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Thermal and pH Stabilities of i-DNA : Confronting in vitro
Experiments with Models and In-Cell NMR Data
Mingpan Cheng, Dehui Qiu, Liezel Tamon, Eva Istvankovd, Pavlina Viskova, Samir Amrane,

Aurore Guédin, Jielin Chen, Laurent Lacroix, Huangxian Ju, Lukas Trantirek,
Aleksandr B. Sahakyan, Jun Zhou,* and Jean-Louis Mergny

Abstract: Recent studies indicate that i-DNA, a four-stranded
cytosine-rich DNA also known as the i-motif, is actually
formed in vivo; however, a systematic study on sequence effects
on stability has been missing. Herein, an unprecedented
number of different sequences (271) bearing four runs of 3—6
cytosines with different spacer lengths has been tested. While i-
DNA stability is nearly independent on total spacer length, the
central spacer plays a special role on stability. Stability also
depends on the length of the C-tracts at both acidic and neutral
pHs. This study provides a global picture on i-DNA stability
thanks to the large size of the introduced data set; it reveals
unexpected features and allows to conclude that determinants
of i-DNA stability do not mirror those of G-quadruplexes. Our
results illustrate the structural roles of loops and C-tracts on i-
DNA stability, confirm its formation in cells, and allow
establishing rules to predict its stability.

Introduction

i-DNA (also known as the i-motif) is a fascinating four-
stranded structure discovered in the 1990s by M. Guéron and
colleagues, and stemming from the interlocking of two
equivalent parallel-stranded right-handed duplexes."" Such
cytosine-rich structure, which relies on the formation of hemi-
protonated C-C* base pairs (Figure 1 A),” can be formed with
two or more independent strands, or be intramolecular, as
depicted in Figure 1B.P! Different conformations are possible,
but i-DNA is not as polymorphic as G-quadruplexes (G4s) as
two diametrically distant strands must remain parallel to each
other and adjacent strands are always running in opposite
orientations (Figure 1C).’** In addition, bi- or tetra-molec-
ular complexes may coexist with intramolecular structures.”

i-DNA has long remained in the shadow of G4s formed by
complementary G-rich sequences, given its limited stability at
physiological pH. Formation of each C-C* base pair requires
the protonation of one cytosine at its N3 position (pK, ~ 5): as
a consequence, the stability of this motif is optimal under
mildly acidic conditions but remains questionable at neutral
pH.['i-DNA extreme pH dependency can actually become an
asset to design sensitive pH-responsive devices!”! and may be
applicable to analytical chemistry,® nanotechnology,” and
therapeutics.'”) Regarding its biological relevance, two recent
independent studies indicate that i-DNA is actually present
within human cells.' Similar to G4-prone sequences, i-DNA-
prone motifs are widely distributed in genomes,'” and have
been found to modulate telomerase activity,'’! transcription
of genes,'¥ and DNA biosynthesis.['”!

Our understanding of i-DNA is still far from complete.
Increasing cytosine tract lengths results in increased thermal
stability; sequences with at least five cytosines per tract fold
into i-DNA at room temperature and neutral pH.F*<¢
Additional interactions involving hydrogen bonding also
stabilize i-DNA.I'Y Burrows and colleagues analyzed dC
homo-oligonucleotides, and found that pure cytosine tracts
may adopt stable i-motif conformations."””’ These results
somewhat mirror those found for G4 formation;"® as
a consequence, the complementary strand of a G4-forming
sequence is generally prone to i-DNA formation. Besides C-
tracts, the nature of the loops (length and base composition)
also plays a role in i-DNA formation."”’ However, contra-
dictory conclusions have been drawn upon how loop length
influences i-DNA stability.l’*!**42l These results came from
the investigations of a limited number of sequences; system-
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Figure 1. A) Hemi-protonated C-C* base pair. B) Example of a sequence
prone to form intramolecular i-DNA. C) Possible loop arrangements in
an i-DNA structure; Simplified diagram of two linking directions
between strands: Central loop can across either major (left, conforma-
tion 1) or minor (right, conformation 11) groove.?.

atic studies based on large numbers of examples are needed to
achieve an objective conclusion.

Herein, we systematically analyzed i-DNA stability on an
unprecedented large selection of sequences (271 in total).
This unique dataset unveiled important parameters governing
the stability of i-DNA. Global trends were identified and
more subtle effects were found using machine learning and
other modeling approaches, allowing us to predict i-DNA
stability from primary sequence with reasonable accuracy. i-
DNA formation in cells with motifs stable in vitro at near
neutral pH was confirmed by in-cell NMR.

