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ABSTRACT

The definition of DNA and RNA G-quadruplexes (G4s) has recently been broadened to include structures
with certain defects: bulges, G-vacancies or mismatches. Despite the striking progress in computational
methods for assessing G4 folding propensity, predicting G4s with defects remains problematic, reflecting
the enhanced sequential diversity of these motifs. “Imperfect” G4 motifs, i.e., those containing inter-
rupted or truncated G-runs, are typically omitted from genomic analyses. We report here studies of G4s
with defects and compare these structures with classical (“perfect”) quadruplexes. Thermal stabilities
and ligand interactions are also discussed. We exploited a simple in-house computational tool for mining
putative G4s with defects in the human genome. The obtained profiles of the genomic distribution of
imperfect G4 motifs were analyzed. Collectively, our findings suggest that, similar to classical G4s,
imperfect G4s could be considered as potential regulatory elements, pathology biomarkers and thera-
peutic targets.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

G-quadruplexes (G4s), four-stranded DNA or RNA architectures
stabilized by the stacking of square planar arrangements of guanine
bases (G-tetrads), are impressively polymorphic [1], depending on
the number of G-quartets; syn vs. anti Gua conformations; loop
length, sequence and connectivities; and strand orientation and
handedness [2]. Additional structural diversity arises from the ac-
commodation of A-, U-, T- or C- homo-tetrads [3—5], mixed tetrads
[6—9], bulges [10] and vacancies [11,12].

Despite the growing interest in the multifaceted biological role
of G4 motifs [13—15] and the potential application of G4 aptamers
[16,17], the determinants of G4 formation and function in vivo are
not fully understood. Recent findings advocate short pyrimidine
loops as the hallmarks of G4 motifs prone to triggering genomic
instability [18]. This idea is consistent with the results of an in vitro
sequence-stability analysis of intramolecular G4s [19] and G4
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motifs in dsDNA [20]. Subsequent studies have revealed that the
short minimum loop length and the presence of the thymine bases
are two key composition properties that promote G4 formation.

Most G4-predicting software programs utilize the consensus
sequence rule, according to S. Neidle and S. Balasubramanian, i.e.,
the G3.5N1.7G3.5N1.7G3.5N1.7G3.5 formula. The limitations of this
approach are apparent.

- First, the maximum loop length is a matter of debate. Restricting
this length to 7 nt may be a reasonable compromise between the
sensitivity and robustness of G4 motif mining. However,
compelling evidence supports the biological significance of
genomic G4s with longer loops.

- Second, the consensus formula does not apply to G4s with
bulges, mismatches or vacancies.

- Third, the genomic context, relative G4 and duplex stabilities,
and other factors that influence the thermodynamic probability
of G4 formation are not considered.

New-generation G4 search tools employ more complex pattern-
based rules. Computational methods for predicting G4 folding

0300-9084/© 2017 The Authors. Published by Elsevier B.V. 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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propensity based on regression models have been reported. J.
Huppert and coworkers proposed a general regression model that
facilitates the flexible incorporation of various stability-related
sequence features [21]. Subsequently, ]J.P. Perreault reported a
somewhat analogous algorithm that considers the impact of
flanking sequences [22]. Recently, J.L. Mergny and coworkers
developed a search tool (G4Hunter) that considered the relative
likelihood of canonical and non-canonical structures [23]. The un-
derlying algorithm relies on two basic factors: the presence of G-
blocks and G/C skewness. Kim et al. reported an alternative algo-
rithm that relies on dsDNA-specific pattern rules [20] but has
serious limitations: the current version is inapplicable to mixed-
sequence loops, particularly those containing G, as apparently
this algorithm cannot handle G4s with bulges, mismatches or va-
cancies (interrupted G-runs are not tolerated).

The classical algorithm yields approximately 376,000 PQS sites
in the human genome, whereas the estimation based on the high-
resolution sequencing method [24] revealed 716,310 distinct G4
structures. The re-evaluation of G4 abundance in the human
genome using G4Hunter yielded a nearly identical number with an
appropriate window size and score threshold [23]. A large subset of
the G4s, which were not predicted using first-generation search
tools, includes noncanonical structures with “defects,” such as long
loops or bulges, highlighting the necessity of improving computa-
tional methods and suggesting the potential in vivo function of the
previously omitted G4s.

