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ABSTRACT

Polymorphism is inherent for G-quadruplexes (G4s), and the different structural forms are important
for the participation in different biological functions of telomeres. A lot of progress has been made in
the exploration of G4 polymorphism. However, quick separation and reliable assessment methods for
different conformations of G4 are still very few. In this work, the polymorphism of three sequences
d[(G3T)3Gs], d[(G3C)3Gs] and d[(G3T)4] annealed in six different solutions were investigated by means
of reversed-phase high performance liquid chromatography (RP-HPLC), liquid chromatography-mass
spectrometry (LC-MS), fluorescence spectroscopy, circular dichroism spectroscopy, together with native-
polyacrylamide gel electrophoresis. Different G4 conformations of these three sequences can be separated
clearly by RP-HPLC, and further characterized by on-line LC-MS analysis. It is revealed that high-order
structures other than intramolecular quadruplexes were favored for d[(G3sT)3Gs] and d[(G3C)3Gs] under
the annealing conditions. However, flanking loop impeded d[(G3T)4] to form higher-order structures than
dimer. In addition, the nature and concentration of cation, as well as the annealing solution component,
all have decent influence on the stability and relative ratios of various G4 building blocks. Based on the
above findings, RP-HPLC and LC-MS combined with spectroscopic techniques can be used as a facile and
powerful tool for quick separation and identification of G4s in solutions, and for effective assessment of
DNA sequences and annealing environments on G4 polymorphism. The established protocol provides a
novel strategy for evaluating G4 polymorphism, which will facilitate studies on quadruplex structures
and their biophysical properties.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

tion for most G4-forming sequences [14,15]. Dailey et al. reported
that there were at least eight distinguishable G4 species co-existing

G-quadruplex (G4), formed by G-rich sequences, is a charac-
teristic secondary structure of DNA. G4-forming sequences are
found prevalent in human genome such as the telomeric DNA, and
their possible roles in biological regulation [1-6], potential ther-
apeutic drug targets [7-10] or as therapeutic agents themselves
[11,12] receive much attention currently. A G4 contains at least
four runs of two guanines and requires certain cations to coordi-
nate to the 06 of four guanine residues forming the quartets. More
stable and complex structures have been found in the presence of
K* and NH4* ions than those formed in the presence of Li* and
Na* ions [13]. However, polymorphism is inherent in G4 forma-
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under slow annealing conditions in K*-containing buffer for the
anticancer aptamer AS1411 [14]. The relatively simple human
telomeric sequence d(GGGTTA)4 even can theoretically fold into
more than 200 intramolecular conformations [15]. In general, the
polymorphism of G4s is influenced by the length of chains, the
type of loop, the orientation of adjacent bases in nucleic acids, the
nature and concentration of cations, and the concentration of DNAs
[16-18]. Moreover, a slight change of DNA sequence may drasti-
cally change the structural topologies of G4s [13]. It is noteworthy
that different structural forms are important for the participation
in different biological functions of telomeres [19].

