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ABSTRACT

The i-motif is a four-stranded structure formed
by two intercalated parallel duplexes containing
hemiprotonated CeC* pairs. In order to describe
the sequence of reactions by which four C-rich
strands associate, we measured the formation and
dissociation rates of three [TC,], tetramers (n=3, 4
and 5), their dissociation constant and the reaction
order for tetramer formation by NMR. We find that
TC,, association results in the formation of several
tetramers differing by the number of intercalated
CeC* pairs. The formation rates of the fully and par-
tially intercalated species are comparable but their
lifetimes increase strongly with the number of inter-
calated CeC* pairs, and for this reason the single
tetramer detected at equilibrium is that with optimal
intercalation. The tetramer half formation times
vary as the power —2 of the oligonucleotide concen-
tration indicating that the reaction order for i-motif
formation is 3. This observation is inconsistent
with a model supposing association of two pre-
formed duplex and suggests that quadruplex forma-
tion proceeds via sequential strand association
into duplex and triplex intermediate species and
that triplex formation is rate limiting.

INTRODUCTION

At slightly acidic pH, the oligonucleotides carrying a cyti-
dine stretch form a tetrameric structure in which two par-
allel duplexes are associated in a head to tail orientation
with their hemi-protonated CeC " pairs intercalated in a
so called i-motif (1). High-resolution structures of i-motif
tetramers reported either from NMR or X-ray studies
(2,3) show that intercalation and staking of CeC™ pairs
generate a rigid core of long-lived base pairs including two
narrow and two wide grooves. I-motif structures formed
by four identical C-rich oligonucleotides (4), by two
hairpins caring two cytidine stretches (5) or by a folded
strand caring four cytidine stretches (6,7), have been
described but little is known about the sequence of the

intermolecular events by which two parallel duplexes can
zip together into an interdigitated four-stranded structure.

In favorable circumstances, the formation and dissoci-
ation kinetics of a multimeric structure can yield informa-
tion about its formation mechanism, on the transition
states and on the limiting steps. Using this approach, we
recently established that the formation of (TG, T), tetra-
molecular G-quadruplexes proceeds via sequential strand
association into duplex and triplex intermediate species
and that triplex formation is rate limiting in KCI solution
(8). Using the same strategy, we investigate in the present
work the formation pathway of i-motif tetramers formed
by four identical TC,, strands. The kinetics studies on
i-motif previously reported concern mainly monomolecu-
lar (9) and dimeric (10) structures. Using UV absorption
spectrophotometry (11), FRET (12) and NMR (10), it was
shown that strand association and i-motif dissociation
are relatively slow and that the i-motif stability is optimal
around the cytidine pK. Nevertheless, these studies could
not provide information about the i-motif formation
pathway.

Association of C, T (13) and C,, (14) strands into i-motif
results at equilibrium in the formation of several species
differing by their intercalation topology. For this reason,
we selected for the present study the TC,, sequences (n = 3,
4 and 5) that adopt at equilibrium a single structure
with optimal intercalation and the stacking order:
(T1eT1-CneCn-C2eC2...C2eC2-CneCn-TleT1) (1,4,
J.-L. Leroy, unpublished results).

The formation of an i-motif tetramer cannot result
from the synchronized collision of four C-rich strands.
Despite of the lack of experimental evidence about
the existence of intermediate structures, i-motif forma-
tion must result of the association of two preformed
parallel hemiprotonated duplexes or of the step by
step association of four C-rich strands. Intercalation
of two fully hemiprotonated duplexes into an i-motif
structure is topologically impossible, but there is no
difficulty to imagine intercalation of two incompletely
hemiprotonated duplexes. For example, two [TCyl,
duplexes with C2eC2" and C3eC3" pairs and non-
paired C4 and C5 bases could associate by mutual inter-
calation of bases C5 at steps T1-C2 and of C4 between
pairs C2eC2" and C3eC3 ™.
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In order to understand the formation pathway of tetra-
meric i-motif structures, we measured by NMR the effects
of temperature, pH and strand concentration on the
formation and dissociation rates of the (TC,), tetramers.
The spectra collected as a function of the time during
i-motif formation show that several tetramers differing
by the intercalation topology are formed at comparable
rate. Nevertheless, the fully intercalated tetramers whose
lifetimes are much more longer than those with partial
intercalation are the single species detected at equilibrium.
We further show that the reaction order for tetramer for-
mation is 3, an observation inconsistent with duplex
dimerization suggesting that i-motif formation proceed
via duplex and triplex intermediate species.