In the present study, we report the investigation of G4s con-
taining interrupted or truncated G-runs (“imperfect” quad-
ruplexes), i.e.,, G4s with bulges, vacancies or mismatches, and
compare these structures with classical (“perfect”) quadruplexes.
Thermal stabilities, ligand interactions and genomic distributions
are also discussed.

2. Materials and methods

2.1. Oligonucleotide synthesis, purification and secondary structure
verification using optical methods

Oligonucleotide (ON) synthesis, purification, MALDI TOF MS
analysis and ethidium bromide (EtBr) rotational relaxation time
measurements were performed as previously described [25]. The
purity of all ONs was >95% based on HPLC analysis. UV spectra, CD
spectra and CD melting curves were recorded using a Chirascan
spectrophotometer (Applied Photophysics, UK) equipped with a
thermoregulated cuvette holder. Molar CD per nucleotide residue
was calculated as follows: Ae = 6/(32.982 x C x 1 x n), where 0 is
ellipticity (degree), C is ON concentration (M); 1 is optical path-
length (cm) and n is the number of nucleotide residues in the ON.
All ON solutions were denatured at 95 °C for 5 min and snap cooled
on ice prior to measurement to ensure intramolecular folding.

2.2. NMR studies

NMR samples were prepared at a concentration of ~0.1 mM in
0.6 ml of H,0 + D0 (10%) buffer solution containing 20 mM Tris-
HCI (pH 7.5) and 100 mM KCl and annealed (heated to 90 °C for
3 min, and subsequently cooled on ice prior to spectral measure-
ments to ensure unimolecular quadruplex folding). The TH NMR
spectra were recorded using Bruker AMX III (400.1 MHz) and
Bruker AVANCE I1 600 (600.1 MHz) spectrometers. The 1H chemical
shifts were referenced relative to an external standard, sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS). The spectra were
recorded using presaturation or pulsed-field gradient WATERGATE

W5 pulse sequences (zgprsp and zggpw5 from the Bruker library,
respectively) for H,O suppression.

2.3. Molecular modeling

2.3.1. Model preparation and molecular dynamics simulations

Ct1 GQ models 1 and 2 were created in the following manner.
The starting positions of the GQ core atoms were obtained from the
PDB (139D and 2KQH). The core of every GQ was created using
Swiss-PDB Viewer. Subsequently, the loops were added step by
step, utilizing the SYBYL 8.0 molecular modeling package. To
remove unfavorable van der Waals interactions, the models were
re-optimized after attaching each loop using SYBYL 8.0 and the
Powell method with the following parameters: Gasteiger-Hiickel
charges, TRIPOS force field, non-bonded cut-off distance of 8 A,
distance-dependent dielectric function, 1000 iterations, the sim-
plex method in an initial optimization and the energy gradient
convergence criterion with a threshold of 0.05 kcal*mol~*A~". The
GQ core was frozen during the above re-optimizations.

The molecular dynamics simulations (MD) were performed
using the Amber 10 suite with ff99SB and parmbscO force fields as
previously described [25]. The trajectory length was 35 ns. Snap-
shot visualization and hydrogen bond analysis were performed
using VMD (http://www.ks.uiuc.edu/Research/vmd/) with a donor-
acceptor distance of 3 A and an angle cutoff of 20°. Snapshots were
taken every 0.1 ns.

