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ABSTRACT

Non-canonical DNA structures are widely used for
regulation of gene expression, in DNA nanotechnol-
ogy and for the development of new DNA-based sen-
sors. I-motifs (iMs) are two intercalated parallel du-
plexes that are held together by hemiprotonated C-C
base pairs. Previously, iMs were used as an accurate
sensor for intracellular pH measurements. However,
iM stability is moderate, which in turn limits its in vivo
applications. Here, we report the rational design of a
new substituted phenoxazine 2′-deoxynucleotide (i-
clamp) for iM stabilization. This residue contains a
C8-aminopropyl tether that interacts with the phos-
phate group within the neighboring chain without
compromising base pairing. We studied the influence
of i-clamp on pH-dependent stability for intra- and
intermolecular iM structures and found the optimal
positions for modification. Two i-clamps on opposite
strands provide thermal stabilization up to 10–11◦C
at a pH of 5.8. Thus, we developed a new modifica-
tion that shows significant iM-stabilizing effect both
at strongly and mildly acidic pH and increases iM
transition pH values. i-Clamp can be used for tuning

iM-based pH probes or assembling extra stable iM
structures for various applications.

INTRODUCTION

Non-B DNA structures are gaining increasing attention due
to their presumed biological roles (1–4), usability as ap-
tamer scaffolds (5–6) or other types of DNA functional
units (7). i-Motifs (iMs) are noncanonical C-rich DNA ar-
chitectures and are composed of intercalated parallel du-
plexes held together by hemiprotonated C-C base pairs (8).
Although the in vivo formation of such structures is dis-
putable, iM-prone sites are found in telomeric regions of
the human genome, centromeric regions and oncogenic pro-
moters. These findings implicate possible regulatory func-
tions of such sites and make them attractive potential tar-
gets for drug discovery (9–13). Stability of exogenous iMs
in the complex cellular environment has been recently con-
firmed using in-cell NMR spectroscopy (14). iMs have
diverse applications in bionanotechnology and medicinal
chemistry such as pH-triggered nanomotors, hydrogels and
drug carriers (15–16). Analytical chemistry makes use of
iMs as probes for small molecule ligands, cations and pro-
teins, while the most straightforward application is the de-
velopment of pH-sensors (17). The sensors are typically de-
signed for optical detection and include fluorescently la-
beled iMs (either terminally labeled ones (18) or those con-
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Figure 1. Structures of iM-stabilizing chemical modifications.

taining cytosine substitutions with fluorescent residues in-
side the core (19–20)) and iM conjugates with nanoparticles
(21).

One of the first successful sensors for in vivo monitoring
of spatial and temporal pH changes (e.g. upon endocyto-
sis or endosome maturation) was based on an intermolec-
ular iM (22). However, most sensors utilize intramolecular
structures because of their fast folding kinetic, which is a
prerequisite to rapid sensor response. Apart from relatively
fast kinetics, a perfect sensor should display a high dynamic
range and a linear response in a sufficiently broad pH range
(23–24). Unmodified iMs are typically stable in a relatively
narrow pH range (3–6.5). Outside this range, cytosines are
either all protonated or all deprotonated, and hemiproto-
nated pairs are theoretically non-existent. However, bioin-
formatic studies reveal an increasing number of iMs that
can sustain physiological conditions (25). This is due to the
fact that the cytosine pKa in an iM core is actually different
from that of a free nucleic base (4.5) and depends on mul-
tiple factors including sore size (26), loop bases (27) and
additional structural elements, such as hairpins or minor
groove tetrads (28). All these factors may affect both the
pH transition point and cooperativity of iM folding, which
open possibilities for tuning iM-based sensors (this general
approach can be referred to as ‘structural’ (29)).

Another popular approach to modulate iM stabil-
ity is chemical modification of nucleic acids. To date,
several nucleotide modifications have been proposed
for iM stabilization, including (i) base modifications
(5-methyl-cytosine, uracil and 5-(1-propynyl)uracil as
parts of 2′-deoxynucleotides (30)); (ii) sugar modifications
(2′-deoxy-2′-fluororibocytidine (31), 2′-arabinocytidine
(32), 2′-deoxy-2′-fluoroarabinocytidine (2′-F-araC) (33),
locked (LNA) (34–35) and unlocked (UNA) (36) nucleic
acids) and (iii) phosphate modifications (phosphorami-
date, methylphosphonate and phosphorothioate (30,37)).
Among them, LNA, 2′-F-araC and UNA appear to be the
most promising for iM stabilization (Figure 1). However,
each known modification has limitations. LNA stabilizes
iM only at acidic pH and exhibits a position-dependent sta-
bilization. In contrast, 2′-F-araC shows its iM-stabilizing
effect at acidic and, most importantly, neutral pH without
pronounced position-dependence, as well as strongly shifts
pH transition values (up to 0.8). However, the stabilizing
effects of both LNA and 2′-F-araC do not exceed 4◦C
per modification, and multiple substitutions are needed to
observe such significant improvement. Regarding UNA,