MATERIALS AND METHODS
Oligonucleotides and NMR samples

The oligonucleotides were synthesized on a 10-uM scale,
purified by chromatography on a Diethylaminoethyl
(DEAE) column and dialyzed, first against a 0.1 M NaCl
solution and then repeatedly against water. The dialysis
ended when the equilibrium conductivity in the dialysis
bath was <10puS. At last, the oligonucleotides were dry
lyophilized and stock solutions were prepared by dissol-
ving the lyophilized sample in water. The solution pH
was adjusted with HCI and NaOH. The strand concentra-
tion was determined from absorbance using A,gy values
of 30400, 37500 and 45000 for TCs;, TC4 and TCs,
respectively.

The NMR samples, 400 pl in H,O/?H,O (9/1 v/v), were
buffered by sodium phosphate of 40 mM. They contained
0.2mM of sodium acetate and 0.5 mM of dimethyl sulfox-
yde. The chemical shift of the methyl protons of acetate,
Oacetates provided a marker for pH determination accord-
ing to: pH = 4.63—log (1.909—0,cetate)/(Vacetare—2.076) at
0°C. The NMR peak of DMSO was used as an internal
marker allowing spectra normalization.

Association and dissociation rate measurements

The protocol of the kinetic experiments has been already
described (8). The TC,, association rates into i-motif struc-
tures were measured using a sample initially melted.
To measure the tetramer dissociation rates, a small
volume of a concentrated fully tetrameric [TC,]4 solution
was diluted into the NMR tube immediately before the
beginning of the NMR measurements. The dissociation
kinetics experiments were always performed using solu-
tions diluted in such way that the tetramer equilibrium
fraction was <10%. In that case, the dissociation rates
were found independent of the oligonucleotide concentra-
tion and the evolutions of the NMR markers during tetra-
mer dissociation were mono exponential.

All the NMR experiments were performed using a
500 MHz Varian Inova spectrometer using the jump and
return sequence for water suppression (15). The dead time
of the kinetics measurements was <3 min. The tetramer
and monomer fractions were determined from the areas
and peak heights of the thymidine methyl and H3 protons.
The tetramer fraction was also measured using the

cytidine imino proton peaks. Generally, the kinetic experi-
ments were run during a time longer than 10 time con-
stants. In the case of experiments with an extremely slow
reaction rate, the NMR tubes were stored at controlled
temperature in a thermostated incubator after a first set of
measurements and additional kinetics measurements were
performed after several days or weeks. The spectra col-
lected versus time were normalized using the DMSO
peak as a marker. The area and peak height of the
NMR markers selected to determine the monomer
and tetramer proportions were measured on each spectra
with a home-made software and the time elapsed since the
beginning of the kinetics was computed from the param-
eter file recorded with each spectrum. At last, the data
were transferred into the Kaleidagraph software for
analysis.

Determination of the reaction order for i-motif formation

The reaction order is a key parameter for the determina-
tion of the formation pathway of multimeric structures.
The reaction order for the formation of an i-motif tetra-
mer (Q) is the value of the exponent of the monomer
concentration (M) in the rate equation:

d([Ql/dr = KM )"

The half reaction time, 7,4, for strand association into a
multimeric structure depends on a rate constant, k, on
the initial oligonucleotide concentration [My] and on the
reaction order:

Tasso= l/k[l\/IO]Order_l 1

The half reaction time for tetramer formation was mea-
sured as a function of the oligonucleotide concentration
and the reaction order was determined from the slope,
—(order—1), of the log—log plot of 7,4, versus the oligo-
nucleotide concentration.

The tetramer dissociation constant

The tetramer dissociation constant may be expressed as a
function of «.q, the monomer equilibrium fraction of an
oligonucleotide solution at concentration [My] by:

Kdis= 4a:q[M0]3/(1 _acq) 2

We will characterize the tetramer stability by Fi, the free
monomer concentration for which oy = 0.5. Fi that will
be designated as the reduced dissociation constant is
related to the tetramer dissociation constant by:

Fi = (Kgio/4)"? 3

It may be noticed that according to this definition, the
concentration-dependent association time and the concen-
tration-independent dissociation time are identical in an
oligonucleotide solution at concentration M, =2 Fi.
This property was routinely checked in order to control
the consistency of the measured association and dissocia-
tion times.
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Figure 1. Lifetime versus temperature at pH 5.1 of the fully intercalated
i-motif tetramers of [TCs]y (black circles), [TC4ls (open circles) and
[TCs], (black squares). The lifetime of [TC,]; is estimated in the
range of 3s to 3min at 0°C.