However, G4 structures are far from being fully recognized.
The structural and biophysical studies of G4 DNAs have been hin-
dered by our inability to isolate and characterize the individual
G4s that may occur in solution [15]. Separating and distinguish-
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ing different conformations are inevitable for the structural and
biophysical studies of G4s. A number of techniques have been
developed for the characterization of G4s. High resolution tech-
niques such as X-ray diffraction (XRD) and nuclear magnetic
resonance (NMR) can provide atomic-resolution structures of G4s
[20]. However, these two techniques both have their limitations:
large DNA consumption is usually needed; not every nucleic acid
fragment provides single crystals suitable for XRD, and the crys-
tallization agents (alcohols, spermine, salts) may influence the G4
folding; 2D NMR requires that the DNA fragments must be short
and only single dominating conformer, which cannot always be
satisfied because of G4 structural polymorphism [21]. The spectro-
scopic techniques used for G4s analysis include circular dichroism
(CD), UV-melting, surface plasmon resonance (SPR), fluorescence
titration, etc. [22]. However, the resolution of these techniques is
too low to obtain more-refined analysis of potential G4 conforma-
tions in the mixture of single strand and its quadruplex species.
Electrophoresis is a useful tool in selective separation and purifica-
tion of target molecules in bio-system, and native-polyacrylamide
gel electrophoresis (Native-PAGE) has been widely used in the
separation of G4s [23-27]. However, it is laborious and of low
resolution. Compared with Native-PAGE, high performance liquid
chromatography (HPLC) is simple and effective, which can be used
to distinguish oligonucleotides with different length, base compo-
sition, or even only different base sequence [28-30]. Nevertheless,
the applications of HPLC for G4s study are still limited. The reported
HPLC modes for G4s separation mainly include size-exclusion chro-
matography (SEC) [14,15,31,32], affinity chromatography [33], and
reversed-phase HPLC (RP-HPLC)[34-38].Up to now, SECis the most
widespread HPLC mode used in the study of G4s polymorphism, in
which retention of solute is dominated by molecular size. RP-HPLC
is also in general use in the study of G4s polymorphism, in which
retention of analyte is dominated by hydrophobicity related with
molecular structure. However, there is a significant restriction on
the direct identification of G4s conformations with these currently
reported HPLC methods. As a highly sensitive analytical tool, mass
spectrometry (MS) has been widely used in the research of G4s
structure [13,39-42]. Since some low-order structure signals may
be the fragments of high-order structures in gas phase, people are
usually in doubt about G4 structures recognized by MS analysis
with direct injection. Therefore, utilizing HPLC technique compat-
ible with MS detector for direct structure identification will be an
effective and promising strategy for elucidating G4s polymorphism
and evaluating the proportions of different G4s conformations. To
the best of our knowledge, there has been no report for G4s analysis
by using on-line LC-MS up to now.

In this study, three oligonucleotides with different loop
sequences were selected for the study of G4s polymorphism in dif-
ferent K* and NH4* solutions. A separation and characterization
protocol for G4s was tried by using RP-HPLC-UV and LC-MS, in
combination with fluorescence spectroscopy, CD and Native-PAGE.
Moreover, the influence factors on G4s polymorphism including the
nature and the concentration of cation, the component of annealing
buffer solution, and the flanking loop of nucleic acid were discussed
based on the separation and characterization protocol.

2. Materials and methods
2.1. Materials and reagents

Three oligonucleotides, 5'-GGGTGGGTGGGTGGG-3’
(d[(G3T)3G3]), 5-GGGCGGGCGGGCGGG-3' (d[(G3C)3Gs]) and 5'-
GGGTGGGTGGGTGGGT-3' (d[(G3T)4]), were custom-synthesized
by Realgene Biological Technology Co., Ltd. (Nanjing, China). HPLC
grade methanol (CH30H) and acetonitrile (CH3CN) were purchased

from Honeywell (Ulsan, Korea), and HPLC grade trimethylamine
(TEA) were obtained from Tedia Company Inc. (Ohio, USA). The
water used was ultrapure water. All of other chemicals were of
analytical reagent grade unless otherwise noted.

2.2. Sample preparation

Single strands of d[(G3T)3Gs], d[(G3C)3G3] and d[(G3T)4] were
dissolved in water individually, and then kept at 4°C before use.
DNA quadruplexes were prepared by heating the annealing solu-
tions containing each DNA strand in 95 °C water bath for 5 min and
cooling to room temperature naturally. The solutions were then
stored at 4 °C overnight. Six different annealing solutions listed as
follows were used in the experiment: I. 50 mM K,HPO4 +50 mM
KH,PO,4 (pH 7.0); 1. 50 mM K, HPO, (pH 7.0); Ill. 10 mM Tris-HCl
(pH 7.4), 1mM EDTA, 100 mM KCl; IV. 10 mM Tris-HCl, 100 mM
KCI (pH 7.4); V. 100 mM NH4OAc (pH 7.0); VI. 50 mM NH4OAc (pH
7.0). The annealing solutions, single strand DNAs, and annealed
DNAs were labeled separately. Numbers 1-6 represent the anneal-
ing solutions I-VI, respectively. And letters a-c represent single
strands d[(G3T)3Gs], d[(G3C)3G3] and d[(G3T)4], respectively. The
combination of a number and a letter represents an annealed DNA,
such as “1a” represents d[(G3T)3G3] annealed under solution .