insertions in loops resulted in a T1/2 increase up to 5◦C,
but core modifications led to drastic destabilization. Fi-
nally, chemical modifications also include nucleotide and
non-nucleotide inserts containing intercalating moieties
which stabilize iM structures through stacking inter-
actions. For example, the insertion of pyrene-attached
2′-deoxyadenosine nucleotide (PyA) at 5′-end led to promi-
nent increase of Tm (+11.4◦C) at pH 4.0 that was caused
by the stacking interaction between PyA and the terminal
hemiprotonated C–C base pair (38). However other pyrene-
containing non-nucleotide inserts, uracil UNA monomer
(39) and TINA (40), within the loop region were shown
to destabilize iM. In turn, different porphyrin-containing
nucleotide and non-nucleotide derivatives were placed into
the fragment of the sequence that did not participate in iM
core formation, and they provoked strong stabilization (av-
erage Tm was 53◦C, whereas Tm of the unmodified sequence
was <25◦C) at pH 5.0 owing to porphyrin–porphyrin in-
teractions (41). Naphthalimide derivatives were introduced
into the TAA loop of iM-forming sequence and one of
them showed nearly equal stabilizing effects of 6◦C at dif-
ferent pH (5.2 and 6.2) under crowding and noncrowding
conditions (42). In addition, a shift of pH transition values
up to 0.5 was observed. Finally, a group of disubstituted
anthraquinone linkers were introduced into central and the
external TAA loops, where the best one, 2,6-substituted
anthraquinone linker, increased Tm up to 8.2◦C due to
improved stacking interactions and hydrogen bonding
in the i-motif construct (43). In this study, we examined
whether G-clamp, a phenoxazine-based cytosine analog
that forms extra stable pairs with guanine in duplexes (44–
45), would stabilize iMs. We considered the possibilities
of hemiprotonated cytosine–clamp and clamp–clamp pair
formation for G-clamp and guanidino-G-clamp residues
(Figure 2A). A phenoxazine nucleotide per se (i.e. without
the clamp-specific aminoalkyl/guanidinoalkyl tether) has
been reported to cause insignificant destabilization when
introduced into the iM core (46). In the case of G-clamp
and guanidino-G-clamp, one could expect stabilization due
to additional H-bonding between the protonated clamp
tether and the oxo-group of the opposing cytosine/clamp
(Figure 2B). Analogous tether interactions with the oxo-
group of the opposing guanine residues have been observed
in duplexes with the G-clamp (44–45). Alternatively, the
tether could form H-bonds with phosphodiester fragments
of a neighboring strand. Analogous interactions have been
observed in duplexes with the G8AE-clamp (47).

We report on the validation of G-clamp pairing in iMs
and discuss prospects of using clamp modifications for
modulating the pH-sensitivity and thermal stability of iM-
based pH probes. We also report on optimization of G-
clamp geometry that yielded a new i-motif-stabilizing nucle-
obase analogue (i-clamp). To the best of our knowledge, i-
clamp is the first nucleobase modification that shows strong
iM-stabilizing effect both at strongly (pH < 4.6) and slightly
acidic pH (pH > 5.6) and tends to increase iM transition pH
values. We propose that i-clamp can be used for tuning iM-
based pH probes or assembling extra stable iM structures
for in vivo applications.
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Figure 2. Structures of the clamp modifications used in this study (A) and
putative hemiprotonated cytosine–clamp (left) and clamp–clamp (right)
pairs in iMs (B).

MATERIALS AND METHODS

Oligonucleotide synthesis

Oligonucleotides were assembled in an ABI 3400 DNA
synthesizer with the phosphoramidite method accord-
ing to the manufacturer´s recommendations. Protected 2′-
deoxyribonucleoside 3′-phosphoramidites, Unylinker-CPG
(500Å) and S-ethylthio-1H-tetrazole were purchased from
ChemGenes. Oligonucleotides were cleaved from the sup-
port and deprotected using AMA – 1:1 (v/v) conc. aq.
ammonia and 40% aq. methylamine for 3 h at room tem-
perature. Postsynthetic guanidinylation was performed ac-
cording to the literature (48). Oligonucleotides were dou-
ble purified by denaturing PAGE followed by RP-HPLC.
The denaturing gel electrophoresis of oligonucleotides was
performed in 15% PAGE containing 7 M urea in Tris-
borate buffer (50 mM Tris–HCl, 50 mM boric acid, 1 mM
EDTA, pH 8.3). Oligonucleotides were recovered from the
gel by electroelution with Elutrap (Whatman) in Tris-borate
buffer (5 mM Tris–HCl, 5 mM boric acid, pH 8.3). The
HPLC purification of oligonucleotides was carried out on
a 4.6 × 250 mm Jupiter C18 column (5 �m, Phenomenex);
buffer A: 0.05 M ammonium acetate (pH 7), 5% MeCN;
buffer B: 0.03 M ammonium acetate, 80% MeCN, pH 7;
a gradient of B: 0–15% (1 CV), 15–50% (10 CV); a flow
rate of 1 ml/min; temperature 45◦C. The HPLC analysis
of oligonucleotides was carried out on a 4.6 × 250 mm
Jupiter C18 column (5 �m, Phenomenex); buffer A: 0.05
M ammonium acetate (pH 7), 5% MeCN; buffer B: 0.03
M ammonium acetate, 80% MeCN, pH 7; a linear gradi-
ent of B: 0–100% (8 CV); a flow rate of 1 ml/min; tempera-

ture 45◦C. LC–MS analysis for oligonucleotides was per-
formed using Agilent 1260-Bruker Maxis Impact system
or Dionex Ultimate 3000 – Thermo Fisher LCQ ion trap
system as described earlier with minor modifications (49).
The HPLC was equipped with the 2.1 × 50 mm Jupiter
C18 column (5 �m, Phenomenex); buffer A: 10 mM di-
isopropylamine, 15 mM 1,1,1,3,3,3-hexafluoroisopropanol;
buffer B: 10 mM diisopropylamine, 15 mM 1,1,1,3,3,3-
hexafluoroisopropanol, 80% MeCN. Salts were washed out
with buffer A (4 CV) followed by a step of 100% B (2
CV) with a flow rate of 0.3 ml/min; temperature 45◦C.
The MS analysis of oligonucleotides was carried out in
negative mode (capillary voltage: 3500 V, dry temperature:
160◦C), raw spectra were deconvoluted by maximum en-
tropy method (Bruker) or Promass software (Thermo).