Results
Sequences design and nomenclature

Sequences information and nomenclature are shown in
Table S1. Each sequence bears four C-tracts, containing 3 to 6
cytosines (C; to C4). These four C-tracts (which are generally
of identical length) are separated by three spacer regions,
which should allow the formation of an intramolecular
structure.l’! Sequences with four non-equal C-tracts have also
been considered in a limited number of cases, as discussed
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later. The C; to C4 range was chosen as i-DNA becomes
unstable for shorter (C,) C-tracts, and is prone to form
competing structures (inter- or intra-molecular) when C-tract
is longer than six.”*“% To reduce the number of spacer
arrangements, most sequence groups contain two identical
spacers, which are generally composed of thymines only. Each
spacer involves one to six thymine nucleotides, and total
spacer length is capped at twelve nucleotides in most cases.
Note that the term “spacer” corresponds here to the non-C
nucleotides connecting C-tracts: as some cytosines may also
participate to loops rather than to the i-motif stem, the
operational loop length may therefore be longer than the
spacer composed of thymines only.

The following nomenclature was chosen: unless otherwise
stated, a “T” prefix means that the three spacers are
composed of thymine bases only; the three consecutive
numbers refer to three spacer length in the 5’ to 3’ direction;
while the “-37, “-4” “-5” or “-6” suffix refers to four C-tracts
of C;, C,, Cs, and C, respectively. To compare the effects of
spacer arrangement on i-DNA stability, the notion of
sequence group was introduced.”!! The sequences in the same
group are only differing in the way that spacers are arranged.
A group is named after the first sequence in the group. For
example, the T712-3 group is composed of T112-3, T121-3,
and T211-3. All three sequences have the same length, the
same overall base content with short spacers composed of one
or two thymines separating four runs of three cytosines.
Tables S1 and S2 summarize the results obtained for 60
groups of three sequences with different spacer arrangements.

Evidence for i-DNA formation

First, i-DNA formation was checked under acidic (pH 5.0)
or neutral (pH 7.0) conditions. Thermal difference spectra
(TDS) are provided in Figure S1 and clearly showed that they
fold into an i-motif at pH 5.0 (two major peaks around 239
and 294 nm).?? In addition, i-DNA formation for 12 selected
sequences was also proved by the presence of imino proton
peaks from C-C™ at 15 to 16 ppm in 'HNMR spectra
(Figure S2).5%d

The molecularities of the 49 sequences with a Cs-tract in
Table S2 were checked at both pH 5.0 and 7.0 by native
PAGE (Figures S3 and S4). All sequences tested mainly fold
into intramolecular species, in agreement with previous
studies.’* The conclusions drawn from these work therefore
apply to intramolecular i-DNAs, which are more likely to be
physiologically relevant at the genome level. Once intra-
molecular i-DNA formation was established, we wished to
examine its stability.

In contrast to TDS recorded at pH 5.0, the situation was
more diverse at neutral pH. We divided the 60 groups into
four classes, based on the number of sequences in the same
group that fold into an i-DNA structure at neutral pH
(Figure 2, dashed lines):

I.  None of the three sequences in a given group fold into an
i-DNA at neutral pH. This category includes all groups
with Cj-tract (Figures2A,B and S1A), 7336-4 group
(Figure S1B) and 7336-5 group (Figure S1C);
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Figure 2. Normalized TDS of selected groups at pH 5.0 (solid lines)
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in a group fold into i-DNA completely at neutral pH.
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II.  Only one of three sequences within the same group folds
into an i-DNA. This category includes 71721-4 (Fig-
ure 2B), T161-4 (Figure S1B), T7262-4 (Figure S1B) as
well as 7353-5 groups (Figure S1C);

III. Two of the three sequences in the same group fold into an
i-DNA. This category includes 7225-4 (Figure 2C),
T335-4 (Figure S1B), and 7225-5 groups (Figure S1C);

IV. All three sequences in the same group fold into an i-
DNA (Figures 2D and S1B,C).

An interesting trend emerges from this classification. In
types II and III categories (for which some, but not all, group
members form an i-DNA at pH 7.0), the sequence with
a longer central spacer folds into an i-DNA while one or the
two other group members do not form, or only partially form,
an i-DNA structure. This suggests that sequences with a longer
central spacer are relatively more stable at neutral pH.

i-DNAs with a long central spacer exhibit higher pH and thermal
stabilities

To confirm the differences in stability inferred from TDS
at pH 7.0, we performed CD and UV measurements (Figur-
es S5-S14). pH transition mid-point (pHy) was depicted in
Figures S9 and S14 for pH-dependent CD and UV absorb-
ance spectra, respectively; the consistency between pHy
obtained by ellipticity and absorbance was checked (Fig-
ure S15, pHy values are provided in Tables S1,S2).

