
Computational and Structural Biotechnology Journal 17 (2019) 527–536

Contents lists available at ScienceDirect

journa l homepage: www.e lsev ie r .com/ locate /csb j
DNA i-Motifs With Guanidino-i-Clamp Residues: The Counterplay
Between Kinetics and Thermodynamics and Implications for the
Design of pH Sensors
Vladimir B. Tsvetkov a,b,c, Timofei S. Zatsepin d,e, Anton V. Turaev a,f, Valentina M. Farzan d,
Galina E. Pozmogova a,g, Andrey V. Aralov h,⁎, Anna M. Varizhuk a,i,⁎⁎
a Research and Clinical Center for Physical Chemical Medicine, Malaya Pirogovskaya str. 1a, Moscow 119435, Russia
b I.M. Sechenov First Moscow State Medical University, Trubetskaya Str. 8-2, 119991 Moscow, Russia
c Research Institute of Influenza, Professora Popova str., 15/17, Sankt-Peterburg 197376, Russia
d Skolkovo Institute of Science and Technology, Skolkovo, 143026 Moscow, Russia
e Lomonosov Moscow State University, Department of Chemistry, Leninskie Gory Str. 1-3, 119992 Moscow, Russia
f Moscow Institute of Physics and Technology, Institutsky lane 9, Dolgoprudny 141700, Russia
g Institute of Bioengineering, Research Center of Biotechnology of the Russian Academy of Sciences, Leninsky prospect, 33, build. 2, Moscow 119071, Russia
h Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Miklukho-Maklaya str. 16/10, Moscow 117997, Russia
i Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Vavilov str. 32, Moscow 119991, Russia
⁎ Correspondence to: A.V. Aralov, Miklukho-Maklay
Russia.
⁎⁎ Correspondence to: A.M. Varizhuk, Malaya Pirogova
Russia.

E-mail addresses: Baruh238@gmail.com (A.V. Aralov),
(A.M. Varizhuk).

https://doi.org/10.1016/j.csbj.2019.04.006
2001-0370/© 2019 The Authors. Published by Elsevier B.V
NC-ND license (http://creativecommons.org/licenses/by-n
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 February 2019
Received in revised form 8 April 2019
Accepted 10 April 2019
Available online 13 April 2019
I-motif structures, adopted by cytosine-rich DNA strands, have attracted considerable interest as possible regula-
tory elements in genomes. Applied science exploits the advantages of i-motif stabilization under acidic condi-
tions: i-motif-based pH sensors and other biocompatible nanodevices are being developed. Two key
characteristics of i-motifs as core elements of nanodevices, i.e., their stability under physiological conditions
and folding/unfolding rates, still need to be improved. We have previously reported a phenoxazine derivative
(i-clamp) that enhances the thermal stability of the i-motif and shifts the pH transition point closer to physiolog-
ical values. Here, we performed i-clamp guanidinylation to further explore the prospects of clamp-likemodifica-
tions in i-motif fine-tuning. Based on molecular modeling data, we concluded that clamp guanidinylation
facilitated interstrand interactions in an i-motif core and ultimately stabilized the i-motif structure. We tested
the effects of guanidino-i-clamp insertions on the thermal stabilities of genomic and model i-motifs. We also in-
vestigated the folding/unfolding kinetics of native and modified i-motifs under moderate, physiologically rele-
vant pH alterations. We demonstrated fast folding/unfolding of native genomic and model i-motifs in response
to pH stimuli. This finding supports the concept of i-motifs as possible genomic regulatory elements and encour-
ages the future design of rapid-response pHprobes based on such structures. Incorporation of guanidino-i-clamp
residues at/near the 5′-terminus of i-motifs dramatically decreased the apparent unfolding rates and increased
the thermal stabilities of the structures. This counterplay between the effects of modifications on i-motif stability
and their effects on kinetics should be taken into account in the design of pH sensors.

© 2019 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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1. Introduction

Recent findings advocate the in vivo existence of i-motifs (IMs) – in-
tercalated parallel duplexes that are stabilized by hemi-protonated
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cytosine pairs [1] – in genomic DNA [2] and confirm that preassembled
exogenous IMs can sustain intracellular conditions [3]. These findings
have stimulated fundamental studies of the roles of genomic IMs and
highlighted the prospects of synthetic IMs as biocompatible pH-
sensitive tools for in vivo studies. Themajor results of fundamental stud-
ies of IMs were comprehensively reviewed in 2018 [4]. Typically, IMs
are stable atmildly acidic pH [5,6]. Each IM has a characteristic pH tran-
sition value (pHi - pH, atwhichhalf of the structure is folded). The struc-
tural features that determine IM pH sensitivity and thermal stability
include (i) the number of C-C+ pairs (the size of the IM core) [7–9],
which affects the cooperativity of cytosine protonation/deprotonation;
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(ii) the groove geometry [10] (destabilizing phosphate-phosphate in-
teractions are compensated by stabilizing sugar contacts); and (iii)
core-flanking nucleotides in loops [11] and additional non-canonical
structural elements. The primary external factors that affect IM stability
are pH, solution ionic strength and molecular crowding [12]. The key
factor that presumably facilitates IM folding in the context of genomic
DNA is torsion stress [13].