2.3. Fluorescence spectroscopy and CD spectroscopy experiments

Fluorescence emission spectra were acquired on an F-7000
Hitachi temperature control fluorescence spectrophotometer
(Hitachi, Japan) at room temperature with scanning rate of
1200 nm min~!. The excitation wavelength was kept at 260 nm, and
the emission wavelength was scanned from 280 nm to 480 nm. The
excitation and emission slits were 10 nm and 5 nm, respectively. CD
measurements were performed using a Chirascan digital circular
dichroism spectropolarimeter (Applied Photophysics Ltd, England)
using a 1-mm path length quartz cuvette. The sampling interval was
0.5 s and slit width was 1 nm. The measurements were the averages
of three repetitions between 200 nm and 320 nm at room tempera-
ture. The CD spectra of base-line and the buffers were recorded, and
they were subtracted from the spectra of DNA-containing solutions.
All DNAs for fluorescence and CD measurements were all prepared
at concentration of 10 WM.

2.4. Native-PAGE experiments

Native-PAGE experiments were carried out on a Biorad
PowerPac™ HV apparatus (Bio-Rad, USA). Each DNA samples of
50 wM were prepared for Native-PAGE analysis, because the elec-
trophoretic bands were unclear at low DNA concentration (data not
shown). Electrophoresis was performed using 20% polyacrylamide
gels, containing 50 mM KCl and 1 x TBE buffer (80 mM Tris-borate,
2mM EDTA, pH 8.3). Quadruplex-forming oligonucleotides ran in
1 x TBE buffer supplementing with 50 mM KCl by using the fol-
lowing parameters: temperature=4°C, voltage=120V, time=3h.
Bands in the gels were visualized after silver staining. Oligo 15,
oligo 30, oligo 45, and oligo 60 were used as markers, and their
sequences were 5'-GTC GTA ACT GAC CGT-3', 5-GCG TCA GTATAG
CCC AGT CTT GAG TGC CAT-3/, 5'-GTC GTA ACT GAC CGT GCG ACT
GTA TAG CCC AGT CTT GAG TGC CAT-3/, and 5'-GTC GTA ACT GAC
CGT GTC GTA ACT GAC CGT GCG ACT GTA TAG CCC AGT CTT GAG
TGC CAT-3/, respectively.

2.5. RP-HPLC-UV condition

RP-HPLC experiments were performed on a LC-20AD (Shi-
madzu, Japan) with a variable wavelength UV-vis detector.
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Fig. 1. The fluorescence spectra of d[(G3T);Gs] (A), d[(G3C)3Gs] (B) and d[(G3T)4] (C). Samples: a-c are single strand DNAs; 1a-6a, 1b-6b and 1c-6¢ are d[(G3T)3Gs],
d[(G3C)3Gs] and d[(G3T)4 annealed at six different annealing solutions: 1. 50 mM K, HPO4 +50 mM KH;PO4 (pH 7.0); 2. 50 mM K, HPO4 (pH 7.0); 3. 10 mM Tris-HCl (pH 7.5),
1 mM EDTA, 100 mM KCI; 4. 10 mM Tris—HCl, 100 mM KCl (pH 7.5); 5. 100 mM NH4OAc (pH 7.0); 6. 50 mM NH4OAc (pH 7.0).
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Fig. 2. The CD spectra of d[(G3T)3Gs] (A), d[(G3C)3G3] (B) and d[(G3T)s4] (C). Samples of a-c,1a-6a, 1b-6b and 1c-6c are the same with that in Fig. 1.

Separation was accomplished on a Merck Chromolith® Perfor-
mance RP-18e column (100 x 2.0 mmi.d.). The column temperature
was maintained at 25°C, and the detection wavelength was set at
260 nm. K;HPO4 (50 mM, pH 7.0) (A) and CH30H (B) were used as
mobile phases for gradient elution at flow rate of 0.25mLmin"!,
and the gradient was as follow: 0-25 min, 15%B-40%B; 25-38 min,
40%B-40%B. The sample concentration was 10 wM with injection
volume of 5 L.