RESULTS
i-motif dissociation Kkinetics

The lifetimes of the [TCsly, [TCy4ls and [TCs]y tetramers
measured at pH 5.1 versus temperature are displayed in
Figure 1. The experiments performed on the tetramer of
TC, show that its lifetime is <3 min at 0°C. The exchange
time of the imino proton of the C2eC2+ pair of [TC,]4 is
~0.3min at 0°C (4). Hence, considering that the imino
proton exchange time is shorter or equal to the tetramer
lifetime, we estimate that the lifetime of [TC2]4 is in the
range of 0.3-3 min at 0°C.

The comparison of the tetramer lifetimes displayed
in Figure 1 shows that each additional cytidine increases
the [TC,]4 lifetime by one to three magnitude orders. The
lifetimes are independent of pH around the cytidine pK
(pKn3 = 4.4) and decrease above pH 6 or under pH 4 as
shown in Figure 2 for [TC3]4. The half titration pH of
CeC " pairs, pH, ,= pKns £ 10g(2/Kaiss), depends on the
cytidine pKyn3 and on the base pair dissociation constant
Kiiss (16). It is predictable that the outer CeC ™ pairs are
less stable than the inner one and that they dissociate fist
when the pH move away from the pKy; value. This should
result in the progressive disruption of the outer CeC ™"
pairs by end fraying effect and probably in shorter tetra-
mer lifetime.

|TC;)4 association kinetics

Representative spectra of a TCs solution initially mono-
meric collected as the function of the time are displayed in
Figure 3. In addition to the fully intercalated tetramer, Q;,
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Figure 2. Effect of pH on the formation and dissociation times and on
the stability of the fully intercalated [TCs]y tetramer. (A) [TC;)4 lifetime
(open circles) and half formation time in 107*M TCs solutions (black
circles). The half formation time varies with pH as the power —2 of the
product of the fraction of neutral cytidine, [foy] = 1/(1 4 10PKN3-PH))
and protonated cytidine: Tugsopn)= 0.8/([fcyd [l—fcyl])z. (B) Reduced
dissociation constant versus pH. The observation that Fi is close
10742 (dashed line) at the temperature for which the association
time measured in 107*M TCj; solution and the dissociation time are
equal shows the consistence of the kinetics and equilibrium
measurements.

the spectra show in the early stage of the kinetics
(4-35min) the accumulation of a small proportion of a
multimeric species, Q,, which is tentatively assigned to
the i-motif tetramer with an empty site between T1 and
C2. The Q, proportion is maximum (fg2) ~ 0.07) 20 min
after the beginning of the experiment, and decreases
towards a value under the detection threshold at
equilibrium.

The solid lines accounting for the evolution of the
monomer and tetramer fractions displayed in Figure 3
were computed according to a model involving two
parallel reactions

<~ konl k0n2_>

Q1 monomer
kofl - <~ kon

Q2 4
The dissociation rate of the fully intercalated species,
ko = 1/1600min~", was obtained from the dissociation
time measured on Figure 1. The formation rate of the Q;
and Q, species, kon; = 1/90min~" and kyn» = 1/60 min~",
respectively, and kop = 1/5min~"!, were adjusted to fit
the evolution versus time of the monomer, Q; and Q,
fractions in 0. mM TCj; solution. A scheme involving
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Figure 3. Association kinetics of TC; at 0°C pH 5.1 into i-motif struc-
tures. The proton spectra of a 107*M TCj solution initially monomeric
recorded as a function of the time (left panel) shows the formation of
two multimers. The imino protons and the methyl peaks of the fully
intercalated tetramer are labeled by blue dots and the methyl peak of
the monomer by a black dot. The spectra show the transient accumula-
tions of a short-lived species at the beginning of the kinetics (red dot),
which is tentatively identified as the incompletely intercalated structure
displayed on the figure. The solid line fitting the time evolution of
the monomer and tetramer fractions are computed according to a
model involving two parallel reactions (cf. text). The simulation indi-
cates that the formation rate of both tetramers is comparable: 1/60 min
and 1/90min for the red and blue species, respectively, but their life-
times are extremely different: Smin and 1900 min for the red and blue
species, respectively.

successive monomer/Q1 and Q1/Q2 equilibriums instead
of parallel reactions could be considered. However, one
may note that this alternative model would involve
duplex sliding without tetramer disruption from structure
Q; to Q; and that such rearrangement is topologically
impossible.