Advances in practical applications of IMs (mainly as elements of pH
probes, hydrogels or nanomachines) have been summarized in several
elegant reviews [14–18]. Notable recent examples of IM-basedmolecu-
lar tools and nanomachines include programmable i-switches, proton-
sensitive ionic channels combined with chemical oscillators, containers
for drug delivery and pH-controlled drug release, among others
[19–23]. In the context of biosensor technologies, the design of IM-
based pH probes for in vivo applications is a particularly popular trend.
Thefirst successful application of an IM-based pH probe (an intermolec-
ular DNA construct labeled with FRET pairs) in living cells was reported
in 2009 [24], and later, the functionality of the probe was demonstrated
in С. elegans [25]. The probe had a relatively narrow dynamic range (рН
5.8–6.8) andwas used tomonitor endosomematuration. In a follow-up
study, the design of the probewas optimized to enable simultaneous vi-
sualization of two partially orthogonal and partially overlapping endo-
cytosis pathways [26]. Since then, there has been a ceaseless interest
in IMswith respect to intracellular pH sensing. An example of a recently
developed probe is a DNA construct prone to IM-duplex transitions that
contains fluorescent labels and a quencher. Distinct fluorophores are
quenched in the IM and duplex states, which produces a ratiometric
pH probe with a rather high dynamic range [27]. It should be noted
that although all of the above examples are based on fluorescent detec-
tion, other variants are also being considered and include IM-harboring
sensors for Raman spectroscopy and colorimetric detection [28–30]. To
summarize, there has been apparent progress in the development of
IM-harboring nanodevices. However, two important features of IM-
based pH-sensitive elements – the pH-tolerance range (basically, the
pH transition point) and response rates (basically, folding/unfolding ki-
netics) – still require fine tuning for wide application.

Available IM-based probes exhibit relatively slow kinetics with typi-
cal response times of several seconds to minutes [24–26], which are
probably consequences of the relatively complex IM designs and utiliza-
tion of intermolecular IM structures. It has been argued that intramolec-
ular IM-basedsensorsmaybeable toprovidemorerapid responses topH
alterations [31]. Thus, further improvements require detailed studies of
the IM folding/unfolding kinetics, ideally undermoderate pH alterations
within thephysiologically relevant range.A recentanalysis of thehuman
genomehas revealed that therearemultiple sequencescapableof IMfor-
mation under near-physiological conditions [32], and ongoing studies
may provide more examples [33,34]. Stable genomic structures appear
to begood candidates for thedevelopment of biocompatible intramolec-
ular IM-based pH-sensitive tools. Chemical modification can be used for
their additional optimization, i.e., to fine-tune pHi and enhance thermal
stability inneutral solutions.Wehavepreviously reportedamodification
(incorporation of i-clamp residues close to the 5′-terminus of IMs) that
increased the pHi value of model IMs, enhanced the thermal stability of
model IMs inmildly acidic solutions and enhanced the thermal stability
of a genomic IM in a neutral solution [35]. This modification seems to
be promising (alongwith several othermodifications reviewed recently
[4]) in regard to fine-tuning IM-based sensors.

Here, we continued to study clamp-based modifications. We ex-
plored theprospects of i-motif optimization via i-clampguanidinylation.
We started by verifying our assumption about the benefits of i-clamp
guanidinylation in silico (molecularmodeling). Next,weanalyzed theef-
fects of guanidino-i-clamp insertions in IMs byopticalmethods (absorp-
tion and circular dichroism spectroscopy) and directly compared the
results with those obtained previously for i-clamp. Finally, we investi-
gated the folding/unfolding kinetics of native and modified IMs under
moderate, near-physiological pH jumps (stopped-flow experiments)
to evaluate the applicability of these structures for the development of
rapid-response pH probes.

