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Abstract An oligodeoxynucleotide has been synthe-
sized, which mimics an “antigene” oligonucleotide with a
polypyrimidic stretch on its 5’ side and is protected on its
3’ side against nucelases by a naturally forming and very
stable hairpin, 5GCGAAGCS3'. The in vitro degradation
of theresulting oligonucleotided(5 TTCTCGCGAAGC3)
has already been studied by fluorescence resonance energy
transfer (FRET) (Réfrégiers et al. 1996, J Biomol Struct
Dyn 14: 365—-371). The technique required the grafting of
fluorophores at both ends of the oligonucleotide. In the
present work we have compared the hairpin formed in the
presence and in the absence of such fluorophores. This
was achieved by the study of the Raman spectra (excita-
tion at 257 nm) of the oligodeoxynucleotides H, which
forms the hairpin (5TTCTCGCGAAGC3'), and a con-
trol C (5'TTCTCCGGAAGC3') which is unable to form
the hairpin. Resonance Raman spectroscopy with 257 nm
excitation greatly favors the resonance of purines and
therefore the study of the 3' part of the oligonucleotides.
The difference spectrum obtained from resonance Raman
spectraof C and H showed marker peaks specific for hair-
pinformation. The search for these marker peaksin differ-
ence spectra involving the Raman spectrum of H labeled
by fluorophores and either C or H proved that the fluoro-
phores do not modify the structure of the hairpin but only
the vibrations of the two terminal bases on which the
fluorophores are grafted. The use of such labeling is then
justified in order to allow oligonucleotides protected by a
hairpin on their 3' side to be studied by fluorescence spec-
troscopy.
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Introduction

Oligonucleotides complementary to a specific DNA se-
guence (antigene strategy) or mRNA sequence (antisense
strategy) are used to regulate gene expression (Agrawal
1992; Cohen 1991; Rapaport et al. 1992; Wickstrom 1992).
A magjor limitation in their therapeutic use is their nu-
clease susceptibility (Crooke 1992; Wickstrom 1992).
In serum and cells, the degradation is primarily due to
3’ exonucleases (Crooke 1992) and various modifications
of oligonucleotides at their 3'-end reduce this problem
(Agrawal and Goodchild 1987; Shaw et al. 1991; Zen-
degui etal. 1992). In recent years, it has been found
that a set of short DNA fragments form extraordinarily
stable hairpins with regard to thermal denaturation and
nuclease degradation (Hirao etal. 1989, 1992, 1994;
Khan and Coulson 1993; Poddevin et al. 1994; Tang et al.
1993; Varani 1995). The shortest oligonucleotide
d(5'GCGAAGC3') formsone of the most stable structures
(Hirao et al. 1992, 1994; Yoshizawa et al. 1994). It is sta-
bilized by two G-C Watson-Crick pairings and an atypical
A-G base pair (Crooke 1996) (Figs. 1a, b, [b according to
Hirao et al. 1994]). We develop in our laboratory antigene
and antisense strategies using oligonucleotides protected
by such a hairpin. Moreover, for the purpose of following
the degradation of the oligonucleotidesin serum or inside
cellsby Fluorescence Resonance Energy Transfer (FRET),
we added fluorophores at both ends of the oligonucleo-
tides. Therefore, it isimportant to verify that the presence
of these fluorophores does not perturb the structure and the
stability of the hairpin. In this study, a polypyrimidic
stretch mimicking an “antigene” oligonucleotide has been
added at the 5'-end of the hairpin 5GCGAAGC3' or of the
mixed structure 5CGGAAGC3'. Tetramethylrhodamine
was then grafted at the 5'-end and fluorescein at the 3'-end
of the oligonucleotide.

Fluorescein does not hinder the formation of a hairpin
on the 3'-end of d(5TTCTCGCGAAGC3') (Réfrégiers
et al. 1996). However, itisimportant to determine whether
the structure of the hairpin is the same with and without
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Fig. 1 a Schematic representation of the hairpin 5 TTCTCGC-
GAAGC. b The guanosine-adenosine atypical base pair (according
to Hirao et al. 1994)

fluorophores. Resonance Raman spectroscopy (excitation
wavelength=257 nm) allows such a study. Thistechnigque
isparticularly well suited here since the 257 nm excitation
will largely enhance the resonance of purines compared to
pyrimidines and will therefore favor measurements of the
vibrations of the bases on the 3’ side of the oligonucleo-
tides which may form a hairpin.