Effect of the oligonucleotide concentration on the associa-
tion kinetics of TCj;. Kinetic experiments performed
versus the oligonucleotide concentration (Figure 4) show
that the half association time of TC; varies as the power of
—2 of the oligonucleotide concentration and thus establish
that according to Equation (1) the order for tetramer
formation is 3.

Effect of pH on the association kinetics of TCs. As it may
be expected for a reaction involving association of neutral
and protonated cytidines into a hemiprotonated structure,
the half formation time of [TC;]y depends on pH. The
half association times measured vs. the oligonucleotide
concentration show that the reaction order is independent
of pH.

The plot of the half association time, Tusso(prr), mea-
sured in 107*M TC; solution versus pH (Figure 2)
shows that Tom= 0.8/([fcy [1~/cy)*. Where [foy] =
1/(1 + 10°KN3=pPH) “j5 the neutral cytidine fractions and
[1-fcyl is the protonated cytidine fractions.

Effect of the C stretch length on the i-motif formation
kinetics

The half association times of the TC,, monomers measured
in 107*M solutions or extrapolated to 10™*M from mea-
surements performed at higher concentrations (2 x 10~ to
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Figure 4. Half formation time of the fully intercalated [TCs], tetramer
versus the oligonucleotide concentration at 0°C pH 6.8 (black circles),
5.5 (open squares), 4.56 (black squares) and 3.6 (open circles). The lines
drawn through the data points show that the half reaction time
increases as power of —2 of the oligonucleotide concentration and
therefore establish that the reaction order is 3.

1.2 x 107> M) are displayed in Figure 5 together with the
dissociation times and the reduced dissociation constants
of the fully intercalated (TC,,)4 tetramers. The half associ-
ation times increase as a function of temperature with
negative activation energies ranging from -306kJ\M
for TCs to -197kJ\M for TC;. The comparison of the
association times of TCs;, TC4 and TCs shows that they
decrease by a factor of about 10 for each residue added to
the C stretch.

The reduced dissociation constants displayed in the
lower panels of Figure 5 were obtained from the monomer
and fully intercalated tetramer concentrations measured
on the NMR spectra recorded at equilibrium. Fi measure-
ments yield a redundant information that may be indepen-
dently derived from the association and dissociation times.
Nevertheless, the comparison of the Fi values measured at
equilibrium with the association and dissociation times
provides a good control of the coherence of the equilib-
rium and kinetics measurements by showing that, accord-
ing to the Fi definition [Equations (2) and (3)], the reduced
dissociation constants measured at equilibrium in 107*M
[TC,] solutions are equal or close to 107%2 at the



temperature for which the half association and dissocia-
tion times are equal.

As in the case of TC; (Figure 3), the spectra recorded
during TC4 (Figure 6) and TCs (Figure S1) association
reveals the accumulation of several multimers at the begin-
ning of the kinetics. The evolution of the different species
was measured as a function of the time in 0.07, 1.2 and
2mM oligonucleotide solutions from 0 to 25°C for TCy
and up to 40°C for TCs.

At 0°C, three multimers are observed during TC, asso-
ciation and at least four in TCs solution. The gel filtration
chromatograms of aliquots took off the NMR tubes
during the association kinetics of TC4 and TCs show
that all the multimers have the same elution time than
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Figure 5. Effect of temperature on the formation and dissociation times
and on the stability of [TCs]y (left), [TCy4ls (center) and [TCs]y (right)
at pH 5.1. Upper panels: half formation times (open circles) and dis-
sociation times (black circle) of the fully intercalated tetramers.
The half formation times were measured in 107*M oligonucleotide
solutions or extrapolated at 107*M from values measured at higher
oligonucleotide concentrations. Lower panels: reduced dissociation con-
stants derived from the monomer and tetramer fractions at equilibrium
(black squares).
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the fully intercalated tetramers and therefore indicate
that they correspond to tetramers differing by their inter-
calation topologies. The signal of the tetramers with par-
tial intercalation reach a maximum value and then slowly
decreases toward a value too small to be measured on the
last spectra recorded.