2. Materials and Methods

2.1. Molecular Modeling

Molecular models of tetramolecular IMs with i-clamp (T1Z) or
guanidino-i-clamp (T1Zg) insertions (see Fig. 1A for schemes and
Table 1 for sequences of the modified IMs and their native analog To)
were constructed as described in the literature [35]. Briefly, we first
combined structural elements of twowell-characterized tetramolecular
IMs (PDB_1YBL and PDB_2N89) using Sybyl-X software (Certara, USA)
and optimized the resulting structure to obtain the native IM To. Next,
we replaced C2 cytosine residues in To by the i-clamp residues and
reoptimized the structure to obtain T1Z. Finally, we replaced the
amino group of the aminopropyl tether in i-clamp by the guanidino
group and performed the last round of conformational optimization to
obtain T1Zg. Optimization at each step was performed using Sybyl-X
software and Powell's method (for more details, see [9]). Calculations
of the partial charges formodified nucleotides,model optimization,mo-
lecular dynamics (MD) simulations and free energy calculations were
performed as previously described [35].

2.2. Oligonucleotide Synthesis, Purification and Mass-Spectrometry
Analysis

To prepare and characterize guanidinylated i-clamp oligonucleo-
tides (ODNs), synthesis of i-clamp ODNs followed by postsynthetic
guanidinylation, purification and MS analysis was performed according
to previously published procedures [35,36]. The guanidinylated i-clamp
ODNs included T1Zg, U1Zg,M1Zg,M6Zg, G1Zg andG2Zg. See Table 1 for
their sequences and the supplementary information for their MS and
HPLC data (Table S1, ESI-MS spectra and HPLC traces). The i-clamp
ODNs T1Z (analog of the native tetramolecular IM To), U1Zg (analog
of the native unimolecular IM Uo), M1Zg and M6Zg (analogs of the na-
tive model IM Mo), and G1Zg and G2Zg (analogs of the native genomic
IM Go) have been characterized previously [35]. Native IMs To, Uo, Mo
and Go were purchased from Litekh, Russia (purity≥95% by HPLC).

2.3. Absorption and Circular Dichroism Spectroscopy

ODNswere dissolved in 10mMsodiumphosphate buffer (pH 5.8 for
To, Uo and their derivatives and pH7.4 for Go,Moand their derivatives).
The Uo and U1Z samples were rapidly annealed (heated to 95 °C for
5 min and then cooled on ice to facilitate intramolecular folding) prior
to the experiments, and the other samples were slowly annealed
(heated to 95 °C and then cooled gradually to room temperature). The
ODN concentrations were 10 μM (To and T1Z) or 5 μM (other ODNs).
The absorption spectra, circular dichroism (CD) spectra andmelting/an-
nealing curves of the ODNs were recorded on a Chirascan spectropho-
tometer (Applied Photophysics, UK) equipped with a thermostated
cuvette-holder as previously described [35], and thermal difference
spectra (TDS) were obtained by subtracting the absorption spectra at
5 °C from the spectra at 90 °C. Melting and annealing temperatures
were determined from themaximaof thefirst derivatives of themelting
curves. The heating/cooling rates were 1 °C/min.

2.4. Stopped-Flow Experiments

Stopped-flow measurements with monitoring by CD (CDSF) were
carried out at 25 °C on a Chirascan spectrophotometer (Applied
Photophysics) equipped with a stopped-flow accessory with a 10 mm
optical path. CD was recorded at 288 nm, and the bandwidth was set



Fig. 1. i-Clamp versus guanidino-i-clamp: general schemes of the IMs and a H-bonding summary (fromMD simulations). A – Schematic representations of the presumed intramolecular
(U1Z and U1Zg) and tetramolecular (T1Z and T1Zg) IM structures (top panel) with clamp–cytosine+ (U1Z and U1Zg) and clamp–clamp+ (T1Z and T1Zg) pairs (bottom panel). B –
Summary of the H-bonding efficiency in T1Z (top panel) and T1Zg (bottom panel) based on the MD simulation results. The contributions of snapshots with different overall numbers
of H-bonds in the clamp–clamp+ pairs (red histograms) or between the clamp tethers and the backbones of the neighboring strands (blue histograms) are given as percentages from
the total number of snapshots from the MD simulation trajectory.
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to 6 nm. In all CDSF experiments, the preannealed ODN samples (rapid
preannealing for Uo and U1Z and slow preannealing for other ODNs) in
50mMsodiumphosphate bufferwere rapidlymixed (1: 4)with 80mM
sodium phosphate buffer of a different pH (4.5 or 9.0). There were four
series of CDSF measurements:
Table 1
IM sequences, melting temperatures and annealing temperatures.