2.3.2. Free energy calculations

The MM-GBSA method was used to calculate the Ct1 GQ free
energies for models 1 and 2. In this approach, the free energy is
calculated according to the formula G = Epy + Gsop -TS, where Eppy,
Gso1 and TS are the total mechanical energy of the molecule in gas
phase, the free energy of hydration and the entropic contribution,
respectively. Eppy was calculated as the sum of the electrostatic
energies, van der Waals energies and the energies of internal strain
(bonds, angles and dihedrals) using a molecular-mechanics
approach. Gso was calculated as the sum of the polar (Gpoler) and
nonpolar (Gnonpolar) terms. The electrostatic contribution to the
hydration energy Gpoler Was computed using the Generalized Born
(GB) method [26], which utilizes the algorithm developed by
Onufriev et al. [27,28] to calculate the effective Born radii. The non-
polar component of hydration energy Gponpolar» Which includes
solute-solvent van der Waals interactions and the free energy of
cavity formation in the solvent, was calculated using the formula
Gronpolar = ®*SASA, where SASA is the solvent accessible surface
area. SASA was computed using the LCPO method [29] with
o = 0.00542 kcal/mol~! A2, The entropic term was not explicitly
calculated, but was implicitly accounted for via the GQ conforma-
tional mobility. Snapshots taken from a single trajectory of the MD
simulation of the complex were used to calculate the binding free
energy.

2.4. G4 ligands

Pyridostatin (PDS) was obtained from ApexBio, Thyoflavin T
(ThT) was obtained from Abcam, and N-methyl mesoporphyrin IX
(NMM) was obtained from Frontier Scientific. G4 melting with PDS
or NMM was performed as described in the previous section. PDS or
NMM were added to pre-annealed ON solutions. ThT fluorescence
was registered using a Chirascan spectrophotometer (Applied
Photophysics) upon excitation at 425 nm at 20 °C.
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2.5. G4 motifs in the genome

RefSeq genomic sequences (http://www.ncbi.nlm.nih.gov/
refseq/rsg/about/) were used for the analysis of GQ/imGQ abun-
dance and distribution in the human genome. The sequences were
obtained from the UCSC database (table hg19.knownGene) and
referenced on zero-based GRCh37.p13 (UCSC version, hg19). The
frequencies of non-overlapping GQ/ImGQ motifs in the genomic
regions were calculated using option 2 in ImGQfinder (http://
imggfinder.niifhm.ru). Each G-rich fragment containing 4 to 7 G-
blocks (uninterrupted or interrupted by non-G-rich fragments not
exceeding the maximum loop length) was counted as one putative
GQ/ImGQ, each fragment containing 8 to 11 G-blocks was counted
as two putative GQs/ImGQs, etc. Fragments with both GQ and
ImGQ-forming potential were counted as putative GQs because the
latter are generally more stable.

To account for the impact of the G/C content, non-G4 fragments
with 70—80% G/C-content (a number equal to the total number of
putative GQs/imGQs in the whole genome) were randomly selected
from 10 million 33-nt random chromosome fragments. This process
was repeated 10 times. The profiles of the non-G4 G-rich fragment
distribution relative to TSS/TTS sites and exon/intron boundaries
were obtained and superimposed onto the respective profiles of
putative GQ/imGQ motifs. Ten ‘negative control’ profiles corre-
spond to ten repeats.

2.6. Functional enrichment analysis

Genes containing ‘imperfect’ G4 motifs at the exon/intron
boundaries were analyzed for the common molecular function,
related biological process and cellular localization of the respective
proteins. The enrichment analysis was performed using the Bingo
application of Cytoscape 3.2.0 software with Bonferroni's family-
wise error rate (FWER) correction and the GeneOnthology data-
base as a reference. The P-value threshold (after the FWER
correction) was 0.05.

3. Results and discussion

3.1. Imperfect G4 structures: general description, examples and
thermal stability studies

Hereafter, we will exclusively use the abbreviation ‘GQ’ for
perfect G4 structures. Intramolecular GQ motifs contain four un-
interrupted (Gs3,) G-runs and comply with the classical formula
(except the maximum loop length may exceed the canonical limit
of 7 nucleotides). The abbreviation ‘imGQ’ stands for imperfect G4s,
i.e,, those containing at least one interrupted or truncated G-run.
ImGQ motifs defy the classical formula. Intramolecular imGQs with
single defects (mismatches, bulges or vacancies) comply with the
formulas presented in Table 1.