We have shown (Figure 1) that the lifetimes of the fully
intercalated (TC,)4 tetramers increase strongly with the
number of CeC™" pairs. Considering that the lifetimes of
the TC4 and TCs tetramers with incomplete intercalation
topology should increase similarly, we tentatively identi-
fied the different tetramers by assuming that the number
of intercalated CeC™" pairs increase as their lifetimes
(cf. Figures 6 and S1).

Numerical simulations of the evolution versus time of
the monomer and tetramer fractions were performed
according to a model involving parallel reactions between
the monomer and each tetramer as described above for
[TC;]4 formation [Equation (4)]. The simulations require
evaluation of the half formation and dissociation times of
each tetramer. The lifetimes of the fully intercalated tetra-
mers were determined from the values displayed in
Figure 1. The half formation time of each tetramer and
the lifetimes of the non-fully intercalated species were
adjusted to get the best fit of the evolution versus time
of the monomer and tetramer fractions.

The parameters derived from the numerical simulations
of the evolution of the different species observed during
[TC4]4 and [TCs]s formation (Figure 7 and legend of
Figure S1) reveal several interesting properties:

(1) the half formation times of the fully and partially
intercalated tetramers are comparable. (ii) In line with
the data displayed in Figure 4, the half formation time
of the tetramers with full or partial intercalation topolo-

gies varies as the power of —2 of the strand
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Figure 6. Association kinetics of TC, into i-motif structures in 1.2mM solution at 0°C, pH 5.1. (A) The imino proton region of spectra collected as a
function of the time shows the formation of three tetramers. The markers of the fully intercalated tetramer are labeled by green circles. The imino
protons peaks labeled by blue circles are tentatively assigned to the species with an empty intercalation site between T1 and C2 and those labeled by
red dot to the species whose T1-C2 and C2-C3 intercalation sites are empty. (B) Evolution of the fractions of each species as a function of the time.
The monomer fraction (black circle) was determined by the intensity of monomer methyl peak. The full lines fitting the evolution of each species were
computed according to a system of parallel reaction between the monomer and each tetramer. The tetramer formation and dissociation times used in

the simulation are displayed in Figure 7.
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Figure 7. Formation (A) and dissociation times (B) of the fully and
partially intercalated tetramer of TC, derived from the fit of the evo-
lution of the different species in 1.2mM TCy solution at 0°C. The color
code is the same than in Figure 6. The tetramer formation times are
nearly independent of the intercalation topology. The heavy dashed line
shows the lifetimes measured (Figure 1) for the fully intercalated TC,
tetramer.

concentration and indicates a formation order of three for
all the tetramers. (iii) The lifetimes of the partially inter-
calated tetramers are much more shorter than those of the
fully intercalated specie. About 3 years at 0°C, for exam-
ple, for the fully intercalated (TCy)4 tetramer, 1 day and
50min for the two other tetramers formed by TC,
(Figure 7B).

Search for a parallel duplex with hemiprotonated CeC*

The i-motif is an extremely stable structure formed by two
intercalated duplexes but it is remarkable that the isolated
hemiprotonated duplex is never observed. One may imag-
ine that the tetramer is much more stable than the dimer,
or that the dimer is in fast exchange with the monomer in
the NMR time scale. To examine this point, we synthe-
sized a sequence that can form a hemiprotonated duplex
but that cannot be incorporated into an i-motif structure.
The (OmC);C5 sequence contains a C-rich tract of three
cytidines with three 2’-O-methy cytidines at the 5-end.
In the i-motif narrow groove, the cytidine H2' are in
close contact at the steps where the intercalated bases
are stacked by their faces oriented in the 3'-direction.
For this reason, the O-methyl group hinders 2-OmC
intercalation into i-motif structures (17). However, the
methyl group at the C2’ position of OmC should not pre-
vent the formation of hemiprotonated OmCeOmC*
pairs. Hence, we expected that intercalation of the C;
tract of (OmC);C; would form an i-motif core similar to
that of [dCs]y (14), with two parallel dangling OmC
strands at each end and that the OmC, maintained by

the i-motif core a in favorable position, would form
OmCeOmC " pairs.