2.6. LC-MS condition

LC-MS experiments were carried out on a LC-30AD (Shimadzu,
Japan) - TripleTOF™ 4600 (AB SCIEX, USA). LC condition: A Merck
Chromolith™ Performance RP-18e column (100 x 2.0 mm i.d.) was
used with the temperature maintained at 25 °C. The mobile phases
were NH40Ac (20 mM, pH 7.0) (A) and CH3OH (B) at flow rate of
0.25mLmin~! with the elution gradient: 0-25min, 13% B-32% B;
25-35min, 32% B-32% B. The sample concentration was 100 uM
with injection volume of 5 L. MS condition: Electrospray ioniza-
tion (ESI) source were used in negative mode with spray voltage
of 4500V. Full scan mode was used with mass scanning range of
500-4000 Da. Ion source 1, ion source 2, and gas curtain were set at
45 Psi, 45 Psi and 35 Psi, respectively. The atomization temperature
was 500°C, and declustering potential was 80V.

3. Results and discussion
3.1. Verification of G-quadruplexes

3.1.1. Fluorescence spectroscopy

Quadruplexes possess intrinsic fluorescence due to the
extended conjugation of the four-base quartet. The increase of
intrinsic fluorescence can provide a way to monitor the folding

of G4s [43]. We collected fluorescence data on each sequence in
water, and in the presence of K* ion (solutions 1-4) and NH4* ion
(solutions 5 and 6), respectively (Fig. 1). Results showed that the flu-
orescence emission intensity is very weak for single strand DNAs
without cations. With the addition of K* or NH4*, there is an obvious
fluorescence enhancement for all the annealed DNAs, indicating
that the G4 structures of d[(G3T)3Gs], d[(G3C)3G3] and d[(G3T)4]
have formed. It was found that the maximal emission wavelength
of G4s for the three DNA sequences are all around 380 nm, which is
in agreement with the results reported by Kwok et al. [44]. Fluores-
cence intensity of G4s formed in different annealing solutions was
compared. As a whole, the fluorescence intensity in K* solution was
stronger than that in NH4* solution, indicating K* is more preferred
to stabilize G4s. In addition, d[(G3T)3G3] and d[(G3C)3G3] both have
higher fluorescence intensity in 100 mM K* (annealing solutions 2
and 4) than those in 150 mM K* (annealing solution 1). Moreover,
relative higher fluorescence intensity was observed for all the three
sequences in 50 mM NH4* than those in 100 mM NH4*, indicating
that a higher concentration of cation is not always necessary to sta-
bilize G4s. Different from d[(G3T)3G3] and d[(G3C)3G3], d[(G3T)4]
has almost the same fluorescence intensity in different K* solutions.
All the above findings suggest that both buffer condition and loop
sequence play important roles in G4s fluorescence [15,44].

3.1.2. CD spectroscopy

Circular dichroism is remarkably sensitive to the conforma-
tional states of nucleic acids, and it has been used to study many
different DNA and RNA structures [22]. G4s exhibit distinct CD
signatures, depending on the arrangement and orientation of the
strands. Three major topologies of parallel, antiparallel and hybrid
G4 structures have been presented [33]. For the parallel G4s, there is
apositive peak ataround 260 nm and a minimum at around 240 nm,
whereas for antiparallel G4s, there are two positive peaks at around
245 nm and 295 nm, and a minimum at around 260 nm [44,45]. For
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(3+1) hybrid quadruplexes, there are two positive peaks at around
260 nm and 290 nm coupled with a negative peak at around 240 nm
[45-47]. Therefore, CD spectroscopy is another technique widely
used to diagnose the existence of G4s, and it is very useful for mon-
itoring conformational changes induced by different cations and
solution conditions [48,49]. Fig. 2 shows the CD spectra of 10 uM
d[(G3T)3Gs], d[(G3C)3G3] and d[(G3T)4] annealed in six different
annealing solutions, as well as those single strand DNAs dissolved
in water. From CD spectra, it can be seen that there were an obvi-
ously positive band at 263 nm and a relatively shallow negative
band at 242 nm, indicating that the G4 s of d[(G3T)3G3],d[(G3C)3G3]
and d[(G3T)4] formed in six different annealing solutions are all
parallel topologies. The CD intensity at 263 nm also suggests that
K* is more inclined to induce G4 formation than NH4*. However,
with the same concentration of given cation, the variation of solu-
tion composition has no significant effect on the CD signals of G4s.
Hence, CD spectroscopy should be seen as a pioneering approach to
reveal the formation and possible topology of DNA arrangements.