Code Sequence Tma (±1 °C)

To TCCCCC 47
T1Zg TZgCCCC 53
Uo CCCATCCCATCCCATCCC 39
U1Zg ZgCCATZgCCATCCCATCCC 46
Mo CCCCCTTCCCCCTTCCCCCTTCCCCC 20
M1Zg ZgCCCCTTCCCCCTTCCCCCTTCCCCC 22
M6Zg CCCCCTTCCCCCTTCCCCCTTCCCCZg 19
Go CCCCCCTCCCCCCCTCCCCCCTCCCCCC 26
G1Zg ZgCCCCCTCCCCCCCTCCCCCCTCCCCCC 28
G2Zg CCCCCCTCCCZgCCCTCCCCCCTCCCCCC 21

a Conditions: 10mM sodiumphosphate (pH 7.4) and 100mMNaCl (Go,Mo and their analog
10 μM (To and T1Zg) or 5 μM (the rest).

b Modification-induced changes of IM thermal stability: ΔTm/a = Tm/amodified IM − Tm/anat
c The annealing temperature could not be determined because hysteresis was too large.
d The annealing temperature could not be determined accuratelybecause of the ambiguous an

polymorphism.
1) 6.8 → 5.7 pH jump (for To, T1Zg, Uo and U1Zg). The ODN solution
(70 μM for To and T1Zg, 15 μM for Uo and U1Zg) in 50 mM sodium
phosphate, pH 6.8, wasmixed (1:4) with 80mM sodium phosphate,
pH 4.5, to a final sodium phosphate concentration of 74mM, pH 5.7.
ΔTmb (±2 °C) Ta (±1 °C) ΔTab (±2 °C)

– NDc –
+6 NDc –
– 37 –
+7 NDd –
– ≤8 –
+2 11 +3
−1 9 +1
– 10 –
+2 13 +3
−5 10 0

ues) or 10mM sodiumphosphate, pH 5.8 (To, Uo and their analogues). ON concentrations:

ive IM.

nealing curve,which is presumably due to non-cooperative folding and/or conformational
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2) 5.2 → 7.5 pH jump (for To, T1Zg, Uo and U1Zg). The ODN solution
(70 μM for To and T1Zg, 15 μM for Uo and U1Zg) in 50 mM sodium
phosphate, pH 5.2, wasmixed (1:4) with 80mM sodiumphosphate,
pH 9.0, to a final sodium phosphate concentration of 74mM, pH 7.5.

3) 8.0 → 6.0 pH jump (for Go, G1Zg, G2Zg, Mo, M1Zg and M6Zg). The
ODN solution (15 μM) in 50mM sodiumphosphate, pH 8.0, contain-
ing 90 mM NaCl, was mixed (1:4) with 80 mM sodium phosphate,
pH 4.5, that also contained 90mMNaCl to a final sodium phosphate
concentration of 74 mM, pH 6.0.

4) 6.7 → 7.9 pH jump (for Go, G1Zg, G2Zg, Mo, M1Zg and M6Zg). The
ODN solution (15 μM) in 50mM sodiumphosphate, pH 6.7, contain-
ing 90 mM NaCl, was mixed (1:4) with 80 mM sodium phosphate,
pH 9.0, that also contained 90mMNaCl to a final sodium phosphate
concentration of 74 mM, pH 7.9.

Each experiment was performed at least in triplicate; the resulting
kinetic curves were averaged and fitted to single exponentials using
ProData software (Applied Photophysics, UK).

3. Results and Discussion

3.1. Molecular Dynamics of Clamp-Harboring i-Motifs: i-Clamp Versus
Guanidino-i-Clamp In Silico

i-Clamp, a phenoxazine derivative with a C8-aminopropyl (8AP)
tether, has previously been incorporated [35] into ODNs to form
unimolecular (Uo) or tetramolecular (To) IMs that are stable under
mildly acidic conditions (pHi = 6.0 ± 0.1 and 5.8 ± 0.1 for Uo and To,
respectively, in a low ionic strength buffer [35]) and into model (Mo)
and genomic (Go) IMs that sustain near-physiological conditions (pHi
= 7.1 for Mo and Go in a near-physiological ionic strength buffer
[32]). The sequences of the ODNs are given in Table 1. The i-clampmod-
ification enhanced the thermal stabilities of the IMswhen introduced at
the 5′ terminus of the ODNs, and the increase in the IMmelting temper-
ature (ΔTm) was up to +5 °C. This stabilizing effect was attributed (at
least in part) to the electrostatic interactions between the 8AMP tether
and the neighboring strand backbone (phosphate residues). Impor-
tantly, those interactions did not compromise the formation of i-
clamp–C+ pairs (e.g., in a Uo derivative, U1Z) or i-clamp–i-clamp+
pairs (e.g., in a To derivative, T1Z). Schematic representations of the
IMs and the presumed clamp–C+ and clamp–clamp+ pairs are shown
in Fig. 1A. Previously reported MD simulation results supported the
schemes shown in Fig. 1A but indicated that the efficiency of the
tether-backbone interactions was moderate. For instance, in the case
of T1Z, only one of two possible tether-backbone bonds per clamp–
clamp+ pair was observed inmost snapshots [35].We analyzed a rather
short MD trajectory in the initial study [35]; therefore, for a more de-
tailed analysis, we doubled the simulation time. The major results of
the detailed analysis of the tether-backbone interaction efficiency in
T1Z (relative contributions of the snapshots with different total, rather
than the normalized per clamp–clamp+ pair, numbers of H-bonds)
are shown in Fig. 1B, top graph. The 12 ns T1Z snapshot is shown in
Fig. 2A, left panel. The root mean square deviation (RMSD) time plot,
which indicates stability of the T1Z structure throughout the simulation,
is shown in Fig. 2B; and the H-bonding time plots are shown in Fig. 2C.