A consistent trend emerged from the comparison of pHy
values: in most groups, the sequence with a longer central
spacer has a higher pH than other sequences. For example, in
the T112-3 group, pHyof T121-3 (6.30) is higher than the ones
of T112-3 (6.11) and T211-3 (6.12) (Figure S5B). A precise
count of groups obeying this “long central spacer is better”
rule is presented in Table 1. Based on CD and UV spectra, 48
or 46 of the 60 groups (80% and 77 %) follow this tendency,
respectively.

Then thermal denaturation of i-DNAs at pH 5.0 and
pH 7.0 was tracked by UV-absorbance at 295 nm (Figur-
es S16-S18).”! At neutral pH, only sequences with longer C-
tracts such as Cs and C4 were considered, as sequences with
shorter C-tracts do not fold or exhibit low stabilities (7}, <
12°C) preventing accurate determinations. Folding and
unfolding processes follow relatively fast kinetics under

Table 1: Enumeration of groups which obey the “long central spacer is
better” rule.”!

Counts  i-DNAs in the same group Total
(percentage)
C; tract C, tract C; tract C, tract
pHS? 11/15 13/15 12/15 12/15 48/60 (80%)
pHYY 10/15 13/15 12/15 11/15 46/60 (77 %)
Tﬁ’zzs-" 15/15 15/15 15/15 15/15 60/60 (100%)
5, - 12/15 12/15 24/30 (80%)

[a] Counts based on results presented in Tables S1,S2, Figures S9 and
S14. The thermal stability of sequences with C; and Ctracts at pH 7.0
was not evaluated.
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(74.2°C) is higher than the one
of T114-5 (69.5°C) or T411-5
(70.6°C). At pH 7.0, a similar
result is found, although all T;;s
are much lower: the T, of
sequence T141-5is 17.0°C only,
but still higher than the ones of
T114-5 (13.6°C) and T411-5
(14.8°C) (Table S2). The counts
of groups obeying this rule are
summarized in Table 1. 24/30 and 60/60 follow this trend at
pH 7.0 and 5.0, respectively.

Analyses of effects of spacer permutation are presented in
Figures 3 A-F. Sequences are divided into two categories: i)
sequences with two relatively long (L) and one relatively
short (S) spacers and i) sequences with two short and one
long spacers. Average and median values of pHy and T, of
sequences with a relatively longer central spacer, including
SLS (Figures3A-C), LLS and SLL (Figures 3D-F) are
obviously higher than that of the corresponding sequences
with a shorter central spacer (SSL and LSS, LSL). Consid-
ering that three sequences in the same group are generated by
spacer permutations, any two sequences of them are treated
as a paired sample. Then hypotheses of pair-sample -test are
performed between every two spacer combinations. Except
for 3 comparisons (LLS versus LSL and LSL versus SLL
shown in Figure 3F, and LLS versus LSL in Figure 3D), all 9
other #-tests support the conclusion that pHy and T, of the
sequences with a longer central spacer are significantly higher
(p <0.05; SLS versus SSL or LSS in Figures 3A-C; LLS or
SLL versus LSL in Figures 3D-E). In addition, except for

Total Spacer Length

(equation shown above).
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Figure 3. Effects of total spacer length and individual spacer permutation on pH;and T,. A&D) pH;
versus spacer permutation; T s at B&E) pH 5.0 or at C&F) pH 7.0 versus spacer permutation.
Sequences come from Table S2. Blue and red lines in the red box are the average and median values for
each spacer combination, respectively. Hypotheses of pair-sample t-test are performed between every
two spacer combinations: not significant (n.s.); p>0.05; *, p<0.05; **, p<0.0005. pH; (G), T,s at (H)
pH 5.0 and (J) pH 7.0 as a function of total spacer length. The dashed line corresponds to a linear fit

one comparison (SSL versus LSS in Figure 3B), all 5 other #-
tests show that the differences of pHyand 7, values between
two sequences from the same group that have the identical
central spacer are not significant (p > 0.05).