Materials and methods
Oligonucleotides

Three oligodeoxynucleotides were synthesized by Geno-
sys (GB): H (5" TTCTCGCGAAGCS3') containing the se-
guence 5GCGAAGC3' which forms the extraordinarily
stable mini-hairpin (Hirao et al. 1992, 1994; Réfrégiers
et a. 1996; Yoshizawa et a. 1994), C (5 TTCTCCGGA-
AGC3) as a control which is unable to form the hairpin
and "H" which isthe same as H plus tetramethylrhodamine
at the 5'-end and fluorescein at the 3'-end. The oligonu-
cleotide "H was purified by HPLC in order to remove un-
labeled or singly labeled oligomers.

The oligonucleotides were solubilized at 102 M in a
cacodylate buffer (102 M, pH 7) containing 5.1072 M
NaCl. Samples were heated for 20 minutes at 80 °C then
slowly cooled down to 20°C in order to favor hairpin for-
mation (Sixou et a. 1994). Thefreefluorophoreswere sol -
ubilized in a cacodylate buffer (1072 M, pH 7).

Resonance Raman spectroscopy

The samples (400 pl of solution) in a quartz cuvette ther-
mostated at 4°C were stirred by a micro magnetic bar
(Miskovsky et al. 1989); they were excited under grazing
incidence at 257 nm, produced by doubling with a non
linear temperature matched crystal the 514 nm frequency
of aLexel 95-4 argon ionized laser. The exciting intensity
was controlled by the splitting of 5% of the incident light
onto a monitoring photomultiplier. The Raman spectra
were recorded in the 400 cm™—-1800 cm™ range, using a
Jobin-Yvon Ramanor HG-2S double monochromator.
Each spectrum was the accumulation of five consecutive
scans. These scans had the same intensity, proving the ab-
sence of photodegradation, which was also checked by
comparing the absorption spectra before and after Raman
analysis. The spectral resolution was 2 cm™. The spectra
were normalized using the intense water band at
3450 cm™; the buffer contribution was then subtracted be-
fore aberrant point elimination and fast Fourier transform
smoothing (Laigle et al. 1982a). The difference spectra
were calculated using normalized spectra of components
at the same concentration, 107> M. Because of the inher-
ent noise fluctuations of the method, we only discuss the
main difference peaks which appear in the 1000 cm™—
1800 cm™ range.

Results and discussion

The hairpin formed at the 3'-end of d(5 TTCTCGCGA-
AGC3') strongly protects this oligonucleotide (called H)
against enzymatic degradation as shown by PAGE experi-
ments (Réfrégiers et al. 1996). Thisis not the case for the
control C (5 TTCTCCGGAAGC3'), where the inversion
between a cytosine and a guanine prevents the forma-
tion of the hairpin. H has on its 3' side the sequence
5'GCGAAGC3' which has been shown to form an extraor-
dinarily stable hairpin (Hirao et al. 1992, 1994; Yoshizawa
et al. 1994). The faster migration (Réfrégiers et al. 1996)
of H compared to C on anative polyacrylamide gel is con-
sistent with formation of a hairpin on its 3'side.

Figure 2 presentstheresonance Raman spectraof H and
C aswell asthe difference spectrum (C—H). With 257 nm
wavelength excitation, the main Raman bands (1334 cm™,
1486 cm* and 1575 cm™ in the case of C) are from aden-
osine and guanosine. Pyrimidines have low resonance in-
tensities and are only observable around 1250 cm™ and
1650 cm™ and as a shoulder around 1370 cm (Laigle
et al. 1982b). We are therefore in a very favorable situa-
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Fig. 2 Resonance Raman spectraof the oligonucleotides C (control
5TTCTCCGGAAGC3') and H (hairpin 5 TTCTCGCGAAGC3')
and difference spectrum (C—H), excitation wavelength=257 nm

tion in which most of the spectrum is representative of the
3' polypurine stretch, whether or not it forms a hairpin.

Taking into consideration only peaks more intense
than the background noise, the difference spectrum be-
tween the resonance Raman spectra of C and H (C—-H)
shows three main positive peaks at 1470 cm™*, 1566 cm™
and 1599 cm™ and one main negative peak at 1343 cm 2.
It is satisfying to notice that all these peaks can be ex-
plained in terms of vibrational modifications affecting
the hairpin part of H (Fig. 1a) as compared to C, i.e.
(i) the C4-N3-C2-N1 part of guanosine and the
N12—-C6—C5—N7 part of adenosine which are involved
in the non Watson-Crick G—A bonding (Fig. 1b) which
stabilizes the 5’ GCGAAGC3' mini-hairpin in the geomet-
rical arrangement proposed by Hirao et al. (1994), (ii) the
C6=0 and N1H sites of guanosine which are involved in
the Watson-Crick bonding. The numbering of atomsisthe
one used by Tsuboi et al. (1973).