UV absorption, circular dichroism and fluorescence spec-
troscopy

Oligonucleotides were dissolved in 10 mM sodium acetate
(pH 4.0–5.2), sodium phosphate (pH 5.8–8) or Tris–HCl
(pH 8.2–8.8) buffers (100 mM NaCl was added in the cases
of M0, G0 and their derivatives) to final concentrations of
5 �M (U0, M0, G0 and their derivatives) or 10 �M (T0 and
its derivatives). The samples were denatured at 95◦C for 5
min and snap cooled on ice to ensure intramolecular folding
(U0 and its derivatives) or cooled slowly to obtain thermo-
dynamically most favorable structures (T0, M0, G0 and their
derivatives). UV absorption spectra, CD spectra, CD melt-
ing curves and fluorescense emission spectra were recorded
on a Chirascan spectrophotometer (Applied Photophysics)
equipped with a thermostatted cuvette holder. Clamp fluo-
rescence emission was registered upon excitation at 370 nm.
CD spectra were recorded at 5◦C. pH Transition values were
determined as inflection points of fitted sigmoid curves in
�CDnorm versus pH plots:

Y = 1 − 1/(1 + 10(pHi−x)∗n), (1)

where Y is normalized ellipticity (�CDnorm) at 288 nm:
�CDnorm = (CDcurrent pH – CDmin)/(CDmah – SDmin), x is
current pH value, pHi is pH transition value and n is Hill
coefficient.

In the case of T1Z, the pH transition value was addition-
ally verified using data on clamp absorbance and fluores-
cence emission (the experimental data were also fitted with
the sigmoid function (1), Y = normalized absorbance or flu-
orescence intensity). Fitting was performed using DataFit 9
software (Oakdale Engineering).

Thermal difference spectra (TDS) were obtained by sub-
tracting absorption spectra obtained at 5◦C from the spec-
tra obtained at 90◦C. The melting/annealing temperatures
of the i-motifs were estimated from the maximum in the first
derivative of the melting curve. The ellipticity at 285 nm was
registered every 1◦C across the 5–90◦C temperature range
(heating/cooling rate = 1◦C/min).

Molecular modeling

The models of the tetramolecular iMs were created using
Sybyl-X software (Certara, USA) and two related struc-
tures: PDB 1YBL and PDB 2N89. The former is an A2C4
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Table 1. Sequences, melting temperatures (Tm) at pH 5.8 (10 mM sodium-phosphate buffer) and transition pH values (pHi) of native and modified iMs

Code Sequence (5′-3′) Tm, ±1◦C (�T) pHi (±0.1)

U0 CCCATCCCATCCCATCCC 37 6.0
U1X XCCATXCCATCCCATCCC 46 (+9) 6.3
U2X CXCATCXCATCCCATCCC 39 (+2) 5.7
U3X CXCATCCCATCXCATCCC 48 (+11) 5.9
U1Y YCCATYCCATCCCATCCC 46 (+9) 6.0
U2Y CYCATCYCATCCCATCCC 42 (+5) 6.2
U3Y CYCATCCCATCYCATCCC 39 (+2) 6.1
U1Z ZCCATZCCATCCCATCCC 48 (+11) 6.9
U2Z CZCATCZCATCCCATCCC 47 (+10) 6.6
U3Z CZCATCCCATCZCATCCC 47 (+10) 5.9
T0 TCCCCC 47 5.8
T1X TXCCCC 42 (–5) 6.0
T2X TCCXCC – NA
T1Y TYCCCC 41 (-6) 6.2
T2Y TCCYCC – NA
T1Z TZCCCC 52 (+5) 6.6
T2Z TCCZCC 33 (–14) NA

X = G-clamp; Y = guanidino-G-clamp; Z = i-clamp.

tetramer (50); the latter is a T0 analog with 2′F-araC mod-
ifications at C4 and C5 positions (33). We first combined
the 3′-terminal iM core of PDB 1YBL with the 5′-terminal
fragment of PDB 2N89 to obtain the unmodified iM T0,
and then performed preliminary conformation optimiza-
tion. Next, we substituted cytosine residues at C2 positions
for G-clamp, guanidino-G-clamp, G8AE-clamp or i-clamp
residues to obtain T1X, T1Y, T1Z′ and T1Z, respectively.
The models of the unimolecular iMs U1X/Y/Z´/Z, U3X,
U1Y and U3Y were created based on the telomeric iM struc-
ture (51) and adjusted analogously to T1X and T1Y. Opti-
mization at each step was performed as previously described
(52). Partial charges for modified nucleotides were calcu-
lated at the same level of the theory of quantum mechan-
ical calculations that was used to create Amber nucleic acid
force field. All quantum mechanics simulations were car-
ried out using Gaussian 09 program (53). MD simulations
were performed using Amber 16 software (54) as described
previously (52). The parameters for interatomic energy cal-
culation were taken from the general AMBER force field
(GAFF) for bases of modified nucleotides residues, and the
OL15 force field (55–57) was used for the rest. Snapshot
visualization and hydrogen bond analysis were performed
using VMD (58) with a donor-acceptor distance of 3.2 Å
and angle cut off of 30◦. Free energies and the contributions
which form them were estimated as previously described
(59).