This “stability-spacer length-symmetry” may come from
the linking pattern of three loops in intramolecular i-DNAs
proposed previously®™ and depicted in Figure 1C. Three
loops stretch and pass through either minor-major-minor
grooves (conformation I) or major-minor-major grooves
(conformation II). Given the results obtained here, assuming
spacer length would allow both possibilities, conformation II
generally appears less stable than conformation I.

Thermal stabilities of 12 sequences in 4 groups (7112-5,
T225-5, T112-6 and T225-6) at pH 5.0 and 7.0 were also
evaluated by DSC (Figure S19), and T, values and hysteresis
are summarized in Table S4. These results are consistent with
those obtained by UV experiments. The “long central spacer is
better” was also observed for 7 of 8 group datasets.

Stability depends on C-tract but not total spacer length.
pHy and T,, (at pH 7.0, only the sequences with C; and Cs4-
tracts are used) of 196 sequences are presented in Table S2
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Figure 4. A) pHy, T..s at B) pH 5.0 and C) pH 7.0 as a function of C-tract length. Averages of pH; and T, are indicated in blue short lines.

Sequences in Table S2 are used.

and plotted as a function of total spacer length in Figures 3 G-
J. Values of pHyor 7}, are widely distributed for each spacer
length from 3 to 12, and little or no correlation was found
between T,, and total spacer length, indicating that it has
a limited effect on the i-DNA stability at both acidic and
neutral pHs. This maybe the reason why previously reported
studies about the effects of loop length on i-DNA are
contradictory or negligible.*1741%4]

Quantitative analyses of the relationships between pHyor
T, vs. C-tract length were previously missing.”*®! The
assessment of C-tract role on i-DNA stability is depicted in
Figure 4. Stability increases with C-tracts length: averaged
pHys with C;, C,, Cs and Cy-tracts are 6.11, 6.39, 6.56 and 6.68,
respectively (Figure 4 A). A similar relationship was found
between T, and C-tract length under both acidic and neutral
conditions (Figures4B and C). The increase in pH; is
monotonous but not linear: the average difference between
C, and C;, Cs and C, or C4 and C; is 0.28, 0.17 or 0.12,
respectively. Of note, sequences with C-tracts longer than six
are prone to intermolecular i-DNA formation, and the
corresponding pH; increase with C-tract length becomes
small.F*<!

Unfolding/folding rates depend on C-tract and loop lengths

As noted before, a hysteresis phenomenon is observed at
near-neutral pH: the apparent melting transition is shifted
towards higher temperatures than the value deduced from
cooling profiles (Figures 5 A and S17). The analysis of melting
(heating) profiles alone would lead to an overestimation of i-
DNA thermal stability at neutral pH. Previous observations
allowed to conclude that the average of Tieaing a0d Tcooing
provides a reasonable estimate of the thermodynamic 7, at
equilibrium, using an infinitely slow temperature gradient;
hysteresis being larger when fast temperature changes are
implemented, as expected (not shown). What was not
reported before is the strong dependency of the hysteresis
phenomenon on total loop length, found both for C; and C;
sequences (Figure 5B): in other words, sequences with longer
T-loops fold and unfold slower than motifs with shorter ones.
The hysteresis, induced by longer sequence length and higher
pH value, is also observed in the DSC experiments (Fig-
ure S19 and Table S4). For this reason, the analysis of heating

© 2021 Wiley-VCH GmbH
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curves only would provide a wrong picture of i-DNA stability
and lead to the inaccurate conclusion that stability increases
with loop length. Restricting the analysis to cooling profiles
would actually lead to the opposite, and also inaccurate
conclusion.

Expanding the “long central spacer is better” rule

All sequences studied above belong to a relatively narrow
sequence space, in which (i) loops are entirely composed of
thymines, (i) total loop length is 12 or lower, (ii) two loops are

of identical size and (iv) no individual loop involves more
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than 6 nucleotides. To validate our conclusions
for a wider variety of motifs, we analyzed i-

DNA stability for sequences that escape one or |

more of the conditions listed above (sequences
listed in Table S1). i-DNA formation was con-
firmed by TDS (Figure S20). pH and 7, were
also evaluated (Figure S21, data given in Ta-
ble S3). For example, stability of sequences
containing a longer central loop was analyzed, g
from 7 to 15 nucleotides, and results are
summarized in Figure S22. These results allow
us to conclude that i-DNA motif is still possible
with a relatively long central loop (7, is
moderately affected while the drop in pHy is
more significant). In addition, this bell curve
indicates that an optimal central loop length is
2-7 nucleotides for both 7,, and pHy.

