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Fluorescence Energy Transfer as a Probe for Tetraplex Formation: The i-Motif

Jean-Louis Mergny*

Laboratoire de Biophysique, Muse National d’Histoire Naturelle, INSERM U 201, CNRS URA 481,
43 rue Cuiier, 75005 Paris, France

Receied September 14, 1998; Reed Manuscript Receed December 4, 1998

ABSTRACT. The secondary structure of cytosine-rich oligodeoxynucleotides has been investigated with
fluorescent probes. Intramolecular folding of an oligonucleotide into an i-DNA motif led to fluorescence
excitation energy transfer between a donor (fluorescein) and an acceptor (tetramethylrhodamine) covalently
attached to the'sand 3 ends of the DNA, respectively, provided that a suitable linker was chosen. The
conjugation of the dyes to the oligonucleotide had an influence on the thermodynamics of i-motif formation
as well as on the kinetics of folding. Intramolecular folding was demonstrated from the concentration
independence of FRET over a wide concentration range. Folding of the oligonucleotide was confirmed
by UV absorption melting experiments. The folding of the i-motif could be followed at concentrations as
low as 50 pM. Fluorescence energy transfer can thus be used to reveal the formation of multistranded
DNA structures.

Fluorescence excitation energy transfer (FREIE) a /o\
dipole—dipole resonance interaction between two “close” ° ! e
molecules, where one molecule, called the “donor”, transfers pihose . 1yl
its excitation energy to the other, called the “acceptor”. FRET ! g P
has provided valuable information about the structure of ; s 2t b
various biologically relevant molecules, including nucleic 3/3[
acids (—10), because of its distance and orientation ()\N .
dependencel(). This study was undertaken to determine dibose
the potential use of derivatized oligonucleotides as probes D
of a tetraplex nucleic acid structure with the technique of o 9.‘
fluorescence energy transfer. Oligonucleotide name Sequence

It is well-known that cytosine-rich oligodeoxynucleotides 5 3
or polynucleotides may adopt a non-B structure at acidic pH. 21 CCCTAACCCTARCCCTARCCC
The formation of GC* base pairs was originally reported 21 Fluos COCTARCCCTRACCOTARCCC

. . . 21T CCCTAACCCTAACCCTAACCC-tamra
30 years ago in crystals of acetylcytosii®)(and later in F21T £1luo- CCCTAACCCTAACCCTAACCC - tanra
polydeoxy- or polyribonucleotidesl8—15). The proposed
hemiprotonated base pair is shown in Figure 1 (upper part). 23 TTCCCTAACCCTAACCCTAACCC
Solution studies of polydeoxycytidylic acid have pointed to F23 £luo- TTCCCTAACCCTAACCCTAACCC
the importance of hemiprotonation. The results showed that 23T TTCCCTAACCCTAACCCTAACCC- tamra

L . . . F23T fluo- TTCCCTAACCCTAACCCTAACCC-tamra

DNA sequences containing a significant stretqh of cytosines F23T2 10— CCCTAACCCTARCCOTAACCE TA-tamra
could adopt complex pH-dependent conformations. Recently,
the structure and stoichiometry of the complex formed by 26 TTTAR CCCTAACCCTAACCCTAACCC
the hexamer d(CCCCC) has been described®). This so- F26  fluo- TTTAACCCTAACCCTAACCCTAACCC
called i-motif is a tetramer of equivalent strands, which 26T TTTAA CCCTAACCCTAACCCTAACCC-tamra
exhibits the novel feature of intercalatedd base pairs of F26T  fluo- TITAACCCTAACCCTARCCCTARCCC tanra
two parallel-stranded duplexes. Individual parallel-stranded F-con-T 140~ TETTTTTITTTTTTTTTTTTT - anra
duplexes are right-handed and underwound, and the two
duplexes are “zipped together” in an antiparallel fashion 29 CCCCCTTTCCCCCTTTCCCCCTTTCCCCE
(Figure 1, upper part). Crystallographic data for th€-d( 34 TTTAA CCCCCTTTCCCCCTTTCCCCCTTTCCCCC
CCC) and dCCCT) oligodeoxynucleotides confirmed this F34T  £luo-TTEARCCCCCTTTCCCCCTTTCCCCCTTTICCCCC tamra

structure 17, 18). The molecule is flat with two very wide ~ FiGURE 1. (Upper part) Hemiprotonated-C* base pair (left) and
schematic drawing of the i-motif (right). (Lower part) List of the

oligonucleotides used in this study. Abbreviations used for the
* To whom correspondence should be addressed. Fax: (33-1) 40fluorescent oligonucleotide are indicated, with the following