The negative 1343 cm™ peak results from (i) the shift
of aRaman line from 1334 cm™ to 1340 cm between C
and H, (ii) the enhancement of this line between C and H.
By comparison with the spectra of the single mononucle-
otides (Jollés et al. 1985; Tomkovaet al. 1995) we can as-
sumethat this peak isdueto an adenosine modification and
is assigned to C5N7 and C8N7 (Fodor et al. 1985) out of
phase stretching vibrations.

The main resonance Raman band of DNA in the
1400 cm1—-1500 cm™ range is located at 1486 cmt in
both the C and H spectra. It corresponds to awave of con-
densation and rarefaction along thelong axis of the purines
(Tsuboi et al. 1973). The involvement of guanine in this
line could be the result of two Raman vibrations observed
at 1480 cm~ and 1468 cm™ (Delabar and Majoube 1978).
Tsuboi et al. (1973) calculated a guanosine N3C2 and
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N1C2 out of phase vibration at 1470 cm™. Therefore, we
assume that the 1470 cm™ peak appearing in the differ-
ence spectrum results from modification of theintensity of
a 1470 cm™ line, the main guanosine line remaining un-
changed for H compared to C.

An adenosine C4C5 and C4N3 opposing stretching and
aguanosine C4N3 + C5C4—N7C5 mainly contributeto the
Raman line around 1580 cm™* (Fodor et al. 1985). In the
same range, Tsuboi described a shoulder at 1565 cm™ ob-
served both in the infrared and Raman spectra which has
been assigned to the C6=0, C5-C6, and C4=C5 of
guanosine (Tsuboi et al. 1973). We ourselves observed,
beside a 1583 cm™ line, a resonance Raman line around
1540 cm~* when guanosine is methylated at N1 (Chinsky
et al. 1987). Therefore, we assume that the contribution of
guanosineto the line located at 1575 cm™ in the case of C
and at 1579 cm™ in the case of H is composite. The inten-
sity of acomponent in the 1540 cm™—1570 cm™ rangeis
modified by the G—C Watson-Crick hydrogen bonds in-
volving the guanosine’'s C6=0 and N1H sites (Fig. 1a).
This results in the positive peak observed at 1566 cm™ in
the difference spectrum.

The 1599 cm™ peak in the difference spectrum results
from intensity modifications of a minor component in the
1580 cm™-1620 cm™ range. It could correspond to the
H15N14H16 and C2N14 vibrations of a guanosine (Fodor
et al. 1985). It is observed in resonance Raman in the case
of concentrated guanosine at high resolution (Chinsky
et al. 1987).

These first results prove that (i) the addition of the
5" pyrimidine stretch does not hinder the formation of a
structure whose vibrational analysisis consistent with the
hairpin proposed by Hirao (Fig. 1), (ii) the subtraction
of two resonance Raman spectra allows small structural
modifications to be followed.

To assess the structure of the hairpin in "Hf (same se-
guence as H plus the two fluorophores), it is necessary to
subtract the contributions of rhodamine and fluorescein
from the Raman spectrum of "H', Figure 3 presentsthe UV
resonance Raman spectra of "H', rhodamine (r? and fluo-
rescein (f) according to their contribution in "H'. Thiswas
carried out by determining, using a least squares method,
the contributions of H, r and f which allow one to recon-
struct aspectrum closeto that of "H. Figure 3 also presents
H' ("H—r—f) obtained after subtraction of the contribution
of thefluorophores. From now, thefigureswill concentrate
on the 1000 cm™—-1800 cm™ range since no significant
lines appear in the region below 1000 cm™ (see Fig. 2).
The spectrum H' looks like that of H (Fig. 2):
(i) The purine band vibration located at 1334 cm™ in the
case of C (Fig. 2) is shifted to 1340 cm™ in both the H
and H' spectra. (ii) In the 1550 cm™—1660 cm™ region,
H' shows a set of three lines as in the spectrum of H. The
1615 cm band of the H' spectrum is higher than the
1614 cm™ band of the H spectrum but remains distinct
from the 1586 cm™ line (1579 cm for the H spectrum)
in contrast to what is observed in the C spectrum (asingle
line at 1575 cm™). Moreover, in the H' spectrum, there is
asingle 1654 cm™ band comparable to the 1656 cm line
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Fig. 3 Resonance Raman spectrum of 'H ((TTCTCGCGAAGC),
cal culated spectrum H' ("H " minus contributions of rhodaminer and
fluorescein f), resonance Raman spectra of rhodamine r and fluo-
rescein f according to their contributions in the spectrum of "H',
excitation wavelength=257 nm

of the H spectrum but different from the doublet in the C
spectrum (1655 cm* and 1640 cm™).