Then t-tests show that the differences in pHy
and T,, values (Table S3 and Figures S23, S24)
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between two sequences produced by swapping &
positions of two relatively short loops (SLM
versus MLS, where S, M and L refer to the
relatively short, middle, long loop length for the
two sequences in a group, respectively) are not
significant (p > 0.05) (Figure S25). This “stabil-
ity-loop length-symmetry” is similar to the one
disclosed above (Figure 3).

Replacement of one or two thymine resi-
dues in loops by adenine of three sequences
from T115-5 groups produces 24 sequences in 7
groups (Table S1). pHy and 7,, were measured
(Figures S26, S27) and given in Table S3 and Figure S28.
Sequences with longer central loops from 6 of 7 groups and all
7 groups have higher pHyand T, respectively.

We further expanded the sequence space, including
additional terminal nucleotides, spacer variants and odd
numbers of C-C* base pairs. We designed sequence variants
based on T252-5. The results showed that the presence of
a thymine, adenine or guanine at one (5’ or 3") or both ends do
not strongly affect the thermodynamic stability but influence
the hysteresis of i-DNAs (Figures S29-S31, results summar-
ized in Table S5). Interestingly, long adenine or guanine
spacers result in the destabilization of i-DNA. Substitution of
a single thymine by adenine or guanine in the second spacer
increases the thermal stability, whereas the opposite effect is
found in the first and third spacers. Significantly, the “long
central spacer is better” rule can be extended to i-DNAs with
odd numbers of C-C" base pairs.

Relative i-DNA stabilities in the intracellular environment
parallel those found in vitro

To assess whether the rules we uncovered for the in vitro
stability of i-DNA are applicable in vivo, we performed in-cell
NMR experiments for four selected constructs (T212-4, T121-
5, T121-6, and T343-6) differing by the virtue of their T}, and
pH; (Table S2). In-cell NMR spectra were acquired on
a suspension of living HeLa cells transfected separately with
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'H [ppm]

Figure 6. in vitro and in-cell NMR. A) "H NMR spectra acquired at 20°C in vitro, in
cellulo (living Hela cells), and in supernatant (medium) collected from in-cell NMR
sample post in-cell NMR spectra acquisition, respectively. Absence of signals in the
“supernatant” spectra evidences that the signals observed in in-cell NMR spectra
originates from DNA localized in cells. Presence of i-DNA specific signals in the NMR
spectrum of T212-4 acquired in acidified (pH < 6.5) lysate prepared from respective in-
cell NMR sample (lysation control) confirmed that T212-4 was present, yet unfolded,
in the intracellular space of living cells. B, C) "TH NMR spectra of T121-6 acquired at
various temperatures under (B) in vitro and (C) in living cells. The prerequisite flow
cytometry plots and confocal images are shown in Figure S32.

individual constructs at 20°C (Figure 6 A). As evidenced from
confocal microscopy images, all transfected constructs were
localized in the nuclei (Figure S33). Observation of signals in
region of the in-cell NMR spectra specific for imino protons
involved in C-C" base pairs (15-16 ppm) corroborated i-DNA
formation for T121-5, T121-6, and T343-6, while absence of
signals indicated no i-DNA formation for T212-4 (Fig-
ure 6 A). Notably, the order of relative intensities of the
imino signals in the in-cell NMR spectra (T121-6 > T343-6 >
T121-5 > T212-4) essentially paralleled that obtained in vitro.
Altogether, these data suggest that the rules derived on the
basis of in vitro data are reasonably accurate to predict the
behavior of i-DNAs in cells.