79 37 05. E-mail: mergny@lovelace.infobiogen.fr. convention. The dye is written first if it is linked to thé &nd of
1 Abbreviations: FRET, fluorescence resonance energy transfer; the oligonucleotide; when linked to the &nd, it is written last.
Tamra, tetramethylrhodamine. fluo is fluorescein; tamra is tetramethylrhodamine.
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grooves and two very narrow grooves. The molecules twist  Fluorescence Studiesll measurements were taken on a
in a right-handed manner, and the distance between theSpex Fluorolog DM1B instrument, using a bandwidth of 1.8
nearest base pairs is only 3.1 A. Such a distance, which isnm and 0.2 cmx 1 cm quartz cuvettes. For emission spectra,
shorter than that in B-DNA (3.4 A), was reported for poly- the excitation wavelength was set at the wavelength where
(dC) 30 years agal@). A strand carrying four copies of the  absorption of the donor was maximal (492 nm) or chosen to
cytosine-rich telomeric repeat may form an intramolecular minimize the extent of absorption of the acceptor (480 nm).
i-motif (20—22). Other biologically relevant sequences may For excitation spectra, the emission wavelength was 580 nm.
also form this motif 23, 24). In previous studies, we have Correction of the emission spectra for instrumental response
determined the stability of the folded form(s) of different was achieved by recording the spectra of sample and
single-stranded oligodeoxy- or oligoribonucleotid2s, @6). standards, and correcting for absorbance differences.

The data were collected using mostly UV absorbance melting (a) Calculation of R. Ry is the critical Faster distance, at
experiments. We wanted to investigate whetherfluorescenceWhiCh the transfer efficiencE accounts for half of 'Ehe

spectroscopy could provide useful information about the deactivation processes of the donbl) R, was calculated

folding of a_cytosme-rlch ohgonuc_leoude. ) .. as described in reb. We used an average value %f for
We describe some spectroscopic properties of derivatizedine grientation factox? (assuming random orientation for

oligodeoxynucleotides, where dyes such as fluorescein oryha o dyes; depending on the relative orientation of the

rhodamine derivatives form the fluorescent part of the emission dipole of the donor and the excitation dipole of

modified oligonucleotide. In the following experiments, we o acceptorg? can take any value between 0 and 4) and
report that FRET can be used to probe the secondary structure_L33 for the refractive inder. As the covalent link between

of a cyto;ine-rich D.NA ffagm.e”t- We chose to analyze .(1) the chromophore and the oligonucleotide has an effect on
a short oligonucleotide mimicking 3.5 repeats of the cytosine- its absorption and fluorescence propertieghe absorption

rich ;trand .Of vertebratg telomergs with 4 repeats of 3 coefficient of the acceptor, an@p, the quantum yield of
cytosines [this 21-base oligonucleotide was previously shownﬂuorescence of the donor. were calculated from the data

to form the i-motif, as demonstrated by two-dimensional . . o
NMR (20, 22) and CD spectroscopyl)] and (2) a longer ?otl)ltg\llxr/]i(ralg l;g:r:]t?a.conjugated dyes.is linked toR, by the

oligonucleotide containing 4 repeats of 5 cytosines [this
oligonucleotide forms a very stable i-mot2%)].

6
The primary sequences and names of the fluorescent E= R, (1)
oligonucleotides used therafter are given in the lower part R06 + R
of Figure 1.