As predicted, the 1D, NOESY and TOCSY NMR spec-
tra of (OmC);C5 shows the formation of a symmetrical
i-motif structure around pH 6 at 0°C. The structure
includes three CeC* pairs whose lifetimes, derived from
imino proton exchange measurements, are in the range of
10ms for the outer C4eC4 " pair to 1 min for the inner
C5eC5™ pairs. The amino protons chemical shifts provide
a good marker of cytidine protonation (18). Between pH 4
and 6, the H-bonded and exposed amino protons of C4,
C5 and C6 are close to 9.5 and 8.5 p.p.m., respectively, as
this is always observed for the hemiprotonated pairs of
i-motif structures. In contrast, the chemical shifts of the
OmC amino protons vary with pH as those of the cytidine
monomer (18) indicating that their half titration pH is
close to 4.4, the cytidine pK. This, together with the
absence of OmC imino protons on the NMR spectrum
of (OmC);C3, shows clearly that the OmC do not form
stable OmCeOmC ™ pairs. We therefore conclude that it is
unrealistic to imagine a stable structure formed by associ-
ation of two parallel C-rich strand. The origin of the labile
character of parallel hemiprotonated C-rich duplexes
is not clear. Examination of the balance of hydration,
stacking and base-pairing interactions should help to
solve this problem.

DISCUSSION

Two salient points revealed by the formation kinetics of
i-motif tetramers provide indications about the i-motif
formation pathway: (i) in all the pH and temperature con-
ditions tested, the [TC,]4 half formation time varies as the
power —2 of the oligonucleotide concentration (Figure 4)
indicating that strand association into i-motif tetramer
is a third-order reaction. (ii) TC, association results in
the parallel formation of several tetramers differing by
the number of intercalated CeC ™ pairs. It may be noted
that with the TC, series, (n— 1) tetrameric species are
observed out of n possible intercalation topologies.
Considering that the structures with only two mutually
intercalated pairs should be hard to detect due to short
lifetimes, it is possible that all the intercalation topologies
are formed at comparable rate.

The i-motif formation pathway

It may be fist noticed that the observation of a third-order
reaction for i-motif tetramer formation is inconsistent
with a process involving association of two partially pre-
formed duplexes. If one supposes that duplex formation
and duplex association are both rate limiting, tetramer
formation should be a fourth-order reaction. If the time
required for duplex association is shorter than the lifetime
duplex, duplex association should be nonlimiting and the
reaction order should be 2. But the reaction order
expected for a process involving association of two
duplexes cannot be 3.

The reaction order expected for the sequential addi-
tion of four TC,, monomers (M) via intermediate duplex
(D) and triplex species (T) should be 4 if each step is



rate limiting. However, the reaction order may be 3 if
either triplex or quadruplex formation is not rate limiting.

konl —

M+M<—kof1 D step 1
Kona —

M+D Kops T step2 5
kon3 >

M+T Kops Q step3

Triplex formation should be nonlimiting if M intercala-
tion into D (Step 2) is fast by comparison with the duplex
lifetime. Similarly, quadruplex formation at Step 3 should
be nonlimiting if M association to T is faster than T dis-
sociation. Considering that Steps 2 and 3 require both
intercalation of a TC,, strand into undetectable preformed
structures, it is hard to decide which of these steps is non-
limiting. This problem could be investigated by a molec-
ular dynamic analysis of the relative stability of the
intermediate D and T species, a method already used
to investigate the potential intermediate species in the
G-quadruplex formation pathway (19). However, the
absence of spectroscopic indications about the presence
of a duplex species and the study of (OmC);C; (see
above) suggests that D is in fast pre-equilibrium with
the monomer at the first step of the association pathway
and that this is more likely the association of M to T (Step
3) that is the nonlimiting step.

The effect of pH on the TC, association times reflects
the fact that i-motif formation requires association of neu-
tral and protonated cytidines. For this reason, the relevant
variable in the expression of the tetramer formation rate is
not the oligonucleotide concentration but the product of
the oligonucleotide concentration by [(fey) (1 —fcy)] the
neutral and protonated cytidine fractions (Figure 2).