NMR spectroscopy of the iM-forming oligodeoxyribonu-
cleotides

Oligonucleotides were dissolved in 10 mM sodium phos-
phate buffer (pH 5.8) to final concentrations of 0.1 mM (U0
and its derivatives) or 0.2 mM (T0 and its derivatives), and
the samples were annealed as described in the previous sub-
section. 10% D2O for each sample was added for lock sig-
nal stabilization. 1H NMR common 1D spectra with WA-
TERGATE water suppression (relaxation delay 1.2 s, 200
�s delay for homospoil/gradient recovery and 20 �s de-
lay for binomial water suppression, 64k points digital res-
olution and 24 ppm sweep width in 128 transitions with

16 dummy scans) and two 2D NOESY spectra with WA-
TERGATE water suppression (with 50 ms and 150 ms mix-
ing time, relaxation delay 1.2 s, 2k points digital resolution,
in 8 transitions with 16 dummy scans, the water suppres-
sion settings was the same as for 1D spectra) at 300 K were
registered for each sample. The spectra were obtained on
Bruker Avance III 500 MHz NMR spectrometer equipped
with triple-channel TCI Prodigy cryoprobe.

Gel electrophoresis

Nondenaturing polyacrylamide gel (20%) was prepared in
20 mM Tris–AcOH buffer (pH 5.2). The oligonucleotide
samples were equilibrated in sodium acetate buffer (pH 5.2)
and annealed as described in the UV absorption section. A
mixture of 10–100 nt single-stranded oligonucleotide frag-
ments (Low Molecular Weight Marker, Affymetrix) was
used as a control. The gel was run for 2 h at 200 V at
room temperature with 20 mM Tris–AcOH buffer (pH
5.2) as a running buffer. The gel was stained with SYBR
Gold (Thermo Fisher Scientific) and analyzed using Gel-
Doc scanner (BioRad).

RESULTS AND DISCUSSION

Effects of G-clamp and guanidino-G-clamp insertions in i-
motifs

We synthesized a series of native and modified oligodeoxyri-
bonucleotides (ONs) that can adopt intramolecular (U0 and
its derivatives), as well as intermolecular (T0 and its deriva-
tives) structures (Table 1). U0 is a fragment of human mi-
crosatellites and is frequently found in intergenic regions
and introns. T0 is a well-known model ON; its secondary
structure has been characterized previously (8) (see Figure
3 for schematic representations of all iM structures). Melt-
ing curves and CD spectra of the native iMs are shown
in Supplementary Figure S1 (left and right panels, respec-
tively). The amplitudes of characteristic CD peaks (288
nm) were used to determine transition pH values (pHi), at
which 50% of the ON is folded into an iM structure (mid-
dle panel in Supplementary Figure S1). Minor hysteresis
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Figure 3. Schematic representations of putative iM structures and pH dependence of their thermal stabilities.

(Supplementary Figure S2A) and negligible effects of con-
centration on U0 thermal stability (summarized in Supple-
mentary Figure S2B) confirm unimolecular folding. The
tetramolecular structure T0, on the contrary, displayed pro-
nounced hysteresis (Supplementary Figure S2A) and con-
centration dependence of its melting/annealing tempera-
tures (Supplementary Figure S2B) agreed with Equation (2)
for tetramolecular structures (n = 4):

1/T1/2 = ln (C/2)n−1∗R/�H − �S ∗ R/�H, (2)

where T1/2 is the average of annealing and melting temper-
atures; n is a stoichiometric coefficient, �H and �S are en-
thalpic and entropic contributions to free energy of iM for-
mation.

The positions of G-clamp (X) and guanidino-G-clamp
(Y) modifications suggest formation of cytosine–clamp
pairs (Figure 2B; left structures) in U1–2X/Y iMs and
clamp–clamp pairs (Figure 2B; right structures) in U3X/Y,
T1X/Y and T2X/Y iMs. The putative clamp–clamp pairs
in T2X and T2Y presumed structures (Figure 3) are in close
proximity, which may cause steric hindrance. Indeed, T2X
and T2Y iMs were unstable under mildly acidic conditions
(Supplementary Figure S3). Melting temperatures (Tm) of
other modified structures under the same conditions are

presented in Table 1; the respective CD spectra and melt-
ing curves are shown in Supplementary Figures S4 and S5.

As evident from Table 1, both modifications caused sub-
stantial iM destabilization in the tetramolecular series and
zero to profound stabilization (�Tm average is approxi-
mately +3◦C per modification) in the unimolecular series at
pH 5.8. Detailed analysis of pH dependence (Supplemen-
tary Figures S4 and S5; summarized in Figure 3) revealed
strong negative effects of X and Y on iM thermal stabilities
at lower pH, although pHi values slightly increased in sev-
eral cases (Table 1). We attribute stabilization under mildly
acidic conditions to nonspecific stacking interactions; while
in general, the geometries of the G-clamp residue and its
guanidino derivative seem unfavorable for efficient pairing
in iMs. To clarify this matter and to gain insight into ratio-
nal strategies for clamp optimization, we performed molec-
ular modeling experiments.

Molecular modeling: classical versus new clamp variants

Modeling and molecular dynamics (MD) simulations were
performed for the tetramolecular iMs with clamp–clamp
pairs T1X and T1Y (Figure 4), unimolecular iMs with
clamp–clamp pairs U3X and U3Y (Supplementary Figure
S6) and unimolecular iMs with cytosine–clamp pairs U1X
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Figure 4. Molecular modeling of tetramolecular iMs with clamp–clamp pairs. The results of the molecular dynamics simulation. (A) 5 ns snapshots; oxygen
atoms from -C5-p-C6- phosphate residues (O2P) are marked with red; black dashed lines indicate hydrogen bonds; (B) summary of H-bonding efficiency;
contribution of snapshots with 0–3 H-bonds in the clamp–clamp pairs (left graph) or between the clamp tethers and the backbones of the neighbouring
strands (right graph) is given as percentage from the total number of snapshots from the MD simulation trajectory.

and U1Y (Supplementary Figure S7). For details on model
preparation, see Materials and Methods.