The absolute i-DNA stabilities in cells may differ from
those observed in vitro.'"" The intensities of imino signals in
in-cell NMR spectra are perturbed by increasing temperature
to lower extent than those in the corresponding in vitro NMR
spectra: while the absence of imino signals in in vitro NMR
spectrum acquired at 32°C, the detectable in the correspond-
ing in-cell NMR spectrum measured at 36°C (and even
40°C), demonstrating i-DNAs may be more stable in cells
(Figures 6B and C)."#

Predicting i-DNA stability

Models for i-DNA stability were generated using three
distinct approaches: G4Hunter-based,”™ machine learning
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based,” and through a development of an analytical
equation® via an increasingly popular symbolic regression
that has recently been shown to correctly discover physical
laws as tested on known phenomena.”® The specifics of the
approaches are detailed in the Supporting Information. We
used the C/T-only restricted space for the i-DNAs, for which
this work contributes an extensive set of systematic exper-
imental data, therefore our models for 7,s (pH 5.0) or pHys
can be used only to draw conclusions for C/T-based i-DNA
structures (for instance, we do not take into account effect
that may arise from competing Watson—Crick base-pairing
while having G nucleobases in the loops) with similar
restricted relation of the three spacer lengths (mostly with
the two having the same length). The results and discussion of
the G4Hunter-based and analytical equation based methods
are described in Supporting Information (Figure S34). We
focus on the machine learning based approach here only.
Gradient boosting machines (GBM) as machine learning
framework (Supporting Information), resulted in models that
capture the 7, and pH; measurements with great perfor-
mance (data from the 20% left-out validation dataset,
Figure 7). The restricted feature set, necessary to compre-

A B 7oA
o
80—
training set -
test set - [ ;ﬂ# w#!]pd’%
70+ f 6.5 ]
el
1]
o UB“# n"
ke m
3 60 fin
& & 0
i o 6.0 il
50 I
T.n°CatpH 5.0 PH;
R=0.990 R=0.973
40| RMSE = 1.210 5.5 RMSE = 0.053
T T T T T T T T T
40 50 60 70 80 55 6.0 6.5 7.0
observed

Figure 7. Correlation plots between the experimental stability measures
(T, at pH 5.0 and pHy) and the i-DNA stability predicted via machine
learning models obtained using gradient boosting machines. Plots are
brought for both T, (A) and pHy (B) dependencies. The Pearson’s
correlation coefficients (R) and root mean squared errors (RMSE) are
calculated on the test set brought on the individual plots.

hensively describe the C/T-based i-DNA candidates, compen-
sated the relatively small (for machine learning standards)
dataset used in this initiative, hence arriving to a good model
performance in the validation trials. The optimal GBM
architecture for T,, was found to have 0.01 learning rate,
interaction depth of 4, subsampling ratio of 0.6, minimum
child weight of 5, and contained 1000 trees as individual
learners. This resulted in a model with 1.210 RMSE (root
mean squared error) and 0.990 Pearson’s R while predicting
the T, values from the validation dataset. In contrast, the
model developed for pH; measurements had 0.01 learning
rate, interaction depth of 6, subsampling ratio of 0.6,
minimum child weight of 10, and contained 1500 trees as
individual learners. The pH; model had 0.053 RMSE and
0.973 Person’s R, as applied on the validation dataset.
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Discussion

Our work on i-DNA sequence requirements is of unpre-
cedented magnitude, with 271 sequences tested. Multivariate
data analysis for the interpretation of TDS and CD spectra for
these sequences are provided in our companion paper.””
Even if impressive, this dataset does not allow to explore
the full sequence space of i-DNA-prone sequences. Despite
these restrictions, and because we tested a few sequences
escaping this sequence space, our data already provides key
information on i-DNA stability.

pH; or T,, are useful to monitor i-DNA stability. As we
found inappropriate to discard one of these parameters, both
were used here, and it is difficult to conclude that one is
superior to the other. If biological applications are contem-
plated, T, and pH under physiological conditions would be
recommended, although the accurate determination of intra-
cellular (intranuclear) pH may prove harder than expected
(see below). For both pHyand T,,, one should remember that
these transitions may not be at thermodynamic equilibrium
and exhibit a hysteresis: the profiles obtained by varying
a parameter (temperature or pH) in one direction are not
superimposable when doing the reverse experiment.”® Hys-
teresis is determined for each melting/annealing experiment
described in this paper, and T, average between cooling and
heating was taken as a proxy for thermodynamic stability, as
previously found for other i-DNA structures.” For pH;
determination, each sample was allowed to anneal at a given
pH for a long period (> 12 hours), allowing thermodynamic
equilibrium.