Apparently, some imGQ-prone sequences can also fold into ca-
nonical GQs with fewer tetrads, e.g., a putative 3-tetrad imGQ with
a mismatch or vacancy in the external tetrad may actually adopt a
2-tetrad GQ conformation. Moreover, the distinction between the
sequence rules for various types of defects is illusive. ImGQs with
bulges and imGQs with mismatches are defined by substantially
overlapping motif sets.

Any G-run-interrupting nucleotide (N) can either occupy a po-
sition in a respective tetrad as a G-substitute (a mismatch) or
project from the G4 core between the tetrads (a bulge). Theoreti-
cally, a G-run-interrupting nucleotide could also project from the
tetrad plane, leaving one unoccupied position in the core (a va-
cancy). However, the latter case has not been experimentally

confirmed thus far. G-vacancies have only been observed in
external (terminal) tetrads [11]. The molecular modeling experi-
ments conducted herein, which will be discussed below in detail,
also suggest that imGQs with internal-tetrad vacancies are prone to
rearrangements. Unlike vacancies, mismatches in internal tetrads
may be tolerated because the mismatching nucleic base can
participate in stacking with the neighboring tetrads or even form
H-bonds within its own tetrad [6].

Examples of previously unreported putative imGQs from the
human genome (NCBI Reference Sequence: NC_000018.9) are
shown in Fig. 1. They were chosen randomly from the fragments of
chromosome 18 that comply with the formulas in Table 1 (n = 4).
Sequences PSTP and Ct1 are located in the intron of the CTIF gene
(chr18: +46379322 to +46379344) and at the PSTPIP2 intron/exon
boundary (chr18: —43572049 to —43572072), respectively. Ac-
cording to the conventional G4 motif description, these motifs can
only form 2-tetrad GQs and would be skipped upon genome mining
using the classical G4-predicting software. However, CD and 1H
NMR spectra of these ONs bear the specific signatures of G4
structures.

Additional examples of imGQ-forming ONs and their GQ-
forming analogs are presented in Table 2. Ct2-Ct4, CtA, CtC and
CtG are Ct1 mutants. Bcl is a fragment of the BCL2 promoter region
(chr18: —60985942 to —60985966). BclT, BclA and BclG are Bcl
mutants. G3, G4, and their derivatives are model ONs. For UV-
melting curves, thermal difference spectra (TDS, [30]), CD spectra
and inter- vs. intra-molecular folding analysis of the GQ/imGQ ONs,
see Figs. 1 and 2 in Ref. [31]. The MALDI-TOF MS data are provided
in Table 1 in Ref. [31]. As evident from Table 2, all the tested
intramolecular imGQs are thermodynamically stable under physi-
ological conditions.

ON Bcl is referred to as a putative GQ in Table 2 because its
sequence complies with the classical formula for 3-tetrad G4s.
However, Bcl could also adopt a 4-tetrad imGQ structure. We were
unable to clarify Bcl folding based on NMR data as a result of signal
overlapping (the G4 signature in the imino region is present, but
conformational polymorphism or oligomerization at high concen-
trations hamper spectra interpretation, Fig. S1).

14 Imino proton signals are present in the NMR spectra of Ct1
and PSTP (Fig. 1), indicating the formation of imGQs with three
perfect G-tetrads and one mismatched tetrad or G-triad. Ts that
interrupt the 5’-terminal G-runs either bulge or stack with the
neighboring Gs. The 12 signals in the imino proton region of the
ribo-Ct1 spectrum suggest a 3-tetrad G4 structure (T is bulging).
The strand orientations in the schematic representations were
ascribed based on CD data: large positive bands at 265 nm and
smaller negative bands at 240 nm suggest parallel G4-folding. A
minor band at 295 nm in the spectrum of deoxy-Ctl can be
attributed to the presence of antiparallel or hybrid G4 admixtures
[32]. Another possible explanation is an unusual parallel G4
structure comprising three similar-polarity tetrads and one
external tetrad of an opposite polarity (The CD spectrum of Ct1
resembles that of a known unusual structure from the RET pro-
moter, which also defies the “all-anti” conformational rule for
parallel G4s [33]).