All attempts to incorporate the
aminoethyl/guanidinoethyl tether of the phenoxazine
nucleotide inside the iM core resulted in van der Waals
repulsion between the tether and the backbone of the
neighboring strand. Thus, although the protonated tether

could participate in H-bonding with an opposing base in
isolated parallel duplexes, in intercalated duplexes, such
bonding is strongly constrained by the neighboring strand.
Instead, the tether tends to interact with the neighboring
strand backbone according to our data.

Importantly, the tether-backbone interactions gradually
dragged the clamp residues apart in our MD simulations,
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which lead to the disruption of the clamp–clamp (top panels
in Figure 4a and Supplementary Figure S6) and cytosine–
clamp (Supplementary Figure S7) pairing. We concluded
that the tether should be shifted to another position of the
phenoxazine moiety (i.e. C8) and/or elongated to enable ef-
ficient tether-backbone interactions with simultaneous base
pairing. This conclusion encouraged us to study respective
clamp analogs in additional modeling experiments.

First we tested the recently reported G8AE-clamp (47). Its
2-aminoethyl tether is shifted to position 8 of the phenox-
azine ring (G8AE-clamp; Figure 2A). The modification was
favorable but insufficient for iM stabilization; H-bonding
in the pairs was restored, but the tether-backbone interac-
tions were partially lost (see T1Z´ in Figure 4, U3Z´ in Sup-
plementary Figure S6 and U1Z´ in Supplementary Figure
S8). Therefore, we replaced the aminoethyl group with the
aminopropyl one (i-clamp; Figure 2A). The resulting struc-
tures were stable throughout the simulation (see T1Z in Fig-
ure 4, U3Z in Supplementary Figure S6 and U1Z in Supple-
mentary Figure S8) with maintenance of both base pairing
and tether-backbone binding. H-bonding efficacy in classi-
cal and new clamp–clamp pairs and tether-backbone inter-
action efficacy are summarized in Figure 4B (tetramolecu-
lar iMs) and Supplementary Figure S6 (unimolecular iMs).

As illustrated by the left graph in Figure 4b, G-clamp
residues in T1X formed loose pairs that were held together
by a single H-bond in 51% MD simulation snapshots and
two H-bonds in 29% snapshots. Guanidino-G-clamp pairs
in T1Y were also relatively loose with a single H-bond in
27% snapshots and 2 H-bonds in 46% snapshots. G8AE-
clamp and i-clamp, on the contrary, formed stable pairs in
T1Z’ and T1Z, respectively, with three H-bonds in ∼67%
snapshots (these modifications appear to be equally ben-
eficial in terms of pairing efficiency). In terms of tether-
backbone interaction efficiency (right graph in Figure 4B),
i-clamp (54% T1Z snapshots with one bond versus 46%
snapshots with zero bonds) was clearly superior to G8AE-
clamp (33% T1Z’ snapshots with one bond versus 67%
with zero bonds). The distributions of H-bonding probabil-
ities for classical and modified clamp pairs in U3X/Y/Z’/Z
agreed with those in T1X/Y/Z’/Z, except that i-clamp
was superior to G8AE-clamp in both pairing efficiency and
tether-backbone interactions (Supplementary Figure S6,
bottom graphs). The analogous trend was observed for
iMs with cytosine–clamp pairs (U1X/Y/Z’/Z). G-clamp
formed 1–2 H-bonds with opposing cytosines in most of
the snapshots (see ‘X6 + C16’ and ‘X1 + C11’ H-bonding
time plots in Supplementary Figure S7), and guanidino-
G-clamp–cytosine pairs were mostly held together by 2 H-
bonds (‘Y6 +C16’ and ‘Y1 + C11’ plots in Supplementary
Figure S7), while i-clamp and G8AE-clamp tended to form
2–3 (usually 3) H-bonds with opposing cytosines (‘Z6/Z6’
+ C16’ and ‘Z1/Z’1 + C11’ plots in Supplementary Figure
S8). At the same time, the 8-aminopropyl tether of i-clamp
bound to the neighboring strand backbone much more ef-
ficiently than the 8-aminoethyl one (see ‘Z6 8AP tether +
DNA backbone’ and ‘Z6’ 8AE tether + DNA backbone’
plots in Supplementary Figure S8).

It can be concluded that, according to our modeling re-
sults, i-clamp would be a good candidate for iM stabiliza-
tion.

Positional effects and interaction patterns: detailed in silico
analysis

As evident from Table 1, the effects of G-clamp and
guanidino-G-clamp inserts are position-dependent. In the
tetramolecular series, terminal C-track modifications (T1X
and T1Y) were tolerated, while middle-chain modifications
(T2X and T2Y) lead to complete iM destruction. In the uni-
molecular series, shifting the modifications from C-track
termini (U1X and U1Y) to middle-track positions (U2X and
U2Y) had negative effects on thermal stabilities (Tm

U1X =
46 ± 1◦C versus Tm

U2X = 39 ± 1◦C; Tm
U1Y = 46 ± 1◦C

versus Tm
U2Y = 42 ± 1◦C, pH 5.8). We compared U1X/Y

and U2X/Y models to elucidate the observed position de-
pendency and performed additional modeling experiments
with their Z’ and Z analogs to clarify whether similar ef-
fects can be expected for the new clamp variants. Major MD
simulation results for U1X/Y/Z’/Z and U2X/Y/Z’/Z are
shown in Supplementary Figures S7–S9.