Further information may be obtained from the dif-
ference spectra (C—H') (i) and (H'—H) (ii) (Fig. 4). In
(C—H"), H' playstherole of H as compared to (C—H) and
in (H'=H), H' playsthe role of C.

(i) Apart from the 1518 cm™ and 1252 cm ™ negative
peaks which will be explained below, (C—H') is compar-
able to (C—H): negative peak at 1345cm™ (although
smaller than the 1343 cm™ peak in (C—H)), positive peaks
at 1472 cm™, 1566 cm™, 1602 cm* and 1637 cm™* (very
similar to the 1470 cm™, 1566 cm™, 1599 cm™ and
1639 cm* peaks in (C—H)). Therefore, within the limits
of the method we can assume that the structure of H' is
very close to that of H: the hairpin has the same structure
with and without fluorophores.

(i) In contrast, (H'—H) (where H' playstherole of C as
compared to (C—H) in Fig. 2) is quite different from
(C—H): there is no negative peak around 1340 cm™, the
peak around 1470 cm™ is now negative, new positive
peaksappear at 1497 cmtand 1516 cm and all other pos-
itive peaks are shifted. (H'—H) shows that the structure of
"H' isdifferent from that of the control C, which reinforces
our previous assumption. (H'—H) has an additional signif-
icance: it showsthat there are some vibrational differences
between the hairpin with (H") and without (H) fluoro-
phores. Since the contribution of the fluorophores has al -
ready been removed in H' (H' ="H'—r—f), the difference
spectrum is interpreted in terms of modifications of the
base vibrations. The peak at 1248 cm corresponds to an
enhancement of the line around 1250 cm™ between H and
H'. Thisis a pyrimidine line essentially due to thymidine
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Fig. 4 H'("H'-r—f) and the difference spectra(H'—=H) and (C—H")

(Laigleet al. 1982b). The shift of the 1486 cm™ line up to
1490 cmt in H' causes a negative peak at 1479 cm™ and
apositive peak at 1497 cm™. Neither purines or thymidine
have vibrations around 1500 cm™ but cytidine present two
resonance Raman bands in this range (Fodor et al. 1985).
Theincreasein H' of the intensity of the first one located
at 1500 cm™ could cause the shift of the 1486 cm™ line
and the increase of the second one located near 1530 cm™
could cause the positive peak at 1516 cm™2. In both cases,
stretching vibrations involving the N1 site of cytidine are
implicated (Fodor et al. 1985; Tsuboi et al. 1973). The
difference at 1593 cm* is more difficult to interpret: it
seems to be the C4—C5 and C5-C6 vibrations of a cyti-
dine coupled to a NH2 scissoring vibration (Tsuboi et al.
1973). The difference at 1620 cm™ is due to the bending
of the NH2 of a cytidine (Tsuboi et al. 1973). Finaly, the
difference at 1654 cm* results from the strong enhance-
ment of athymidineline corresponding to aC4=0-C4C5
vibration (Jollés et al. 1985; Tomkova et al. 1995).

All differences between the spectra of H and H' can be
assigned to vibrational modifications of thymidineand cy-
tidine. It seems logical to consider that these vibrational
changes are only related to chemical bonding of fluores-
cein and rhodamine to cytosine and thymine and concern
the first thymine on which rhodamine is grafted and the
last cytosine on which fluorescein is attached.

Thislooksasif thelabeling of cytosine and thyminein-
creases their resonance with 257 nm excitation. For in-
stance, the 1249 cm™ line in H' has a resonance Raman
intensity similar to that of purine lines. Moreover, the
1516 cm* line in the difference spectrum H'—H (which
has been assigned to the intensity increase of a cytosine
line usually not observable in resonance Raman with
257 nm excitation wavelength) is now observable in the
H' spectrum before subtraction.



The enhancement of the lines at 1248 cm™ and
1516 cm from H to H', which is due to the attachment of
fluorophores at the ends of the oligonucleotide, is conse-
quently the cause of the positive peaks at 1516 cm™ and
1248 cm in (H'—H) as well as of the negative peaks at
1518 cm* and 1252 cm™ in (C—H'). This reinforces the
similarity between (C—H") and (C—H).

In conclusion, we determined four resonance Raman
marker bands for the non Watson-Crick base pair stabiliz-
ing the 5TTCTCGCGAAGC3 hairpin (1343 cm™,
1470 cm2, 1566 cm™ and 1599 cm™). The observation of
these marker bands proved that the attachment of fluoro-
phores at both ends of the oligonucleotide does not mod-
ify the structure of the hairpin which forms itself; it only
modifies the vibrations of the two end bases. The use of
such attached fluorophores is then justified in order to al-
low the study of oligonucleotides by fluorescence spec-
troscopy.
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