3.2. ImGQ core dynamics (molecular modeling studies)

To obtain some insight into imGQ core dynamics and the
favorable positions of the G-run-interrupting nucleotides, we per-
formed molecular modeling of Ctl. A schematic representation of
the 50-ns molecular dynamics (MD) simulation results is shown in
Fig. 2. Smoothed MD trajectories are provided as supplementary
movies SM1 and SM2. Two initial models of the imGQ with a
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ImGQ motifs with single defects. L denotes any nucleotide in a loop; N denotes any mismatching or bulging nucleotide (if N = G, the formula
describes a GQ motif); n is the number of tetrads (n > 3); Xj is the number of nucleotides in a loop; j is a loop index; and i is the position of a defect in
the G-run (1 < i < n for bulges; 1 < i < n for mismatches, and i = 1 or n for vacancies).

Defect position Defect type

Bulge

Mismatch or vacancy

5'-terminal G-run
Middle-strand G-runs

3’-terminal G-run

Gi’lNGn’i+1(LXjGn)3;j =123
Gnlx1Gi-1NGn-i1(LxiGn)2, J = 2,3
(GnLx1)2Gi-1NGp-i11Lx3Gn, j = 1,2
(GnLxj)3Gi-1NGn-i1, j = 1,2,3

Gi-iNGyi(LxiGn)3, j = 1,2,3
Gnlx1Gi-iNGn-i(LxjGn)2, J = 2,3
(GnLx1)2Gi-1NGp-ilx3Gn, j = 1,2
(Gnlxj)3Gi-1NGnoi, j = 1,2,3

mismatch (top scheme in Fig. 1) were obtained using available XDR
data for well-characterized structurally relevant GQs [34,35]. Model
1 is a typical parallel G4 with all core Gs in the anti-conformation.
Model 2 is a parallel G4 with syn-Gs in the external tetrad. These
quadruplex structures have slightly different twist angles. The G-
run-interrupting T was initially stacked with Gs from the neigh-
boring tetrads in both models but did not participate in H-bonding.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biochi.2017.01.003.

The core of the model 1 ImGQ (Fig. 2, left panel) was stable
throughout the simulation (although moderate fluctuations in the
external tetrad resulted in the loss of one potassium ion at
approximately 1 ns), and T participated in H-bonding after
approximately 2 ns (see Fig. S2A for H-bonding time plots). As
evident from the 2.5-ns snapshot (Fig. 2, left panel, top view of the
green tetrad; other tetrads are hidden for clear representation), 04
and H3 of Thy-3 formed H-bonds with H1 of Gua-22 and 06 of Gua-

imGQwith a mismatch

10, respectively, yielding 4 imino protons involved in base pairing
in the mismatched tetrad and 16 imino protons in the whole imGQ.
The modeling results contradict the TH NMR data (14 signals in the
imino region of the Ct1 spectrum, Fig. 1).

Better consistency with the NMR data was achieved using Ct1
model 2 (Fig. 2, right panel). A slightly different initial geometry
generated certain freedom of Thy-3, and instead of forming H-
bonds within the tetrad this nucleobase deviated from the tetrad
plane. Interestingly, the obtained vacancy was almost immediately
filled with the neighboring base from the external tetrad (Gua-4).
The latter process is illustrated as a time plot of Gua-4 H-bonding
with Gua-22 and Gua-10 (Fig. S2B). Free energy estimations for
models 1 and 2 produced comparable results (Fig. S2C).

Thus, the MD data suggest that a mismatching base in the in-
ternal tetrad of a single-defect imGQ either forms H-bonds within
the tetrad or bulges out to initiate “shifting” of the defect to the
external tetrad.