whereR s the distance between the donor and acceptor. Due
to the sixth-power dependence BnE very quickly drops
OligonucleotidesAll oligonucleotides were synthesized to zero wherR > R,.
and purified by Eurogentec. (b) Determination of Transfer Efficiency. E can usually
UV Absorption StudiesUnless otherwise specified, all be calculated from the quenching of the donor emission in
experiments were performed in a 10 mM cacodylate buffer the presence of the acceptor, provided that no other phe-
(pH 6.8) at an oligonucleotide strand concentration pf nomenon perturbs the fluorescence of the donor. This
Thermal denaturation profiles were obtained with a Kontron quenching was monitored at a wavelength where the emission
Uvikon 940 spectophotometer, using Quartz cuvettes with a of the acceptor was negligible (515 nm for the fluoreseein
1 cm optical path length. The six-sample cell holders were tamra couple).
thermostated by a circulating liquid (80% water/20% glyc-
erol). The temperature of the liquid was controlled by an RESULTS
Haake water bath, and the temperature in one of the cells
was measured by thermoresistance. The temperature of the Fluorescence Properties of the Conjugated Dygke
bath was increased or decreased at a rate di@in, thus ~ spectroscopic properties of fluorescein and tamra were
allowing complete thermal equilibration of the six cuvettes. affected by covalent linkage to the oligonucleotide. The
Analysis of a Hysteresitn many cases, we have observed Maximum absorption and excitation wavelength for 21-mer
that, at near-neutral pH, the thermal dissociation (heating) fluorescein was 492 nm, with an emission maximum at 512
curves of the i-motif are largely shifted toward higher Nnm, and a quantum yield (0.2) which was lower than that of
temperatures as compared to the association (cooling) curvedree fluorescein. The oligonucleotide linked to tamra had
(22, 25). The hysteresis and the stability are strongly maximum excitation (557 nm) and emission (581 nm)
dependent on pH between pH 6.4 and 7.2. The kinetic wavelengths very similar to those of the protein-conjugated
behavior of the system has been analyzed at near-neutral pHlye (555 and 580 nm, according to Molecular Probes). Note
to obtain the rate constants of association and dissociationthat the molar extinction coefficient of fluorescein was
from the hysteresis of the thermally induced association decreased by 30% for fluorescein< 3.6 x 10* M~tcm™)
dissociation reactions28). Such a behavior, which is the upon covalent linkage. Such a decrease has already been
result of slow association and dissociation kinetics, has described for fluorescein conjugated to an oligonucleotide
already been described for triple helix formatioB7) (5). The properties of the fluorescein-conjugated oligonucle-
Quantitative analysis of the kinetic parameters of i-motif otides were also strongly dependent on pH, and an important
formation, based on the results of Réaget al., with few guenching was observed at p¥b.8. For these reasons, all
modifications, will be presented elsewhere. measurements were performed in a pH 6.8 buffer, which was

EXPERIMENTAL PROCEDURES:
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Ficure 2: UV denaturation profiles of the 21-met-}, F21 (), 21T (©), and F21T M) in a pH 6.8, 10 mM cacodylate buffer ¢

strand concentration). Directions of temperature changes are indicated by arrows. (A) Absorbance recorded at 265 nm, with 0.06, 0.12, and
0.18 OD offsets for F21, 21T, and F21T, respectively. (B) Absorbance recorded at 295 nm. Only the data for the 21-mer and F21T are

presented in this part for clarity. (C) Absorbance recorded at 492 nm. (D) Absorbance recorded at 565 nm.

acidic enough to allow i-motif formation, without an overly
important quenching of the fluorescence of the donor.

Excitation Energy Transfer Studies for 21-melrs.the

consequence of slow kinetics of i-motif formation and
dissociation at near-neutral pH. All transitions were pH-
dependent, in agreement with i-motif formation (not shown).

unfolded form, little transfer is expected, as the average The four oligonucleotides melted in the same temperature
distance of the two chromophores should be larger than therange, but their melting profiles were not perfectly super-

Forster critical distance (calculated to be around 4.5 nm).
Intramolecular folding should bring the chromophores into
close enough proximity. Therefore, FRET should be a
convenient method for monitoring thét® 5 end distance.
We first wanted to confirm that the covalent attachment
of the dyes did not prevent i-motif formation. The “parent”
oligonucleotide (21-mer) has been shown to fold into an
i-motif structure by NMR spectroscopg2), and UV melting

imposable, suggesting that the covalent attachment of one
or two fluorescent dyes had a significant impact on the
stability of the folded structure (Figure 2A). A larger
hysteresis at 265 nm was present in the case of the F21T
oligonucleotide, as a result of slower associatidissocia-

tion kinetics. Figure 2B is the melting profile at 295 nm for
the 21 and F21T oligomers. As previously observed, dis-
sociation of the i-motif induces a hypochromic shift at this

experiments provided a good test for measuring the stability wavelength, as a result of cytosine deprotonatif).(The

of the structure. Thereford@,, measurements were taken for

hysteresis phenomenon was also more pronounced at 295

the 21, F21, 21T, and F21T oligomers at pH 6.8. As shown nm in the case of the F21T oligonucleotide, and the heating

in Figure 2A, a hyperchromic shift was observed for all

curve was significantly shifted toward higher temperatures.

oligonucleotides. In all cases, the heating and cooling Cyc|e5Theref0re, the double substitution delays the dissociation of
could not be superimposed; the profile obtained when the the i-motif and stabilizes the structure. Simple substitutions

temperature was increased was shifted to higher temperature§F21 or 21T) had less effect on the stability, as compared to
as compared to the profile observed when the temperaturethat of the nonfluorescent 21-mer.

