as no
surprise, since similar conformational freedom is known to exist already on the
dimer level, e.g. in rA-dA [54] and in dA-dA [55].
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34 S (ppm) 5

Figure 8. 31P spectra (121.5 MHz, recorded at ambient temperature) of the hy-
brid decamer r(GCG)-d(TATACGC) (trace A) and the deoxy analogue
d(GCGTATACGC) (trace B). The same samples were used as the ones de-
scribed for the 'H NMR experiments. Reference TMPB.

Phosphorus-31 spectra.

Figure 8 shows the 31P spectra of the hybrid decamer and its deoxy ana-

logue, recorded at ambient temperature (= 20 'C). The spectrum of the DNA

compound (bottom trace) consists of eight well-resolved resonances within a

chemical shift range of 0.5 ppm. One of these lines has a two-fold intensity and

represents two isochronous resonances. The resonances in the hybrid spectrum

(upper trace) extend over 1 ppm and show larger linewidths than do the DNA

resonances. Six lines are resolved, which implies that four resonances have vir-

tually identical chemical shifts. No attempts have been made so far to assign the

individual resonances.

Phosphorus chemical shifts have been rationalized on the basis of the posi-

tion of the conformational equilibrium between a gauche/gauche conformer

around the phosphodiester bonds in the regular stacked state versus a blend of

gauche/trans and gauche/gauche conformers in the destacked states [42,56].
However, solvent accessibility as well as other factors such as the base-base

sequence and the presence or absence of the 2'OH group may also play a role in

determining the 31P shift [42,57]. Whatever the case may be, the spectra dis-

played (Fig. 8) indicate considerable differences in structure; the hybrid ap-

pears to feature greater variability around its phosphodiester bonds along the

various units than does the pure DNA duplex. It is tempting to assume that this

variability is related to the greater conformational variability detected for the
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Figure 9. CD spectra recorded at 2 °C of d(GCGTATACGC) (solid line) and
r(GCG)-d(TATACGC) (dashed line).

deoxyriboses in the hybrid compared to that occurring in the DNA.
CD spectra.

A comparison between the CD spectra of the hybrid molecule and of the

DNA analogue, recorded at 2 °C, is given in Figure 9. The long-wavelength ex-

tremum observed in the deoxy compound (solid line) shifts strongly towards
shorter wavelength in the hybrid (dashed line) which behaviour appears charac-
teristic for RNA-DNA hybrid duplexes [53,58]. As was mentioned before, Gray
and Ratliff [53] demonstrated that the CD spectra of two synthetic hybrids,
poly{r(AC)*d(GT)) and poly{d(AC)-r(GU)}, differed from each other and also
from the spectra of the corresponding DNA*DNA and RNA*RNA duplexes. The

hybrid spectra, taken in aqueous solution, showed qualitative similarity to the

RNA*RNA spectrum, but differed quantitatively. The CD spectrum of our cova-
lent hybrid again shows some qualitative similarity to that of
poly{d(AC).r(GU)), but features a much weaker first positive band. A quanti-
tative comparison between the CD of the DNA and of the hybrid appears out of
question, because of the presence of mixed stacks, vide supra. Olsthoorn et
al. [59] found large differences between the CD of S-S and S-N stacks in
(dA) n' Clearly, if various mixed stacks display different characteristics, de-
pending on the sugar pucker and on the base-base sequence, the quantitative
interpretation of the shape of CD spectra in terms of A-type or B-type duplex
conformation remains at best an extremely hazardous procedure. The numerous
required parameters are simply unknown. Nevertheless, it may be said that the
observed hypsochromic shift of the first maximum in the hybrid compared to its
position in the DNA*DNA duplex agrees qualitatively with the presence of more

5734



Nucleic Acids Research

N-type sugar in the former as compared to the latter. In this sense the CD

spectrum of the hybrid agrees with the results of the NMR analysis.

CONCLUSION:
The influence of a small tract of RNA upon the conformational behaviour of

a DNA duplex was investigated. Simple and straightforward one-dimensional
NOE experiments allowed a complete assignment of all base proton and 1' proton
resonances. The conformations of the ribose and deoxyribose rings then could
be studied on a residue-per-residue basis from the individual JJ1'2' and J1'2"
couplings. It was found that the RNA part attains 100 % A-type conformational
purity but does not induce pure A-DNA type conformation into the remainder of
the molecule, although distinct conformational transmission is detected on the
first two residues at the RNA-DNA junction, dT(4) and dA(5). The facing res-
idue dC(8) is also significantly affected. Taken together, there is no evidence

for a sharp conformational discontinuity at the RNA-DNA junction as required
by the model postulated by Selsing et a/. [14].

On first sight the present results disagree with the single-crystal X-ray
investigation of the title compound. Wang et al. [27] report an overall A-type
structure for the hybrid. It should be remembered, however, that the crystals
were obtained in the presence of 2-methyl-2,4-pentanediol, i.e. under condi-

tions of lower water content than in the NMR study. The importance of the rela-
tive humidity on the conformational behaviour of poly{d(AT)*d(AT)) was
recently stressed by Mahendrasingam et at. [60]. These authors observed the
various known DNA fibre diffraction patterns (A, B, B', C, D) upon variation
of water and sodium chloride content. An NMR investigation of the hybrid under
dehydrating conditions might prove informative on this point.

Finally, we conclude that a better understanding of the structural behavi-
our of RNA-DNA covalent hybrids requires a detailed insight into local confor-
mational effects. The flexibility of the sugar rings to adopt either N and S
conformation may well play a role in the control of transcription and replication.
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