The results of the detailed analysis were generally in linewith previ-
ously observed tendencies [35]; therefore, we concluded that further in-
creasing the simulation time was unnecessary. As summarized in
Fig. 1B, top graph, both clamp–clamp+ pairs were frequently (45% of
snapshots) held together by 3H-bonds each (6 clamp–clamp+ bonds
in total for T1Z) and thus appeared to be stable. Regarding the tether-
backbone interactions, snapshots with 1H-bond per pair (2 tether-
backbone bonds in total for T1Z) were themost frequent (36%). This re-
sult is clearly suboptimal. We assumed that the tether-backbone inter-
actions could be enhanced by replacing the aminopropyl group (8AP)
with a guanidinopropyl group (8GP) and performed MD simulations
for the respective T1Z analog (T1Zg). The phenoxazine derivative with
the 8GP tether is hereafter referred to as the guanidino-i-clamp (see
Fig. 1A for the structure of the guanidino-i-clamp and scheme of T1Zg
and Table 1 for the sequence of T1Zg). The major results of the T1Zg
MD simulation are given in Fig. 1B, bottom panel (H-bonding sum-
mary). The 12 ns snapshot, RMSD time plot, and the H-bonding time
plots are shown in Fig. 2A-C, right panel. The data in Figs. 1A and 2C sug-
gest that the tether-backbone interactions were strengthened in T1Zg.
The snapshots with 3 tether-backboneH-bondswere themost frequent
(30%), and the contribution of the snapshots with 4 tether-backbone H-
bonds increased compared to that with T1Z (24% vs. 10%). Interestingly,
the clamp–clamp+ pairing efficiency was also improved: the contribu-
tion of snapshots with 6 clamp-clamp+ bonds in total increased to
49% (Fig. 1B).

To summarize this section, guanidino-i-clamp seems to be superior
to i-clamp in terms of H-bonding. Similar conclusions were drawn
based on the analysis of electrostatic contributions to free energies.
The 8GP-tether has a generally enhanced potential for coulomb interac-
tions. The time plots of the average tether-backbone electrostatic ener-
gies (Fig. 3A, right graph) clearly illustrate the benefits of replacing the
8AP tether with 8GP (after substantial fluctuations during the first
10 ns of the simulations, the Eeq difference settled down to approxi-
mately 20 kcal/mol). Minor benefits in terms of the average tether-
backbone van derWaals energy (Fig. 3A, left graph) were also observed
(the difference was approximately 1 kcal/mol). The strengthened
tether-backbone interactions dragged the phenoxazine residues to be
slightly closer to each other in clamp–clamp+ (Fig. 3B), thus enabling
more efficient interactions between them in T1Zg compared with T1Z.
While the van der Waals contributions to clamp–clamp+ pairing were
negligible (Fig. 3C, left graph) and roughly similar in T1Z and T1Zg,
the difference in the electrostatic contributions was minor, but notice-
able – approximately 0.5 kcal/mol (Fig. 3C, right graph).

We would like to emphasize that the benefits of replacing the 8AP
clamp tether with 8GP were moderate in our molecular modeling ex-
periments. The overall H-bonding efficiency difference between i-
clamp and guanidino-i-clamp was less pronounced than that between
i-clamp and G-clamp [35]. We could not directly correlate these differ-
ences with the IM-stabilizing effects (ΔTm). However, we could argu-
ably conclude that guanidino-i-clamp is a promising modification
according to the in silico tests. We expected its stabilizing effects in
IMs to be superior or close to those of i-clamp, so we next tested
guanidino-i-clamp in vitro.

3.2. Effects of Guanidino-i-Clamp Insertions on the Thermal Stabilities of
Model and Genomic i-Motifs: i-Clamp Versus Guanidino i-Clamp In Vitro

We synthesized the guanidino-i-clamp derivatives of the previously
reported i-clamp-bearing IMs [35] (Table 1) and analyzed their thermal
stabilities under previously used conditions: pH 5.8 for Uo and To deriv-
atives (presumably unimolecular and tetramolecular structures, respec-
tively, which are folded undermildly acidic solutions) and pH 7.4 for the
derivatives of model (Mo) and genomic (Go) IMs, which sustain near-
physiological conditions [32].