was decreased. This hysteresis phenomenon, which has been Panels C and D of Figure 2 show the absorbance versus

described for DNA triple helices2{), has been studied in
the case of i-motif formation28). This hysteresis is the

temperature profiles at two other wavelengths, in the visible

region, close to the absorbance maxima for fluorescein (492
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nm, Figure 2C) and tamra (565 nm, Figure 2D). The A
unsubstituted 21-mer does not absorb light in the visible 3 107}
region (+). The 21T shows a monotonic variation of
absorbance at these two wavelengt®$. (The absorbance

of the F21 oligomer at 492 nnv( Figure 2C) is only slightly
affected by i-motif formation. These weak variations are in
sharp constrast with the large signals observed at 492 (Figure
2C) and 565 nm (Figure 2D) for the doubly substituted F21T
oligomer. These absorbance measurements show that, upon
i-motif formation, a significant hypochromism is observed
for the tamra and fluorescein dyes, when they are brought
into close proximity. No such hypochromism was obtained
with the simply substituted oligomers, suggesting that this ‘00 T 20 30 40 50
hypochromism is the result of direct tamtfiuorescein

interaction, rather than the result of an interaction between

the dye and the structure itself. » 10 B

We then performed fluorescence measurements as a ]
function of temperature for the F21 and F21T oligomers.
As shown in Figure 3A, when excitation was set at 492 nm,

a decrease of fluorescence emission at 515 nm was observed
at low temperatures for the F21 oligomer)( The shape of

this fluorescence versus temperature profile was very similar
to that of the absorbance at 265 nm versus temperature profile
(Figure 2A,v). i-motif formation induces a 50% quenching

of fluorescence. The temperature dependence of the F21T
oligomer emission at 515 nm was even more pronounced,
and a 96% quenching of fluorescence was observed@t 0 ol ‘ ]

as compared to that at €. This quenching was in part 0 10 20 30 40 50
the result of a decrease in fluorescein absorbance (Figure Temperature (°C)

2C,H); however, the decrease in fluorescein emission (96%) , C

cannot be solely explained by the decrease in the absorption 2107
coefficient (30%). Therefore, both fluorescein absorbance
and fluorescence properties are altered in the presence of
tamra.

On the basis of fluorescein emission only, one cannot
conclude that fluorescence energy transfer is observed at low
temperatures for the F21T oligomer. The analysis of the
acceptor emission at 580 nm revealed that, upon excitation
at 492 nm, no sensitized emission of the acceptor was
observed. On the contrary, a significant decrease in tamra
emission was observed (Figure 38). Therefore, although
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one cannot completely exclude the possibility that FRET 04— ‘ — — 1
occurs in this system, it is not the major mechanism that 0 10 20 30 40 50
explains the quenching of the fluorescence of the donor. Temperature (°C)

Rather, as suggested by the absorbance measurements (pan@isure 3: Fluorescence vs temperature measurements in a pH 6.8,
C and D of Figure 2), direct interaction between the two 10 mM cacodylate buffer (0,2M strand concentration). Excitation
dyes may occur, and prevent fluorescence emission. was set at 492 nm. The temperature of the bath was increased or

Identical measurements were performed with the EconT decreased at a rate of 0.2&/min. Directions of temperature
' u were p Wi changes are indicated by arrows: (A) F21T (515 @n580 nm,

oligonucleotide, with fluorescein and tamra conjugated at m) and F21 (515 nmy), (B) F23T (515 nm©; 580 nm,m), and
the B3 and 3 ends, respectively. Monotonic variations of (C) F23T2 (515 nmgQ; 580 nm,m).

fluorescein and tamra emission were observed in the tem-
perature range of-880 °C, and no quenching of the emission Absorbance measurements at four different wavelengths
of fluorescein was detected, in agreement with an unfolded (265, 295, 492, and 565 nm; not shown) gave results similar
structure at all temperatures (not shown). to the melting curves presented in Figure 2 for the 21-mers;
Excitation Energy Transfer Studies for 23-ménsthe case ~ the F23T oligomer has a different melting profile at 265 nm
of the 21-mers, fluorescein and tamra were directly attachedthan the 23-mer and F23 and 23T oligomers. As for the F21T
to the 3 and 3 ends of the i-motif, respectively. Folding of in panels C and D of Figure 2, the absorbance at 492 and
the oligonucleotide should lead to the juxtaposition of the 565 nm of the F23T decreased at low temperatures (not
two dyes. For this reason, we designed longer oligonucle- shown). Fluorescence versus temperature measurements were
otides, having two extra bases at th€f=23T) and 3(F23T taken by simultaneously recording emission at 515 and 580
2) ends, to increase the distance between the two chro-nm for the F23T (Figure 3B) and F23T2 (Figure 3C)
mophores and prevent direct physical interaction. oligomers. In both cases, quenching of donor and acceptor
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Ficure 4: UV denaturation profiles of the 26-met-), F26 (), 26T ©), and F26T M) in a pH 6.8, 10 mM cacodylate buffer (4.2