PSTP d(GGTGAATGGGGCAGTGGGGTGGGG)

oravacancy “ "E PSTP

14 imino signals f 1112 S10
3 g 10 E_

7 45
. o N/l <

0

2 260 290 320
r— - - - - wavelength, nm
I 12,5 12.0 11.5 11.0 10.5
imGQwith a bulgeanda ™ Ctl  d(GGTGACAGGGGTATGGGGAGGGG) -
vacancy 7 £ Ct1

611 )

14 imino signals '-'210

45

0

2 260 290 320
-5
: ! | T 7 wavelength, nm
12.5 12.0 11.5 11.0 10.5
) . Ribo-Ctl GGTGACAGGGGTATGGGGAGGGG -
imGQwith a bulge £
o T ribo-Ct1

12 imino signals s
]

125 12.0

115

wavelength, nm

11.0 10.5

Fig. 1. Examples of putative imGQs from the human genome. Schematic representations (left panel), fragments of 1H NMR spectra (middle panel) and CD spectra (right panel).
Buffer conditions: 25 mM Tris-HCl (pH 7.5) and 100 mM KCl. The ON concentration was 5 uM in CD experiments and ~0.1 mM in the NMR experiments.
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Table 2
Sequences of G4-forming ONs and characteristics of their solution structures.
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ON code Sequence, 5’ —3' G4 motif type G4 T values, °Cx1 G4 type®
100 mM KCl 10 mM KCl 100 mM LiCl
PSTP GGTGAATGGGGCAGTGGGGTGGGG ImGQ (1defect) 75 61 no intramol.G4s p
Ct1l GGTGACAGGGGTATGGGGAGGGG 74 57 p
Ct2 GGGGACAGGTGTATGGGGAGGGG 56 40 h
Ct3 GGGGACAGGGGTATGGTGAGGGG 62 44 h
Ct4 GGGGACAGGGGTATGGGGAGGTG 72 44 h
CtA GGAGACAGGGGTATGGGGAGGGG 70 56 p
CtC GGCGACAGGGGTATGGGGAGGGG intermolecular G4 p
CtG GGGGACAGGGGTATGGGGAGGGG GQ >85 69 h
Bcl GGGGGCCGTGGGGTGGGAGCTGGGG 77 62 p
BclIT GGGGGCCGTGGGGTGTGAGCTGGGG imGQ (1 or 2 defects) 52 46 h
BclA GGGGGCCGTGGGGTGAGAGCTGGGG intermolecular G4 h
BclG GGGGGCCGTGGGGTGGGGGCTGGGG GQ >85 >80 44 h
G4 GGGGTGGGGTGGGGTGGGG >85 79 57 p
G3 GGGTGGGTGGGTGGG >90 >85 45 p
G3A GGGTGAGTGGGTGGG ImGQ (1defect) intermolecular G4 p
G4A GGGGTGAGGTGGGGTGGGG >85 75 50 p
G4AA GGGGTGAGATGGGGTGGGG imGQ (1 or 2 defects) >80 57 48 p

Interrupted G3 and G4 runs are in Italics and bold.

2 p = parallel GQ/imGQ (the CD spectrum contains a positive band at about 265 nm and a negative band at about 245 nm), h = hybrid GQ/imGQ (the CD spectrum contains a

positive band at about 290 nm in addition to the bands at 265 nm and 240 nm).

Ct1 model1 g Ct1 model 2
H-bonding directionin alltetrads it
(donor — acceptor) | Q» syn'
D 4_,> anti
anti
all Gs are \ 4 « _
in the anti-conformation ) anti

TheimGQ core is stable throughout the simulation

>

The imGQ core undergoes a rearrangement

50ns

Thy-3 bulges out and s replaced with Gua-4,
the defect “shifts” to the external tetrad
)p |

SN
i
4ns

A
y N %
L cua-17 7 GQua-10
\‘ \l )
\l('Q Y\/j/\—

Fig. 2. Ct1 modeling and MD simulations.

3.3. ImGQ interactions with ligands

We analyzed imGQ binding with several well-characterized G4-
recognizing small molecules to clarify whether imGQs can be sta-
bilized and visualized using known ligands and fluorescent probes,

respectively. The studies of GQ and imGQ interactions with pyr-
idostatin (PDS), N-methylmesoporphyrin IX (NMM) and thioflavin
T (ThT) are summarized in Fig. 3. For more data, see Figs. 3—5 in
Ref. [31].