We determined how well correlated these values are. The
analyses of pHy versus T, (Figures 8 A,B), and T, at pH 7.0
versus 5.0 (Figure 8 C) revealed good but not perfect positive
correlations between these figures (Pearson’s R between 0.79
and 0.95). This indicates that a higher pH generally translates
into a higher T, both at pH 5.0 and 7.0, and that a higher 7},
at pH 5.0 means a higher thermal stability at pH 7.0.

i-DNA sequence constraints do not mirror G4 require-
ments. A quick glance at our experimental results reveals
several trends for i-DNA sequence requirements: (i) Stability
increases with the length of the cytosine tract (Figure 4). (ii)
The nature of the spacer regions does not play a critical role
on stability. Correlation coefficients of pHy and 7, versus
total spacer length are close to zero, indicating that total
spacer length, assumed to reflect total loop length, does not
affect the i-DNA stability at both acidic and neutral pH. (iii)
The “long central spacer is better” rule seems to hold for both
G4P! and i-DNA. For Gd4s, sequences with long loop in the
central position not only exhibit a relative high thermal
stability, but are also more prone to form non-parallel
conformations. As a consequence of this shared property,
a duplex bearing a C-rich and a G-rich strand may be more
prone to dismutation into G4 +i-DNA if a relatively long
central spacer is present.

Overall, these observations confirm that i-DNA require-
ments do not perfectly match those of G4s. Increasing the
number of quartets does lead to an increase in quadruplex
stability. In addition, loop effects were more pronounced for
G4 forming sequences, with large differences in 7, (and
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Figure 8. pHy as function of T, at A) pH 5.0 or B) pH 7.0. C) T,, at pH 7.0 as a function of T,, at pH 5.0. Linear fits are presented as a red dashed

line. Sequences in Table S2 were used.

topology).?!! In other words, the complementary strand of
a very stable G4-forming sequence is not necessarily forming
avery stable i-DNA. This indicates that the prediction tool we
designed for G4 prediction, G4-Hunter® " is not optimized
for i-DNA formation and should be recalibrated for this
motif.

Gradient boosting machines (GBM). We built a de novo
machine learning model to predict the experimental 7}, and
pH-, for the limited sub-universe of C/T-based i-DNAs. The
models used only four features—equally sized C-tract and
three spacer lengths. Feature importance analysis from the
GBM machine learning approach revealed that the most
important feature in defining the stability of the i-motifs both
in terms of 7, and pHy is the C-tract length. For T,
prediction, the length of the third spacer (T;) is slightly more
important than that of the other two. For pH prediction, this
is unclear because the importance ranking of the 3 spacers
differs whether total sequence length is included or not as
a feature (data not shown). Unsurprisingly, Eureqa results
(see Supporting Information) agree with GBM’s in that C-
tract length is far more important in predicting both 7}, and
pH- of this sub-universe of i-DNAs, as already visible from
the plots shown in Figure 4. The sequences tested here only
cover a limited sequence space, and more data should be
collected to apply these prediction tools to mixed motifs
containing spacers of any sequence or C-runs of unequal
length. A “theory of every i” has yet to emerge!

Implications for biology. The NMR results suggesting the
rules derived on the basis of in vitro data are reasonable
approximation for i-DNA behavior in cells. i-DNA relative
instability may be an asset for regulation of pH homeostasis,
as modest and transient changes in intracellular pH should
lead to important variations in i-DNA stability. For example,
the physiological intracellular pH has been reported to vary
between 7.0 and 7.4, depending on tissues and phase of the
cell cycle.® Invasive tumor cells tend to acidify their
extracellular environment while keeping their pH; more
alkaline.’ It is therefore important to correlate in vitro and
in cellulo observations. In-cell NMR measurements suggest
that i-DNA stability may be slightly higher than what is found
in vitro. The water activity, dielectric constant, local concen-
tration of free ions, pH, may affect the stability of the
structure of interest, as well as the presence of cellular
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competitors or natural ligands. This is a problem of general
importance for biochemists, to make sure that the conclusions
reached in the test tube reflect what is happening in the cell.
We hope that further in cellulo—in vitro comparisons will
provide decisive answers.

Conclusion

By performing an exhaustive experimental analysis of i-
DNA formation on a dataset of unprecedent magnitude, we
were able to provide a global picture of i-DNA formation in
vitro, and propose tools to predict its stability as a function of
primary sequence. The most stable candidates were con-
firmed to adopt an i-DNA conformation in cells. This work
will be invaluable not only for those interested in the
biological functions of this structure, but also when consid-
ering nano- or biotech applications with these pH-sensitive
devices.
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