strand concentration). Directions of temperature changes are indicated by arrows. (A) Absorbance recorded at 265 nm, with 0.06, 0.12, and
0.18 OD offsets for F26, 26T, and F26T, respectively. (B) Absorbance recorded at 295 nm. Only the data for the 26-mer and F26T are
presented in this part for clarity. (C) Absorbance recorded at 492 nm. (D) Absorbance recorded at 565 nm.

emission was observed at low temperatures, and the shapebases at the'%end of the sequence has an impact on the
of the fluorescence melting curves were superimposed with formation of the i-motif.

the UV absorbance melting curves. Therefore, in both cases, iy Figure 4A shows that the profiles of 26 and F26 are
i-motif formation led to direct interaction between fluorescein identical, but differ from the profiles of the 26T and F26T

and tamra, and no FRET could be detected. In conclusion, gjigomers. No difference was observed between the 26T and

theff_addition of tW‘I) exltra bases at (tjh'e‘ﬁ 3 end was nfoth F26T oligomers. In other words, the addition of a fluorescein
sufficient to completely prevent a direct interaction of the o o 5 ang of the oligomer has little effect on i-motif

two dyes. Nevertheless, the quenching of fluorescein emis'formation, whereas a tamra at theehid leads to a larger

slon was less pronounged in the case of the F.23T and F23T2hysteresis, showing that the kinetics of association and
oligomers (70 and 80%, respectively) than in the case of dissociation are slowed by this 8nd modification.

the F21T oligonucleotide (96%).
Y ( ) (iif) Figure 4B confirms the data recorded at 265 nm; at

Excitation Energy Transfer Studies for 26-mefsr this _ L :
reason, we designed even longer oligonucleotides, havin9295 nm, an inverted transition is obtained for both the 26-

five extra bases at the Bnd, to further increase the distance M€’ and the_ F26T oligomer, and the' hysteresis is more
between the two chromophores and prevent direct physica|pronounced in the case of the F26T oligomer.
interaction. (iv) Figure 4C shows that the absorbance of the fluorescein
Absorbance measurements at four different wavelengthsdye is not affected by the formation of the i-motif, even in
(265, 295, 492, and 565 nm) are presented in Figure 4 forthe presence of the tamra dye; a monotonic variation of
the 26-mer ¢) and F26 ), 26T (©), and F26T M) absorbance is obtained for the F26 and F26T oligomers.
oligonucleotides. Several conclusions can be reached on the (v) In contrast, the absorbance of the tamra dye is slightly
basis of these UV melting curves. affected by the formation of the i-motif, in the presence or
(i) The unsubstituted 26-mer has a slightly different profile in absence of the fluorescein dye; a small variation of
than the parent 21-mer (compare Figure 4A, crosses, withabsorbance is observed at 565 nm for the 26T and F26T
Figure 2A, crosses). In other words, the addition of five extra oligomers (Figure 4D).
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FIGURE 6: Fluorescence emission spectra of F26T (iMPstrand

concentration/lexc = 480 nm) in a pH 6.8, 10 mM cacodylate
buffer: (solid line) at 37C, (+) after a 2 min incubation at 6C,

and @) after a 5 hincubation at @C. (Inset) Time dependence of
the fluorescence emission of F26T. The sample was denatured at
high temperatures and then quickly cooled td@ Fluorescence
measurements (excitation at 492 nm and emission at 515 nm) were
7 then performed at different times.

Emission (a.u.)

temperatures for the F26 oligonucleotide (Figure 5A). This

1 minor variation is in sharp contrast with the large hysteresis

presented in Figure 5C for the F26T oligomer. A maximum

guenching of 80% at OC was detected. Howevea 5 h

preincubation at OC was required to maximize the quench-

ing, and a slow decrease in emission at 515 nm was detected
C during this period (arrow 1 in Figure 5C). This result is in

TP good agreement with the UV melting profile (Figure 4A)

] g showing that, even after slow cooling tdQ, re-formation

of the structure was not completed immediately.