The CD spectra, TDS andmelting/annealing curves of the guanidino-
i-clamp-IMs are shown in Fig. 4. Both CD spectra (Fig. 4A) and TDS
(Fig. 4B) contained the characteristic features of IM structures: positive
CD bands near 285–288 nm [5] and negative TDS bands near 295 nm
[37]. The spectrum of the modified ODN U1Zg differed substantially
from that of the native analog Uo: the positive band was broadened
and a minor arm near 275 nm (attributable to the unfolded ODN frac-
tion) was apparent along with the major peak near 285 nm. The in-
creased hysteresis (Fig. 4C) suggests that the folded U1Zg structure
may be different from that of Uo (e.g., an intermolecular IM may be
formed). Moreover, the shape of the annealing curve was somewhat



Fig. 2. i-Clamp versus guanidino-i-clamp: IMmodels, RMSD andH-bonding time plots (fromMDsimulations). A – 12-ns simulation snapshots for T1Z and T1Zg. B –RMSD time plots. C –H-
bonding time plots.
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obscure. This could be attributed to non-cooperative folding and/or con-
formational polymorphism of U1Zg.

The melting (Tm) and annealing (Ta) temperatures of all the IMs,
determined from the first derivatives of the melting/annealing curves
(Fig. 4C), are summarized in Table 1 and can be directly compared
with the previously reported data for i-clamp-IMs [35]. The guanidino
group did not impart profound additional stabilization. The effects of
i-clamp and guanidino-i-clamp were very close (e.g., ΔTmT1Zg-To = +6
± 2 °C (Table 1); ΔTmT1Z-To =+5± 2 °C [35]). The ΔTm/Ta values co-
incided within the experimental error for all IMs except Uo, which may
have a somewhat different folding. The 5′-terminal C → guanigino-i-
clamp substitutions (T1Zg, U1Zg, M1Zg and G1Zg) were beneficial,
while the 3′-terminal (M6Zg) and middle-strand (G2Zg) substitutions
caused negligible and pronounced destabilization, respectively.

To clarify the basis for the effects of guanidino-i-clamp and analyze
the pH sensitivities of the native and modified IMs in more detail, we
next performed stopped flow experiments with monitoring of IM fold-
ing/unfolding by CD at 288 nm (the IM-specific CD band).
3.3. Folding/Unfolding Kinetics of i-Motifs Under Near-Physiological pH Al-
terations: Native Versus Clamp-Modified i-Motifs as Potential pH-Sensitive
Elements for In Vivo Applications

The kinetics of IM formation have previously been studied by a num-
ber of methods, including SPR, FRET-based techniques and NMR spec-
troscopy [38–43] – all these methods are only applicable to relatively
slow processes. Recently, stopped flow-based analyses of rapid IM fold-
ing/unfolding (typically induced by 8 → 5/5 → 8 pH jumps) have been
reported [44,45]. In these studies, the pH conditions were selected to
ensure complete (pseudo-irreversible) formation/disruption of the
structures, which simplifies the interpretation of the kinetic curves
and apparent rate constants. In the first CDSF (stopped-flowwithmon-
itoring by CD) experiments [44], the addition of highly concentrated
buffers, i.e., drastic changes in the solution ionic strength, was used for
pH-jump implementation.

We did not aim to perform an in-depth investigation or quantitative
characterization of the IM kinetics in this study. Instead, we



Fig. 3. i-Clamp versus guanidino-i-clamp: COM distance and energy time plots (fromMD simulations). A – Electrostatic and van der Waals energy plots for tether-backbone interactions.
B –Distances betweenphenoxazine residue COMs (centers ofmass) in clamp–clamp+pairs. C – Electrostatic and van derWaals energy plots for clamp–clamp+pairs. The energy andCOM
distance plots were smoothed using the moving average method (span = 5).
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posed the principal question of whether IM rearrangements are slow or
rapid after biologically relevant moderate pH changes. We used
pseudo-physiological conditions (relatively high salt concentrations)
for genomic (Go) and model (Mo) IMs and their derivatives.
Importantly, we designed CDSF experiments to avoid drastic changes
in solution ionic strength because such changes, per se are known to
affect IMs [5]. Four series of CDSF experiments were performed:
6.8 → 5.7 and 5.2 → 7.5 pH-jumps for To, Uo and their derivatives;
8.0 → 6.0 and 6.7 → 7.9 pH-jumps for Mo, Go and their derivatives.
The pH ranges (narrowed down compared with a typical pH
jump) were selected based on the previously determined transi-
tion points (pHi) of the unmodified ODNs: pHi = 7.3 ± 0.1 for
Mo according to [35] or 7.1 for Mo and G0 according to [32]
(slightly different buffers were used in the cited works), pHi(To)
= 5.8 ± 0.1 and pHi(Uo) = 6.0 ± 0.1 [35].