3.2. Native-PAGE separation

In order to gain additional insight into the G4s of d[(G3T)3Gs],
d[(G3C)3G3] and d[(G3T)4], Native-PAGE was performed and the
results are shown in Fig. 3. Three predominant migrating bands
were observed for d[(G3T)3G3] and d[(G3C)3Gs], respectively, in
six annealing solutions (Fig. 3A and B), while there was an addi-
tional fast migrating faint band for d[(G3C)3Gs]. It is known that
G-rich oligomer moves slower than the sequence with identical
size but random base composition [50]. Therefore, the faint band
of 15-mer d[(G3C)3G3| might be intramolecular or bimolecular G4,
which migrated between 30-mer and 45-mer markers (oligo 30 and
oligo 45) (Fig. 3B). It is reasonable to assume that the second fast-
migrating band in d[(G3C)3G3] corresponded to a bimolecular G4,
of which the migration speed was comparable to that of oligo 45.
Some higher-order structures may have formed, since other two
predominant bands all migrated slower than that of oligo 45. Sim-
ilar to d[(G3C)3Gs], it is speculated that intermolecular G4s were
also induced in six annealing solutions for d[(G3T)3Gs]. Surpris-
ingly, there was only one major band for d[(G3T)4] as shown in
Fig. 3C, which was tentatively deduced as a bimolecular G4.

The migration speed in Native-PAGE is influenced not only by
the molecular weight but also by the shape of analytes. For duplex
DNAs and oligonucleotides of moderate length, the size can be esti-
mated by comparison with aladder of known lengths, but this is not
suitable for small quadruplexes that have more compact structures
[51]. In this experiment, we found that different kinds of mark-
ers with identical length even exhibited different migration speeds
(Fig. S1). Therefore, it is difficult to acquire the true conformations
of quadruplexes, due to the lack of markers having similar structure
to G4s. However, the migration bands of d[(G3T)3G3], d[(G3C)3G3]
and d[(G3T)4] in Native-PAGE analysis can reflect the number of G4s
species and their relative size for these three sequences, which is
very helpful for the identification of G4 conformations in the further
study.

3.3. RP-HPLC separation

RP-HPLC separation was performed in order to obtain the more-
refined structural profile of individual G4s. Triethylammonium
acetate (TEAA, 100mM, pH 7.0) - CH3CN, the classical mobile
phase used for nucleic acids separation by ion-pair RP-HPLC, was
adopted at first to separate G4s. However, different from PAGE
results, there was only one main peak in annealed DNA d[(G3T)3Gs].
Moreover, the only peak was eluted at the same time with its corre-
sponding single strand DNA, although different peak shapes were
exhibited for annealed DNA and water dissolved DNA in isocratic

d(G,1)G, (A)

marker le

d(G,T),(©)

Fig. 3. PAGE analysis of d[(G3T)3G3] (A), d[(G3C)3G3] (B) and d[(G3T)4] (C) annealed
in K* and NH4* buffers. Oligo 15, oligo 30, oligo 45 and oligo 60 are markers. 1a-6a,
1b-6b and 1c-6¢ are d[(G3T)3Gs], d[(G3C)3G3] and d[(G3T)s annealed at the six
different annealing solutions as in Fig. 1.

elution (Fig. S2). Similar retention phenomena were also observed
for d[(G3C)3G3] and d[(G3T)4]. It is likely that their G4 structures
were instable in TEAA - CH3CN mobile phase.