To analyze the kinetics of i-motif formation at°C, the
F26T oligomer was heat denatured and kept af@7Its
emission spectrum is shown in Figure 6 (solid line). The
sample was then quickly equilibrated at©, and emission
spectra were recorded at different time intervals. Figure 6
presents the emission spectrum after 2 mii &t 0°C and
after 5 h at 0°C (@). The quantitation of the emission signal
at 515 nm versus time is presented in Figure 6 (inset). From
these data, one may observed that attl&dsisrequired to
obtain near-complete formation at°@. The curve could

0 T T T L T T 1
0 10 20 30 40 50 60
Temperature (°C)

R

& : -

0 10 20 30 40 50 60
Temperature (°C)

Emission (a.u.)

FIGURES: Fluorescence vs temperature measurements in a pH 6.8,,ya]| pe fitted with a monoexponential decay, with a half-
10 mM cacodylate buffer (0.2M strand concentration). Excitation . L . 2! L
was set at 492 nm. Emission was recorded at 515 (white symbols)IIfe of 70 min, in good agreement with a first-order kinetic

or 580 nm (black symbols). The temperature of the bath was reaction, as expected for intramolecular folding.
increased or decreased at a rate of (°2%min. Directions of From the shape of the emission curve presented in Figure

temperature changes are indicated by arrows: (A) F26 (515 nm, A one may observe that the emission signal at 580 nm (in
(vglgsr?n?gfvs)éé?ng (515 nm,0; 580 nm. @), and (C) F26T e acceptor emission range) is not strongly increased upon
T e i-motif formation. To demonstrate that FRET effectively
(vi) These experiments show that the tamra dye, but not occurred between the donor and the acceptor, we recorded
the fluorescein dye, has a significant effect on the formation the emission (Figure 7A) and excitation (Figure 7B) spectra
of the i-motif. Contrary to what was shown for the 21-mers of the F26 ), 26T (O), and F26T M) oligomers. The
in Figure 2, no interaction between the fluorescein and tamraanalysis of the emission spectra, after excitation at 480 nm,
dyes was detected for the doubly substituted F26T oligo- shows that the emission at 515 nm of F26T is strongly
nucleotide. guenched, as compared to that of F26. In other words, the
Fluorescence versus temperature measurements were takeaddition of a tamra group at thé@énd of the 26-mer strongly
by simultaneously recording emission at 515 and 580 nm quenches the emission of fluorescein. At longer wavelengths
for the F26 (Figure 5A), 26T (Figure 5B), and F26T (Figure (around 580 nm), a relatively high emission level is observed
5C) oligomers. In the case of the F26 and 26T oligomers, for F26T. This peak may be explained only in part by a direct
no large variation of fluorescence was observed. A limited excitation at 480 nm of the tamra dye (see the emission of
quenching of fluorescein emission was detected at low 26T for comparison). The analysis of the excitation spectra
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FIGURE 7: Fluorescence spectra of F28)( 26T (©), and F26T 3 P
(m) with a 0.2uM strand concentration in a pH 6.8, 10 mM = 1.4 10°] .\".-J;
cacodylate buffer at 0C. The samples were equilibrated at© = e
for 72 h before the measurements. (A) Fluorescence emission 2
spectra (excitation set at 480 nm). (B) Fluorescence excitation 2 1 "
spectra (emission set at 580 nm). The dotted line depicts the ,E
subtraction of 26T from F26T excitation spectra. + 10°] 24 10"
T T T T T .
(emission recorded at 580 nm) confirms that this enhanced o 10 20 30 40 50 60

emission is the result of the excitation of the fluorescein dye Temperature (°C)

[compare the excitation spectra of F2al)(with those of FIGURE 8: (A) UV denaturation profiles of the 29-meff, the
26T (O)]. In other words, this emission peak at 580 nm is 34;mer ("), and F34T M) in a pH 6.8, 10 mM cacodylate buffer

. . (2.2 uM strand concentration). (B) Fluorescence vs temperature
in large part the result of FRET from fluorescein to tamra. | .aasurements of E34T in a pH 6.8, 10 mM cacodylate buffer (0.2