Interestingly, in-depth investigation of the U1X/Y/Z’/Z
models revealed a specific role of clamp residues adjacent to
loops: they participated in stacking interactions with loop
bases. This was most apparent for U1Y and U1Z (Supple-
mentary Figure S10). In U1Y MD simulation, the phenox-
azine residue of Y6 tended to stack with Thy-5 via either ox-
azine or benzene ring. We considered all stacking variants,
i.e. estimated center of mass (COM) distances between Thy
and all three phenoxazine rings and selected the minimal
one for each snapshot. The conventional approach suggests
using an overall phenoxazine COM, but it would be non-
representative in our case because of the transient stack-
ing mode. The COMmin distance time plot in the left panel
of Supplementary Figure S10 illustrates Y6 stacking with
Thy-5 after ∼4 ns (COM distance < 4 Å). Co-planarity of
the thymine and phenoxazine residues is confirmed by the
� time plot, where � is the angle between the normals to
thymine and phenoxazine planes (� ≈ 10◦ after 4 ns). Anal-
ogously, Z6 stacking with Ade-14 throughout the U1Z sim-
ulation is illustrated by the respective COM distance (≤4 Å)
and � (≤18◦) time plots in the right panel of Supplementary
Figure S10.

Figure 5A shows comparison of free energies of
U1X/Y/Z’/Z and U2X/Y/Z’/Z calculated based on MD
simulations. In all cases terminal and adjacent to loop
modifications (the U1 series) were energetically more favor-
able than middle-core modifications (the U2 series). Anal-
ysis of relative contributions of various forces to U1–2 en-
ergy difference (Figure 5B) revealed the primary role of
the torsion energy (dihedrals). This can be interpreted as
follows: clamp residues tend to form H-bonds with op-
posing cytosines and/or stack with the neighbouring ones,
which ‘fixes’ them in particular planes. Middle-core residues
have minimal conformational mobility, whereas terminal
and loop-adjacent ones retain certain freedom. Positively
charged clamp tethers attract negatively charged backbone
phosphates of the neighboring strands, which requires de-
viation of the latter strands from the optimal backbone ge-
ometry and accounts for the dihedral stress (the stress in the
middle of the core cannot be released).

The fact that the tethers interact predominantly with
phosphate residues is evident from Supplementary Table S2.
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Figure 5. Free energies of U0 derivatives with terminal and middle-chain cytosine–clamp pairs. (A) Comparison of total free energies. (B) Contribution
of particular factors to the difference (�) between U1X/Y/Z’/Z and U2X/Y/Z’/Z energies. Eeq + EGB––electrostatic energy of the molecule in the gas
phase and the polar component of solvation energy computed using the Generalized Born (GB) method; Evdw––van der Waals energy; Esurf––non-polar
component of solvation energy; Ubond, Uangle and Utor––bond stretching, angle bending and torsion stress energies. U = Ubond + Uangle + Utor. The
energy plots were smoothed using the moving average method (span = 5).

The data in the table also illustrate the benefits of the 8AP-
tether (i-clamp) over the 9AE one (G-clamp). The proba-
bilities of tether-phosphate bonds, as well as H-bonds 4-
NH2

cytosine – O2phenoxazine, H-N3+cytosine – N1phenoxazine and
H-N10phenoxazine – O2cytosine in hemiprotonated cytosine–
clamp pairs (calculated as percentage of the respective snap-
shots) increase from U1,2X to U1,2Z. The left part of the
table can be regarded as a detalization of the graphs in Sup-
plementary Figures S7 and S8. Once again, our molecu-
lar modeling results suggest that i-clamp is a leading clamp
variant for iMs, and terminal modifications would be likely
superior to middle-core ones.

Synthesis of the i-clamp phosphoramidite

i-Clamp is a new structure, and its incorporation into ONs
required synthesis of the respective phosphoramidite. For
the synthesis of i-clamp phosphoramidite 8, we have applied
a previously developed scheme with several modifications
(Scheme 1) (47). 4-(3-Bromopropoxy)phenol 1 was treated
with 56% aqueous nitric acid solution at 0◦C yielding para-
substituted nitrophenol 2. Compound 2 was catalytically
hydrogenated and reacted with 3′,5′-O-acetyl-4-N-(1,2,4-
triazol-1-yl)-5-bromo-2′-deoxycytidine in the presence of
DIPEA to give product 3. The derivative 4 was prepared
by treatment of 3 with sodium azide in DMF followed by
the removal of acetyl groups with ammonia in aqueous
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Scheme 1. Synthesis of the i-clamp phosphoramidite. (A) HNO3, benzene,
48%; (B) H2, Pd/C, MeOH; (C) 3′,5′-O-acetyl-4-N-(1,2,4-triazol-1-yl)-5-
bromo-2′-deoxycytidine, DIPEA, CH2Cl2, 58% for 2 steps; (D) NaN3,
DMF, (E) NH3, MeOH, H2O, 74% for 2 steps; (F) TEA, C2H5OH, 42%;
(G) DMTr-Cl, pyridine, 77%; (H) H2, Pd/C, TEA, MeOH; (I) ethyl triflu-
oroacetate, MeOH, 74% for 2 steps; (J) NCCH2CH2OP(Cl)N-iPr2, DI-
PEA, CH2Cl2, 77%.

methanol. The cyclization was performed by refluxing 4 in
the mixture of TEA/C2H5OH. Standard 5′-dimethoxytrityl
protection of phenoxazine derivative 5 was followed by re-
duction of the azido group and trifluoroacetyl protection.
Phosphitylation of 7 afforded the target phosphoramidite 8
that was used in common solid phase synthesis of modified
ONs T1Z, T2Z, and U1–3Z (Table 1). After standard AMA
deprotection, modified ONs were purified by RP HPLC and
characterized by LC-MS (Supplementary Table S1).