It is known that K* and NH4* ions are the critical factors in
maintaining the stability of G4s structure [39]. Therefore, it is nec-
essary to introduce K*, the relatively stronger stabilizer for G4s, into
mobile phase. First, K;HPO4 (50 mM, pH 7.0 adjusted by H3PO4) —
CH30H was chosen as the mobile phase in order to keep a relative
high K* concentration. Methanol in mobile phase mainly influences
the separation resolution of G4s (data not shown). Similar to other
nucleic acids, no satisfactory separation result was achieved for
G4s in isocratic elution. Relatively good separation was obtained
in an optimized gradient elution for all the annealed DNAs (Fig. 4).
In Fig. 4A and B, similar peak distributions of DNAs d[(G3T)3Gs]
and d[(G3C)3G3] appeared under the same annealing conditions.
Take d[(G3T)3Gs] as example, seven common peaks (peaks 1-7) all
emerged for the DNA under six different annealing solutions. There
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25-38 min, 40% CH30H. Samples of a-c are single strands of d[(G3T)sGs], d[(G3C)3G3] and d[(G3T)4], respectively; samples of 1a-6a, 1b-6b and 1c-6¢ are d[(G3T)3Gs],

d[(G3C)3Gs] and d[(G3T)4] annealed at the six different annealing solutions as in Fig. 1.

Table 1
The relative proportions of peaks 1-5 in annealed d[(G3T)3Gs] and d[(G3C)3Gs].
Sequences Samples Peak 1 (%) Peak 2 (%) Peak 3 (%) Peak 4 (%) Peak 5 (%)
d[(G3T)3Gs] 1la 1.85 1.28 42.22 43.96 10.69
2a 1.70 1.31 44.79 42.95 9.25
3a 2.25 1.03 34.36 47.80 14.56
4a 2.29 1.16 32.80 48.76 14.99
5a 6.61 11.60 4.56 37.23 40.00
6a 3.26 5.16 8.10 47.09 36.39
d[(G3C)3Gs] 1b 2.88 0.48 31.08 48.86 16.70
2b 2.10 0.25 46.82 40.81 9.32
3b 2.56 0.36 3943 45.29 12.36
4b 2.55 0.37 37.92 46.40 12.76
5b 9.67 16.02 6.82 35.69 31.79
6b 6.13 6.19 12.48 46.12 29.08

were also three major peaks (peaks 3-5), which were in accordance
with the results in PAGE. Notably, peak 4 was always the promi-
nent one no matter in K*- or NH4*-containing annealing solution.
On the other hand, peak 2 was prominent in NH4* ion annealing
solution compared with that in K* ion annealing solution, imply-
ing that the presence of NH4* ion favors to form DNA structure
of peak 2. It is shown that the relative proportions for the three
main peaks were somewhat different even at same annealing K*
concentration (2a-4a) (Table 1), indicating the buffer components
with given cation also have an influence on the G4s conformation
inclination. Similar with PAGE, there was only one main peak for all
the annealed d[(G3T)4] (Fig. 4C), suggesting that the G4 species for
d[(G3T)4] are really less than that of d[(G3T)3G3] and d[(G3C)3Gs].
Additionally, K* and NH4* ions have no obvious disparity in the
formation of G4 for d[(G3T)4].

However, DNAs d[(G3T)3Gs], d[(G3C)3G3] and d[(G3T)4] dis-
solved in water all showed two main peaks under K;HPO4 (50 mM,
pH 7.0) - CH30H mobile phase. We speculate that at least one
of them was G4 formed spontaneously in high-salt mobile phase.
To verify this speculation, low concentrations of K;HPO,4 buffer
(20-40mM, pH 7.0) were used in mobile phases, and the reten-
tion behavior of these three sequences were compared. It can be
seen that the retention times for all peaks in d[(G3T)3G3] became