Excitation Energy Transfer Studies for 34-meikhe uM strand concentration). Excitation was set at 492 nm. Emission
stability of the i-motif formed by the telomeric sequence was recorded at 5151 or 580 nm W@). The temperature of the
(CCCTAA repeats) is, as previously observed, marginal at bath was increased or decre?sehd 6:‘t| a rate of @Zmin. (C)
near-neural pHEg) We thus wanted to nvesiigate by FRET  Concentaton dependence of e uopscence ve temperaure
the formation of a more stable i-motif. Increasing the length 4 492 nm. Emission was recorded at 580 nm. The temperature of
of the cytosine repeats stabilizes the struct@f. (Therefore, the bath was increased or decreased at a rate oPG/28in. Larger
we studied the folding of a 29-mer, containing 4 repeats of emission and excitation slits were used for the diluted sample (9.2
5 cytosines. Its sequence is presented in Figure 1. For FRETM) than for the 0.22M sample (1.8 nm). All these measurements
studies, on the basis of the data obtained with the 26-_mers,‘é‘?etr:nﬁ’sg;gmgdc'ﬁaigssGérge’ %:dﬁxe%aggdggfgag“ﬁer' Directions
we designed a derivative of the 29-mer sequence, with an
identical B-TTTAA five-base tail. The thermal stabilities of  (apparenfl,, of 23 °C). In this case, th&, determined from
the 29- and 34-mers and F34T oligomer are presented inthe heating experiment differs from thg, deduced from
Figure 8A. As expected, the melting of the 29-mé¥) ( the cooling process by more than 2G! Two successive
occurred at higher temperatures than the melting of the heating and cooling processes are presented in Figure 8A,
telomeric repeat oligonucleotide (21-mer, shown in Figure showing that this phenomenon is perfectly reproducible. In
2A). A large hysteresis was observed, and an apparentthis case, the addition of both dyes has little effect on the
melting temperature of 43C was obtained upon heating, stability of the structure [compare 34-mef)(and F34T @)
as compared to 32C upon cooling. The addition of @ 5 in Figure 8A].
tail increased the hysteresis (Figure 84, Melting occurred Fluorescence melting experiments were then performed
at 45°C when the sample was heated, but re-formation of with the F34T oligonucleotide, exactly as described for F21T
the folded structure by cooling was even more delayed (Figure 3A), F23T (Figure 3B), F23T2 (Figure 3C), and
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F26T (Figure 5C). The results are presented in Figure 8B. Quantitatve Measurement of Fluorescence Energy Trans-
An important quenching (85%) of fluorescein emission at fer. As shown in this study, covalent attachement of the dye
515 nm was observed at low temperatures. This is in contrasthas an impact on the fluorescence properties of the dyes,
with the sensitized increased emission level at 580 nm. In especially fluorescein. It is also noteworthy than the extinc-
this case, formation of the i-motif led to an 80% increase in tion coefficient and relative quantum yield of covalently
emission at 580 nm. As previously observed for the 26-mers, bound fluorescein are themselves dependent on the state of
the fluorescence signals follow the absorbance melting the oligonucleotide (i.e., folded or unfolded) especially when
curves, and a large hysteresis is obtained. Full quenching ofit is directly attached to the i-motif, without any linker bases
the donor is achieved in a matter of minutes (not shown). in between. Therefore, the, distance between fluorescein
This association process, which is faster than that for the and tamra is slightly different in the case of folded and
26-mer, is the result of the greater thermal stability of the unfolded oligomers. The fluorescence properties of these
34-mer and the very strongly negative activation energies dyes, and especially fluorescein, are also strongly dependent
of association. In other wordg&g, strongly increases when on experimental conditions, which may explain the apparent
the temperature decrease8)( in a manner analogous to discrepancies between tRevalues reported for this doner
the nucleation-zipping model proposed for double- and triple- acceptor pair (from 3.5 to 5.2 nm).
stranded nucleic acids. Another important factor concerning FRET is its distance

All these studies confirm that, provided that two chro- and orientation dependence. The orientation faGttirican
mophores are attached to an i-motif forming oligonucleotide, be precisely determined in two extreme cases: when the
FRET may be used to monitor the formation of the tetraplex. orientations of the two molecules have an isotropic distribu-
All fluorescent measurements were taken at O\, as tion or if their position is fixed and known. For the
compared to a strand concentration of 4 or AN in the experiments described in this study, all fluorophores had a
case of absorbance measurements. We tested further thémited freedom, and the distribution of their orientation
sensitivity of this method; Figure 8C presents the fluores- factors was certainly not isotropic, mainly because the target
cence emission signal at 580 nm recorded for F34T at two strand sterically prevents some of the orientations, and the
different concentrations: 0.2M (O, emission intensity  fluorophores closely interact with the target sequence. This
shown on the left scale) and 50 pNll,(emission intensity  leads to an error in the orientation factor, which is often
shown on the right scale). Melting and cooling profiles were assumed to be equal 4 (isotropic distribution) for alRR,
very similar. Two heating and cooling cycles are presented determinations, but could well take any value between 0 and
in each case, showing that the hysteresis phenomenon wad. Two structures could be compared, on the basis of the
clearly reproducible. Therefore, folding of F34T into an transfer efficiency, but the geometry and the eventual folding
i-DNA motif could be detected at concentrations as low as of the nucleic acid linker between the donor and the acceptor
5 x 1071* M with this method. also have an influence on the average distance between the