Effects of i-clamp insertions in i-motifs

The iMs with i-clamp insertions were characterized analo-
gously to the iMs with G-clamp and guanidino-G-clamp in-
sertions by melting curves and CD spectra (Figure 6A, Sup-
plementary Figure S11). The new modification enhanced
thermal stabilities of the structures at mildly acidic pH val-
ues (Table 1) in the unimolecular series (�Tm average is ap-
proximately +5◦C per modification) and, in contrast to G-
clamp and its guanidino derivative, for tetramolecular T1Z
(�Tm = +5◦C). Similar to the T2X and T2Y cases, we at-
tribute the negative effect of i-clamp in T2Z to steric hin-
drance. Data on pH dependencies of T1Z and U1–3Z melt-
ing temperatures are summarized in Figure 6A. Position de-
pendency of i-clamp effects in U0 derivatives is in line with
molecular modeling data (U1Z is superior to U2Z).

The formation of T1Z, U1Z and U3Z iMs at pH 5.8 was
confirmed by NMR spectroscopy data (Figure 6B, Supple-
mentary Figures S12 and S13). Two groups of peaks near 15
ppm in the 1H-NMR spectrum (Supplementary Figure S13)
of U3Z point to the coexistence of two iM forms. This as-
sumption agrees with reduced cooperativity of U3Z melting
under mildly acidic conditions (pH 5.2–5.8) compared with
a pH of 4.0 (Supplementary Figure S11). To get additional
insight into this matter, we performed electrophoretic mo-
bility assay at pH 5.2 (Supplementary Figure S14A). The
results should be interpreted with some care, considering
that traditional running buffers, including the Tris–acetate
one used herein, are not perfect for mild acidic conditions.

At 10 �M concentration U0 and its derivatives were
mostly monomeric with electrophoretic mobilities between
those of 15-mer and 20-mer ssDNA controls. However, in
the case of U3Z, a presumably tetrameric admixture with
electrophoretic mobility close to that of a 70-mer ssDNA
control was clearly observed. Increasing oligonucleotide
concentration to 40 �M resulted in the appearance of addi-
tional isomers (dimers, as suggested by the respective band
shifts) in all samples. At a high concentration (150 �M),
comparable to that used in the NMR experiments (100–
200 �M), the dimers dominated. In the case of U3Z, two
bands with close shifts were observed in the ‘dimer’ range.
Those bands could refer to 3′E and 5′E conformers, which
typically differ in chemical shifts of imino-proton NMR
signals (24), or isomers with different loop arrangements,
i.e. loops spanning over minor- or major-grooves (Supple-
mentary Figure S14B). The band shifts of T0 and T1Z
agree roughly with tetramolecular structures (Supplemen-
tary Figure S14A).

Inter- vs intramolecular folding of T1Z and U1Z was fur-
ther verified by analyzing concentration effects on melting
and annealing temperatures at pH 5.2. The results are anal-
ogous to those obtained previously for T0 and U0 (Supple-
mentary Figure S2). U1Z and T1Z exhibited moderate and
pronounced hysteresis, respectively (Supplementary Figure
S2A). Concentration dependence of T1/2 (Supplementary
Figure S2B) agreed with Equation (2) at n = 4 for T1Z and
was mostly within the experimental error for U1Z: increas-
ing U1Z concentration from 5.5 to 75 �M enhanced the iM
stability slightly, while further increase had a negligible ef-
fect.

We conclude that the T1Z is likely tetramolecular, while
U1Z is likely intramolecular at low (≤10 �M) concentra-
tions but prone to dimerization at high concentrations. Pu-
tative schemes of U1Z dimers are shown in Supplementary
Figure S14b. Interestingly, they suggest clamp–clamp pair-
ing, as opposed to cytosine–clamp pairing in monomers,
though shifted isomers cannot be excluded.

Figure 6c summarizes pH sensitivities of i-clamp ab-
sorbance and fluorescence in T1Z. The observed quench-
ing of i-clamp fluorescence and the bathochromic shift of
its absorption band under acidic conditions (Figure 6c) are
in line with the reported data for related dC analogues (46).
The transition pH value calculated based on i-clamp ab-
sorbance and fluorescence changes (pHi = 6.7±0.1, mid-
dle panel in Figure 6c) agrees with our estimates based on
the T1Z CD data (6.6±0.1,middle panel in Supplementary
Figure S11). Overall, i-clamp insertions caused profound
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Figure 6. Characterization of iMs with i-clamp insertions. (A) pH-dependence of iM thermal stabilities; (B) 1H NMR spectra (pH 5.8); (C) pH-dependence
of i-clamp absorbance and fluorescence in T1Z.

iM stabilization under both strongly acidic (pH 4.0) and
mildly acidic (5.8) conditions (Figure 6a) and substantially
increased transition pH values (�pHi T1Z = +0.8; �pHi
U1Z = +0.9; Table 1). In this regard, we questioned whether
i-clamp could be used to obtain stable iMs under near-
physiological conditions.

Modified iMs at physiological pH

For studies under near-physiological conditions, we syn-
thesized an additional set of ONs (Table 2) that included
known native iMs, M0 and G0, and their derivatives with
i-clamp insertions. M0 is a model iM, and G0 is genomic se-
quence; both iMs have been reported to be stable at a pH of
7.4 (25). The results of iM characterization by optical meth-
ods are summarized in Figures 7 and 8.