PDS is a well-known ligand that stabilizes G4s with good
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selectivity relative to double-stranded DNA [36]. This ligand has
been used as a platform for developing matrices for selective G4
isolation [37]. Its ability to promote DNA double strand breaks
in vivo (presumably, by causing polymerase stalling during tran-
scription and replication [38]) has enabled G4 detection and
mapping in genomic DNA. PDS-induced stalling of a reverse tran-
scriptase has been exploited to detect and map RNA G4s in cellular
transcripts [39]. NMM, another popular ligand with remarkable
specificity for G4s [40], stabilizes predominantly parallel structures.
NMM fluorescence intensity substantially increases in the presence
of parallel G4s, whereas antiparallel G4s cause only a moderate
increase. Thus, NMM could be used as a reporter of strand orien-
tation [41]. However, its ability to induce the rearrangement of
antiparallel quadruplexes into parallel quadruplexes [40] raises
concerns for the reliability of this strand orientation assignment.
ThT is a fluorogenic dye that exhibits striking fluorescence upon
binding with the G4 DNA [42,43] and G4 RNA [44], representing a
convenient fluorescent sensor for G4s.

The imGQs evaluated in the present study are described in
Table 2. A set of GQs from Table 2 was complemented with ‘control’
GQs from oncogene promoters (Bcl-2, cMyc and cKit) and the
telomeric GQ 22AG (see Table 1 in Ref. [31] for sequences and MS
data). We aimed to obtain statistically comparable GQ and imGQ
sets, each including G4s of different topologies and thermal sta-
bilities (40 °C < THYIMCQ < 70 °C; Tm dispersionS' o¥(TSQ) = 65,
GZ(T}TTGQ) 94, Tm average — =55°C, Tm average — =50 OC)

NMM stabilized parallel imGQs (filled markers in Fig. 3) more
efficiently than the hybrid imGQs (hollow markers in Fig. 3),
consistent with the previously reported data for GQs [40]. Average
NMM-induced change of GQ Try (ATNMM — 6 + 1 °C) was slightly
higher than that of imGQ T (ATNMM = 4 4+ 1 °C; Fig. 3A, left graph).
PDS more efficiently stabilizes imGQs (Fig. 3A, right graph); how-
ever, ATRS dispersions in the GQ and imGQ sets apparently differ
too much, thus Student's t-test cannot be performed. The average
ThT fluorescence intensities in complexes with GQs and imGQ are
relatively close (Fig. 3B, left graph; FI/FI™CQ > FI/FISQ, but the dif-
ferences are insignificant according to Student's t-test, assuming
normal distributions). The dissociation constants (Kd) were esti-
mated only for Ct1-ThT and CtG-ThT complexes (Fig. 3B, right
graph). Both GQ and imGQ bound to ThT in the low-micromolar
concentration range; the Kd values were almost equal.

Thus, these data indicate that imGQs can be efficiently visual-
ized using ThT and are generally at least as responsive to NMM and
PDS as classical G4s. Should ImGQs exist in vivo and behave simi-
larly to GQs, their interactions with GQ-targeted therapeutics might
account for some of the side effects of these therapies. This hy-
pothesis prompted us to develop ImGQ-predicting software for the
analysis of genomic sequences.

3.4. ImGQ motifs in the human genome

To evaluate the genomic abundance and investigate the
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or imGQs, respectively.

genomic localization of imGQ motifs, we developed a simple online
search tool, ImGQfinder, which is freely accessible at the URL http://
imggfinder.niifhm.ru. The program is implemented in Perl. The
underlying algorithm is based on the set of formulas presented in
Table 1. In this algorithm, we searched for G-runs, determined the
distance between them and selected fragments that complied with
the predetermined conditions for the maximum loop length and
the minimum number of nucleotides in a G-run (i.e., the number of
tetrads). ImGQfinder searches for all GQ and imGQ motifs in a given
sequence. The input parameters include the queried nucleotide
sequence in raw or FASTA format, the number of tetrads and defects
and the maximum loop length. The hits are displayed in a table.
Two options are available:

1) Identify all putative GQs or imGQs, including overlapping ones;
2) Calculate the maximum number of non-overlapping GQs/
ImGQs.