two molecules. Thus, both the distance and orientation of

DISCUSSION the two molecules might be affected. Pertinent conclusions

FRET versus Static Quenchinfponor—acceptor interac-  can only be drawn if the fluorophores experience complete
tions other than dipoledipole should usually be avoided. motional freedom or immobility.
These interactions usually occur when the two molecules Influence of the Reporter Group on the Stability of the
are brought into very close proximity (a few angstroms). i-Motif. This study illustrates one of the major drawbacks
Folding of the 21-mer, where the fluorescein and tamra dyesof using fluorescence spectroscopy to monitor the stability
are directly linked to the terminal @nd 3 cytosines, led to  of a nucleic acid structure. As nucleic acids are virtually
a strong quenching of the donor fluorescence. It was possiblenonfluorescent, attachement of a reporter dye(s) is needed
to prevent such a close contact, for example, by inserting ato monitor the fluorescence of the oligomer. The structural
few bases between the two dyes. Two bases were noteffect of such a modification is usually neglected. This is
sufficient, but a 5spacer of five bases prevents undesired not the case in the formation of the i-motif for two main
contact between the two dyes. When the resulting 26-merreasons. (i) The oligonucleotides are rather small, and
folded, FRET was obtained between fluorescein and tamra,therefore, the attachment of a dye has a significant impact
as shown by the quenching of fluorescein emission and theon the molecular weight, charge, flexibility, and hydropho-
sensitized tamra emission. bicity of the molecule. (i) The stability of the i-motif at

It should be noted that the quenching of the donor neutral pH is relatively weak, and a stabilizing effect obtained
fluorescence was less pronounced than in the case of thdén the presence of a terminal dye will be easily detected.
21-mer. Therefore, the fluorescence variation of the fluo- Finally, the bulkiness of the reporter dyes interferes with
rescein group of the F21T oligomer is a very sensitive way the folding and unfolding of the i-motif. As a result, the
of monitoring the folding of this oligonucleotide; a 25-fold  dissociation and association constants of the fluorescent
increase of fluorescence is observed upon i-motif dissocia- oligonucleotides are lower than the calculated values obtained
tion. Nevertheless, the absence of a concomitant sensitizedvith an unmodified oligomer with an identical sequence.
emission could lead to wrong conclusions; fluorescein  Why Should FRET Be UsedH the experiments described
emission is very sensitive to experimental conditions, such above require a doubly labeled oligonucleotide, with a donor
as pH, and a large variation of its emission might result from group at one end and an acceptor group at the other end.
a different phenomenon (i.e., change of the local environ- The synthesis and purification of such an oligonucleotide is
ment) than the intramolecular folding of the oligomer. In rather long and costly, compared to that of an unmodified
the case of the F26T oligomer, the enhanced emission ofoligomer. The yields of labeling for both dyes must be high,
the tamra species is further proof of FRET. and a good separation of the fluorescent derivatives is not
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always straightforward. As a result, minute amounts of pure,
doubly substituted oligomers are often obtained. Finally, the
labeling may have a significant impact on the properties of
the oligonucleotide.

There are justifications for the FRET approach that balance
the disadvantages. (i) The technique is extremely sensitive,
allowing detection of the phenomenon at a strand concentra-
tion of 5 x 10" M. Therefore, low yields of synthesis are
not a major problem. (ii) The dynamic response of most
spectrofluorimeters is linear over a wide concentration range
(typically 5 orders of magnitude). Association phenomena
may thus be followed at different concentrations, allowing
the determination of thermodynamic parameters. In our case,
intramolecular folding led to a concentration-independent

behavior demonstrated between strand concentrations be-

tween 5x 10t and 2x 107 M. (iii) The technique may
be used to follow the folding of a fluorescent oligonucleotide,

even in the presence of a large excess of unlabeled polymers.

Thus, FRET may be used in cultured ceB; the degrada-
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In conclusion, FRET is a valuable method for investigating
the secondary structure of an oligonucleotide. We are
currently exploring the possibility of analyzing the structure
of an i-motif oligonucleotide in the presence of various
ligands or proteins.
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