The factors that shift the equilibrium of Step 1 toward
D should enhance the i-motif formation rate. This may
account for the acceleration of the i-motif formation
rate at low temperature. In addition, the increase of the
TC,, association rates with the cytidine number may be
related to the enhancement of the duplex stability with
the length of the C tract.

The parameters derived from the fit of the evolution of
the fully and partially intercalated tetramers show that
their formation rates are comparable. According to the
formation pathway described just above, this indicates
that the intercalation rates of M into the D and T inter-
mediate species (Steps 2 and 3) are dependent weakly on
the number of intercalated cytidines. This observation
suggests that strand intercalation is controlled by a
nucleation step, for instance intercalation of a single cyti-
dine in the preformed duplex.

The similarity of the formation rates of tetramers with
full or partial intercalation shows that the equilibrium
fraction of each species is proportional to their lifetimes
and therefore that the predominance of the fully interca-
lated species at equilibrium is related to its long lifetime.
This observation cannot be generalized since many exam-
ples have been reported in the literature showing the coex-
istence of two intercalation topologies at equilibrium
(13,20,21).
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Comparison with the formation pathway of G-quaduplexes

The stand arrangement in G- and C-rich DNA tetrameric
structures are completely different, nevertheless the for-
mation pathways of both structures exhibit obvious
similarities.

As shown in a recent NMR study, G-quadruplex for-
mation is a third-order reaction in conditions favorable to
the stability of G-rich multi-stranded structures (i.e. high
K" or Na" concentration and low temperature), but the
reaction order is 4 at low salt concentration, in the pres-
ence of Li”™ and at high temperature (8). On the basis of
these observations, it has been assumed that [TG,T], for-
mation results of the step by step association of four TG, T
strands according to a reaction scheme similar to that
used above to describe i-motif formation [Equation (5)].
To explain that G-quadruplex formation may be either a
third- or fourth-order reaction, it was conjectured that
Step 3 is nonlimiting at high NaCl concentration or at
low temperature in experimental conditions showing a
third-reaction order and that the shorter triplex lifetime
at low NaCl concentration or high temperature results in
fourth-reaction order.

The i-motif formation kinetics shows the parallel
formation of incompletely and fully intercalated tetra-
mers. Similarly, parallel reactions to that leading to the
formation of the thermodynamically stable [TG,T]4
quadruplexes result in the formation of mismatched quad-
ruplexes that are kinetically trapped. Due to the extraor-
dinary long G-quadruplex lifetimes, these species may be
trapped during a time so long that formation of the canon-
ical tetramer is practically inaccessible.

The half formation times of i-motif tetramers and of the
G-quadruplexes decrease similarly with temperature and
the reduction of the [TG, T]4 half formation times with the
G number (14,22) is comparable to that observed for the i-
motif half formation times with the C number (Figure 5).
In all the cases, we assume that the acceleration of the
association rate at low temperature and with the number
of residue is related to the stabilization of the D and
T intermediate species.

i-motif and i-motif nanowires formation pathways

The thymidine at the 5-end of the TC, oligonucleotides
orients certainly duplex formation at the first and third
steps of the pathway described above [Equation (5)] by
avoiding unfavorable T-C mismatches and slipped
strands. Nevertheless, we observe that several intercala-
tion topologies of the TC, oligonucleotides are formed.
It is very likely that association of C, homopolymers
should result in the formation of a larger number of spe-
cies, in particular in tetramer with a core of CeC " pairs
with dangling strands of nonpaired C residues either at the
3’- or the 5-end of the i-motif core.

A recent study shows that oligonucleotides such as C;
can associate into long linear nanowire structures and
suggests that nanowire formation results of the associa-
tion of incompletely intercalated [dC5]4 structures (23). It
is clear that the thymidine at the 5'-end of the sequences
used in our kinetic study prevents formation of such struc-
tures, but the observation that fully and incompletely
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intercalated tetramers are formed at comparable rate pro-
vides arguments in favor of the mechanism postulated for
nanowire formation. Considering the results of our kinet-
ics study, it seems reasonable to assume that short lived
C,, i-motif tetramers with incomplete intercalation could
associate into long-lived i-motif structures by mutual
intercalation of their dangling non-intercalated cytidines.

A

good knowledge of the formation kinetics of the

i-motif structure is certainly a prerequisite condition to
the understanding of the formation pathway of i-motif
nanowire.
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