slightly short with the decreased K;HPO4 concentration (Fig. S3).
Besides, in water dissolved d[(G3T)3Gs], the first main peak (peak
3) became smaller, and the second main peak (peak 1) became
larger with the decreased K;HPO4 concentration (Fig. S3A). We
know some G4s can form spontaneously in solutions containing
cations. Therefore, peak 1 may correspond to single strand DNA or
one kind of G4 stable in low concentration of cation, and peak 3
should be one G4 stable in high concentration of cation. However,
for annealed d[(G3T)3Gs], the intensity and the resolution of major
peaks declined with the decreased ion strength in mobile phases,
no matter for K* or NH4* annealed samples (Fig. S3B and C). Gen-
erally speaking, the intensity of peak 4 and peak 5 decreased more
than that of peak 3, implying the G4s of peak 4 and peak 5 are more
stable in high concentration cation. Furthermore, peak 6 and peak
7 even could not be detected in 20 mM Ky, HPOy, confirming that K*
concentration plays an important role in stabilizing G4s structure.
Similar phenomena were observed for d[(G3C)3G3] and d[(G3T)4]
(Figs. S4 and S5). Consequently, in order to realize a good separa-
tion of annealed DNA and have a clear overview of different kinds
of G4s, the concentration of K;HPO,4 (pH 7.0) in mobile phase was
finally selected as 50 mM, of which the cation concentration is close
to that in most annealing buffers we used.
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Fig. 5. The TIC and ESI-mass spectra of annealed d[(G3sT);Gs].

Although the different forms of G4s for d[(G3T)3Gs], d[(G3C)3Gs]
and d[(G3T)4] can be separated by RP-HPLC with K;HPO4-CH30H
as mobile phase, their conformations could not be recognized yet.
Hence, LC-MS analysis was employed in order to obtain the struc-
tural features of these G4s. Since NH4* is another key ion used to
maintain structure of G4s, volatile NH4OAc buffer was introduced
to mobile phase in order to develop a method suitable for following
LC-MS analysis. The retention behaviors of G4s were investigated
under optimized gradient elution of NH4OAc (10, 20 and 50 mM, pH
7.0, adjusted by NH3-H,0) - CH3OH. Results showed that the major

peaks of d[(G3T)3Gs3] annealed in K* solution (1a-4a) changed a
lot even in 50 mM NH40Ac - CH30H mobile phase (Fig. S6) com-
pared with those in K;HPO4 - CH30H mobile phase (Fig. 4A).
That is, peak 4 and peak 5 disappeared, and the height of peak 3
increased. It is suspected that the G4s induced by K* ion, displayed
as peak 4 and peak 5, are unstable in NH4OAc - CH30H mobile
phase, and there may be a rapid conformational transformation
between peaks 3-5. However, 5a and 6a annealed in NH4* solution
had the same peak distribution in NH4OAc - CH30H mobile phase
(Fig. S6) as that in K;HPO4 - CH30H mobile phase. In NH40Ac -
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Fig. 6. The TIC and ESI-mass spectra of annealed d[(G3C)3Gs].

CH3O0H, d[(G3C)3G3] still exhibited the same phenomena as that of
d[(G3T)3Gs]. Differently, the peaks for annealed d[(G5T)4] always
kept the same in NH40Ac - CH30H system (Fig. S7) as those in
K;HPO4 — CH30H system (Fig. 4C). Since the loop conformations
and folding topology of G4s formed in K* solution are almost the
same as those in NH4* solution for the three sequences in our
study, 6a-6¢ were respectively chosen as the representative sam-
ples of annealed d[(G3T)3Gs], d[(G3C)3G3] and d[(G3T)4] for LC-MS
analysis. It is known that high-salt mobile phase will suppress the
signal to noise ratio in MS analysis, but G4s will collapse in too low-
salt solution. Therefore, relative low-salt mobile phase combined

with relative high concentration of DNA is a compromising choice.
Finally, NH4OAc (20 mM, pH 7.0) - CH30H was used as mobile phase
in LC-MS analysis with the DNA concentration of 100 .M.

3.4. LC-MS analysis

Fig. 5 shows the total ion chromatogram (TIC) of annealed
d[(G3T)3G3] with 5 peaks appeared under optimized LC-MS
condition. From the ESI-mass spectrum of peak 1, it can be
seen that the MS ions at m/z of 1199.0203 and 959.0198 were
attributed to [M—4H] and [M-5H] with the charge of 4- and 5-,
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Table 2
The assignment of peaks in annealed d[(G3T);Gs], d[(G3C)3Gs] and d[(G3T)4].