Option 1 is recommended for detailed conformational analyses
of relatively short sequences. The results include a list of all putative

GQs/imGQs with coordinates for each G-run start, GQ/imGQ
sequence (G-runs are highlighted in yellow) and position of the
defects.

Option 2 is recommended for statistical analyses of lengthy se-
quences. The results include a list of all non-overlapping G-rich
fragments with GQ/imGQ-forming potential (the fragments may
contain more than four G-runs, which implies various folding
modes) separated by non-G-rich fragments that exceed the
maximum loop length. The coordinates of the fragments, their se-
quences (possible GQs/imGQs are highlighted) and the maximum
number of non-overlapping GQs/imGQs in each uninterrupted G-
rich fragment are shown. The maximum number of non-
overlapping GQ/imGQs that can exist simultaneously in the
queried sequence is also shown.

ImGQfinder was utilized to reassess the number of G4-prone
sites in the human genome. First, to validate the algorithm, we
calculated the number of all non-overlapping 3-tetrad GQ motifs
(option 2 in ImGQfinder, number of defects = 0) and compared
these results to the data in the literature. The obtained value (359 k)
is consistent with previous estimations [45]. Next, we considered 4-
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tetrad GQs and imGQs. As expected, imGQ motifs are substantially
more abundant than GQ motifs (approximately 5 times in the case
of 4-tetrad structures, Table S1). If we assume that only 3" -tetrad
GQs and 4" -tetrad imGQs are generally sufficiently stable to exist
in vivo, then accounting for imGQs adds approximately 30% to the
total number of putative G4 structures.

GQ and imGQ motifs have basically similar distributions within
RefSeq genes. Exons generally tend to be depleted of both GQs and
imGQs, except for certain enrichment in the first exons (Fig. S3).
Large clusters of GQ/imGQ motifs were detected in promoters
50—150 nt downstream of the transcription start site (TSS), in the
3/-UTRs 50—100 bp upstream of the transcription termination sites
(TTS) and in the introns near exon/intron boundaries (Fig. 4). These
clusters do not exclusively reflect G-richness (the ‘negative control’
profiles, obtained for non-G4 G-rich sequences do not coincide
with the GQ/imGQ profiles). These findings are consistent with the
previously reported GQ motif distribution studies [46,47] and
suggest imGQ participation in transcription, translation or splicing
regulation.

The ratio of G4 and negative control amplitudes at the GQ/imGQ
profile extreme provides a rough estimation of the impact of the
putative secondary structure. In the promoters, the G4:control ratio
is apparently higher for GQs than for imGQs (the imGQ motif
clusterization is less pronounced). Near the exon/intron bound-
aries, the imGQ:control and GQ:control ratios are similar.

It has previously been hypothesized that certain types of imGQs
(G4 with vacancies) may have a distinct biological role [11], and a
correlation between gene function and the potential for G4 for-
mation has been reported [48]. We performed a functional
enrichment analysis of the genes containing 4 "-tetrad imGQ motifs
near exon/intron boundaries (the areas where imGQ motif distri-
bution is clearly non-random). The analysis revealed a statistically
significant enrichment of genes encoding regulators of signal
transduction, ion transport and neurogenesis (Table S2). Although
further studies are required to support the biological significance of
imGQ sites, it is tempting to speculate that these sites may
contribute to the fine-tuning of the expression of signaling factors
and other regulatory proteins.

Thus, a genome-wide analysis of imGQ motifs was performed
using the imGQfinder program. We propose that this simple imGQ
search tool could be helpful in fundamental studies and could be
used in combination with the existing second-generation GQ-pre-
dicting tools.

3.5. Conclusions

We studied the thermal stabilities and conformational poly-
morphisms of imGQs under physiological conditions. We showed
that quadruplexes with single defects are generally thermody-
namically stable, interact with the commonly used GQ-targeted
ligands and can be efficiently visualized using the popular fluo-
rescent probe ThT. We developed a search tool that accounts for
several major types of defects in G4 structures and analyzed the
distribution of the respective motifs in the human genome.
Consistent with the results of G4-sequencing experiments, imper-
fect G4 motifs were abundant and clustered in the same regulatory
regions as classical putative quadruplex sites.
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