As evident from Figure 7A, all the modified iMs were
folded at pH 7.4 in the presence of 100 mM NaCl ((see
characteristic positive CD bands at 288 nm and negative
TDS bands at 295 nm), whereas the native model ON M0
was mostly unfolded (no significant iM signatures in TDS
and CD spectra). Thermal stabilities of the modified iMs at
pH 7.4 (Figure 7B) depended on the positions of i-clamp
residues. Melting and annealing temperatures (Tm and Ta)
are given in Table 2 (hysteresis could be attributed to rel-
atively slow folding kinetics as compared to temperature
ramping rate). Middle-chain modifications were generally
unfavourable, 3′-terminal modifications had minor negative
effects, and 5′-terminal modifications were stabilizing (espe-
cially, in the case of the 5′-terminal clamp–clamp pair). Sim-
ilar effects were observed in the genomic iM series (Supple-
mentary Figure S15).
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Figure 7. Characterization of model iMs with i-clamp insertions that are stable near-physiological conditions. (A) TDS and CD spectra, pH 7.4. (B) Melting
and annealing curves (first derivatives), pH 7.4. The modified pairs are specified in the legends; (A) and (B) have joint legends. c: pH-Dependencies of M0,
M1Z and M7Z CD.

Figure 8. Summary of effects of terminal i-clamp insertions in M0. Melting curves at pH 7.4 (top graphs), CD-based evaluation of transition pH (bottom
graphs) and schematic representations of the presumed i-clamp interactions in iMs.
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Table 2. Sequences and thermal stabilities of native and modified iMs under near-physiological conditions (10 mM sodium-phosphate, pH 7.4, 100 mM
NaCl)

Code Sequence (5′′-3′′) Tm, ±1◦C (�T) Ta, ±1◦C (�T)

M0 CCCCCTTCCCCCTTCCCCCTTCCCCC 20 ≤7
M1Z ZCCCCTTCCCCCTTCCCCCTTCCCCC 23 (+3) 10 (+3)
M2Z CCZCCTTCCCCCTTCCCCCTTCCCCC 14 (−6) ≤4 (−3)
M3Z CCCCCTTCCZCCTTCCCCCTTCCCCC 13 (−7) ≤4 (−3)
M4Z CCCCCTTCCCCCTTCCZCCTTCCCCC 15 (−5) ≤5 (−2)
M5Z CCCCCTTCCCCCTTCCCCCTTCCZCC 14 (−6) ≤7 (0)
M6Z CCCCCTTCCCCCTTCCCCCTTCCCCZ 19 (−1) ≤4 (−3)
M7Z ZCCCCTTCCCCCTTZCCCCTTCCCCC 25 (+5) 16 (+9)
M8Z CCZCCTTCCCCCTTCCZCCTTCCCCC 14 (−6) ≤5 (−2)
M9Z CCCCCTTCCZCCTTCCCCCTTCCZCC 13 (−7) ≤7 (0)
M10Z CCCCCTTCCCCZTTCCCCCTTCCCCZ 18 (−2) 9 (−1)
G0 CCCCCCTCCCCCCCTCCCCCCTCCCCCC 26 9
G1Z ZCCCCCTCCCCCCCTCCCCCCTCCCCCC 28 (+2) 13 (+4)
G2Z CCCCCCTCCCZCCCTCCCCCCTCCCCCC 24 (−2) 9 (0)
G3Z CCCCCCTCCCCCCCTCCCCCCTCCCCCZ 20 (−6) 10 (+1)

Z = i-clamp.
Tm – melting temperature, Ta – annealing temperature.

A detailed analysis of pH effects was performed for M0
and its 5′-modified derivatives M1Z and M7Z (Figures 7C
and 8). The modified iMs demonstrated slightly sharper
transition at higher pH values: pHi

M0 = 7.3 ± 0.1; pHi
M1Z, M7Z = 7.6 ± 0.1. Positive effects of the 5′-teminal M0
modification are summarized in Figure 8. The position de-
pendency of i-clamp effects in M0 and G0 derivatives is in
line with our modelling results obtained for U0 derivatives.
Preference of terminal substitutions over middle-chain ones
was shown to be a general trend for both classical and new
clamp variants. The fact that 5′-terminal modifications are
superior to 3′-terminal ones is probably due to domination
of 5′E conformers.

Figure 8 shows presumed i-clamp–cytosine+ and i-
clamp–i-clamp+ pairs supported by U1–3Z and T1Z mod-
eling data. Considering that C-tracks of M0 and G0 deriva-
tives are relatively long, certain misalignment in the iM
cores cannot be excluded. Thus, it is theoretically possible
that 5′-terminal i-clamp residues in M1Z, M7Z and G1Z
stabilize the iMs through stacking interactions rather than
H-bonding. However, the previously described 5′-terminal
tether-lacking G-clamp analog (phenothiazine), that re-
portedly did not participate in base pairing, had a negative
effect on iM stability (�Tm up to –3◦C) (19). Principally
different effects (stabilization by 5′-i-clamp versus destabi-
lization by phenothiazine) support different interaction pat-
terns and argue indirectly against misalignment in M1Z,
M7Z and G1Z.

CONCLUSION

We have shown that G-clamp and guanidino-G-clamp
residues incorporated into iM cores could participate in
non-canonical base pairing and/or form additional con-
tacts with backbone phosphates via their tethers. The ge-
ometries of the G-clamp and its known derivative are sub-
optimal for simultaneous pairing and tether-backbone in-
teractions according to our molecular modeling data, which
explain mostly negative effects of G-clamp insertions on iM
thermal stabilities. We have designed the new i-clamp ana-
logue with an optimized geometry. Incorporation of the new

analogue into several model structures resulted in substan-
tial stabilization of the iM core (�Tm average is approxi-
mately +5◦C per modification) under acidic conditions and,
in some cases, in an increase of transition pH values (�pHi
up to +0.9). This analogue is a good candidate for the fine
tuning of iM properties at an acidic pH, which could be used
for iM-based nanodevices for in vitro and in vivo applica-
tions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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