The resulting kinetic curves and final-point CD spectra are
shown in Fig. 5. The post-CDSF spectra of To, Uo and their deriva-
tives at pH 5.7 (Fig. 5A) were similar in shape to those shown in
Fig. 4A (pH 5.8), although the increased ionic strength in the
CDSF experiments resulted in a somewhat decreased molar elliptic-
ity of To and T1Zg near 288 nm. The post-CDSF spectra of Mo, Go
and their derivatives at pH 6.0 (Fig. 5A) were rather similar to
those shown Fig. 4A (pH 7.4) –IM structures (folded at least
partially) were present in all cases. The post-CDSF spectra at
pH 7.5 (Uo, To and their derivatives) and 7.9 (Mo, Go and their de-
rivatives) with the CD maxima shifted to 275 nm (Fig. 5B) indi-
cated unfolded (or mostly unfolded) ODNs.

The 6.8→ 5.7 kinetic curves obtained for To and T1Z (Fig. 5A) could
not be thoroughly analyzed due to the poor signal-to-noise ratio, even
though we increased the initial (pre-dilution) concentrations of these
ODNs to 70 μM, which corresponds to a final ODN concentration of 15
μMafter 1:4mixingwith thebuffer (for other ODNs, thefinal concentra-
tion was 3 μM). The rest of the kinetic curves could be well fitted to sin-
gle exponentials (a reduced chi squared ≈1 in all cases).

Previous studies of IM kinetics (reported for the C20T mutant of the
NHEIII c-MYC promoter fragment) revealed two-step folding: rapid for-
mation of the intermediate and its subsequent slow rearrangement [45].
For our inter- and intramolecular IMs, no clear signs of intermediates
were observed. We do not exclude multi-step processes. However,
even if intermediates exist, there appears to be a key limiting step that
accounts for the major CD changes. The apparent rate constants deter-
mined by single-exponential fitting of the kinetic curves from Fig. 5
are given in Table 2.

As evident from the curves shown in Fig. 5 and the data presented in
Table 2, the 6.8 → 5.7/8.0 → 6.0 transition kinetics were similar for na-
tive and modified IMs. The processes were fast (tau½ b 100 msec).



Fig. 4. IMs with guanidino-i-clamp insertions versus native IMs: characterization by optical methods. A – CD spectra at 5 °C, B – TDS, C – melting curves (solid lines), annealing curves
(dashed lines) and their first derivatives. Conditions: 10 mM sodium phosphate (pH 7.4) and 100 mM NaCl (for Go, Mo and their analogues) or 10 mM sodium phosphate, pH 5.8 (for
To, Uo and their analogues). ON concentrations: 10 μM (To and T1Zg) or 5 μM (the rest).
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M1/M6Zg and G1/G2Zg had somewhat reduced 8.0→ 6.0 response rate
constants comparedwith Go andMo, respectively.We cannot postulate
irreversible IM formation at the final pH, so those response rates should
probably be interpreted as observed rather than actual folding rates:
Kobs = kfolding*[ODN]n−1 + kunfolding, where n is the number of strands
in IM. Thus, the decreased Kobs(8.0→ 6.0) ofmodified IMsmay actually
indicate slow unfolding. For the 5.2→ 7.5/6.7→ 7.9 pH jumps, a drastic
decrease in the response rates was observed for all 5′-modified IMs. In-
terestingly, the effects of 3′-terminal (M6Zg) andmiddle-strand (G2Zg)
modifications were much less pronounced. Again, the response rates
should probably be interpreted as observed rather than actual unfolding
rates because we cannot postulate total irreversible disruption of the
IMs at a near-physiological pH.

Comparison of the Kobs values for the pH jumps 6.8→ 5.7/8.0→ 6.0
(folding is the dominating process, and the impact of guanidino-i-clamp
varies from moderate to negligible) and 5.2 → 7.5/6.7→ 7.9 (unfolding
is the dominating process, and the impact of 5′-terminal guanidino-i-
clamp is profound) led us to draw the following conclusions:

• 5′-terminal modifications seem to dramatically decrease the IM
unfolding rate, while other modifications cause moderate rate de-
creases;

• The unfolding-impeding effects may be partially (5′-modication) or
totally/almost totally (3′-modification) compensated by moderate
folding-impeding effects;

• In the case of middle-strand modifications, the folding slowdown
seems to dominate over the unfolding slowdown.

Importantly, these kinetic data were consistent with the
thermodynamic data, which indicated IM stabilization by the 5′-
guanidino-i-clamp, a minor effect of the 3′- guanidino-i-clamp and
destabilization by the middle-strand clamp (Table 1). The effects of



Fig. 5. IMswith guanidino-i-clamp insertions versusnative IMs: CDSF results and final-point CD spectra. A –Kinetic curves obtained upon folding-facilitating pH jumps 6.8→ 5.7 (Uo, U1Zg,
To andT1Zg) and 8.0→ 6.0 (Go, G1Zg,G2Zg,Mo,M1Zg andM6Zg) and the respectivefinal-point CD spectra (conditions: 74mMsodiumphosphate, pH5.7/6.0; 90mMNaCl forGo,Mo and
their derivatives; ODN concentrations: 15 μM for To and T1Zg; 3 μM for the rest). C – Kinetic curves obtained upon unfolding-facilitating pH jumps 5.2→ 7.5 (Uo, U1Zg, To and T1Zg) and
6.7→ 7.9 (Go, G1Zg, G2Zg,Mo,M1Zg andM6Zg) and the respectivefinal-point CD spectra (conditions: 74mMsodiumphosphate, pH7.5/7.9; 90mMNaCl for Go,Moand their derivatives;
ODN concentrations: 15 μM for To and T1Zg; 3 μM for the rest). Temperature: 25 °C. A and B have joint legends.
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the 5′-modification are double-sided (positive effects on stability and
negative effect on kinetics). Based on the molecular modeling data,
one can assume that the drastic unfolding slowdown observed for
5′-guanidino-i-clamp-IMs is due to the additional bonding between
the clamp tether and the neighboring strand backbone.

With respect to potential applications of themodified IMs as core el-
ements of pH sensors, the slowed-down kinetics are an obvious disad-
vantage for monitoring rapid processes, such as pH changes in
neurons. However, modified IMs are still applicable for the detection
of rather slow changes, such as tumor acidification or pH changes
upon endosome maturation. For unmodified IMs, we demonstrated
rapid responses to moderate pH changes. Rapid folding and unfolding
of genomic and model (Go and Mo) IMs at a near-physiological pH
and ionic strength were observed for the first time and might have
physiological values. These results shed light on the possible rearrange-
ments of IM-prone DNA fragments in vivo and should be helpful for the
future design of genomic IM-based pH probes.

4. Conclusions

We described a new IM modification, guanidino-i-clamp, and have
shown that it enhances IM stability upon incorporation at the 5′



Table 2
Observed constant rated obtained from monoexponential fitting of the IM kinetic curves.

ODN K obs, s−1

pH 6.8 → 5.7 pH 5.2 → 7.5

To N/Aa 68 ± 2
T1Zg N/A 0.76 ± 0.02
Uo 17 ± 2 90 ± 5
U1Zg 17 ± 3 0.85 ± 0.03

pH 8.0 → 6.0 pH 6.7 → 7.9
Mo 38 ± 1 20.1 ± 0.5
M1Zg 26 ± 1 4.6 ± 0.1
M6Zg 26 ± 1 12.7 ± 0.5
Go 88 ± 4 14.5 ± 0.4
G1Zg 55 ± 4 5.4 ± 0.2
G2Zg 55 ± 4 12.1 ± 0.6

a N/A – the kinetic curve could not be analyzed properly (low signal to noise ratio).
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terminus of ODNs. Molecular modeling data suggest that guanidino-i-
clamp is superior to the previously reported i-clamp (at least in terms
of the tetramolecular structure with clamp–clamp+ pairs) due to en-
hanced tether-backbone interactions, which facilitate clamp/clamp+

juxtaposition and pairing. However, the difference between the stabiliz-
ing effects of i-clamp and guanidino-i-clamp on IMs is minor in vitro.
Based on a kinetics analysis, we attribute the stabilizing effects of the
5′-terminal guanidino-i-clamp modifications to the decrease of the IM
unfolding rate. This observation has important implications for the de-
sign of IM-based pH sensors. Modified IMs seem to be preferable only
if the sensor response rate can be sacrificed for temperature tolerance.
Interestingly, the apparent folding and unfolding rates of model and ge-
nomic IMs under pseudo-physiological conditions and near-
physiological pH changes were moderate and high in modified and na-
tive IMs, respectively. This is the first demonstration of rapid responses
of genomic IMs to pH stimuli, which supports the concept of genomic
IMs being regulatory elements and encourages the future design of
rapid-response pH probes based on genomic structures.
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