J.-q. Qiao et al. / J. Chromatogr. A 1542 (2018) 61-71

Peaks d[(GsT)3G3] (M=4801.15) d[(G3C)3G3] (M=4756.12) d[(G3T)s] (M=5105.34)

Peak 1 Single strand (M) Intramolecular G4 (M+2NH4*) Intramolecular G4 (M+2NH4*)
Peak 2 Bimolecular G4 (2M+5NH4") Bimolecular G4 (2M+5NH4*) Bimolecular G4 (2M+5NH4*)
Peak 3 Bimolecular G4 (2M+5NH4") Bimolecular G4 (2M+5NH4") -

Peak 4 Trimolecular G4 (3M+8NH,*) Trimolecular G4 (3M+8NH4") -

Peak 5 Tetramolecular G4 (4M+11NH4*) Tetramolecular G4 (4M+11NH4*) -
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Fig. 7. The TIC and ESI-mass spectra of annealed d[(G35T)4].

respectively, corresponding to the single strand d[(G3T)3G3] DNA
(M=4801.15). Abundant MS ions of [2M+5NH4]°~, [2M+5NH,]6~
and [2M+5NH4]”~ were observed for peak 2, at m/z 1936.4773,
1613.5679 and 1382.9196, respectively, since NH4* ion inclines to
reside between two G-quartet planes to form G4s [52]. Although
single strand signals [M—4H]*~ and [M—5H]°~ were also observed
in peak 2, they should be the fragment products of [2M+5NH,4]
ions in the gas phase of ESI chamber. Therefore, peak 2 was
assigned to bimolecular G4. Interestingly, the MS ions in peak 3
were exactly the same as in peak 2, indicating that peak 3 was
also bimolecular G4. More complex MS ions distribution in peak
4 implied that there were [M—4H]*~, [M—5H]>~, [2M+5NH4]%",
[2M+5NH4]7~, [3M+8NH4]”~ and [3M+8NH,4]8~. In theory, the sin-
gle strand, dimeric and trimeric G4s of d[(G3T)3G3] should have
different chromatographic retention times due to their different
conformations and hydrophobicity, and they would not be co-
eluted as a single peak in RP-HPLC. Therefore, we deduced that
peak 4 was trimolecular G4, and the [M] and [2M] MS ions in peak 4
were the fragment products of [3M], which suggested that the high-

order G4 structure is not very stable at gas phase. Higher-order
G4 ions were detected in peak 5 at m/z 2154.1638 and 2423.3029,
respectively, corresponding to [4M+11NH,4]°~ and [4M+11NH4]8-.
Similarly, peak 5 was deduced as tetramolecular G4. Additionally,
RP-HPLC results displayed that peak 4 and peak 5 need more cations
to keep stable, implying G4s of peaks 4 and 5 are higher-order struc-
tures than that of peak 3. It well supports our deduction for peak 4
and peak 5. The assignment of peaks 1-5 in annealed d[(G3T)3G3]
was summarized in Table 2. It is mentionable that LC-MS based on
chromatographic separation can identify different conformations
of G4s more reliably than direct MS analysis [13], and RP-HPLC can
quantify these separated G4 conformations with higher accuracy.
As for annealed d[(G3C)3Gs], there are also 5 peaks in the TIC
spectrum (Fig. 6). In peak 1, there were MS ions of [M+2NH4]3~
and [M+2NH4]°~ at m/z 1595.6121 and 1196.4872, respectively, in
addition to the MS ions of [M—4H]*~ and [M—5H]°~ (M=4756.12).
Consequently, peak 1 should be intramolecular G4 of d[(G3C)3Gs],
as listed in Table 2. Similar to d[(G3T)3Gs], peak 2 and peak 3 both
were identified as bimolecular G4s, and peak 4 and peak 5 were



J.-q. Qiao et al. / J. Chromatogr. A 1542 (2018) 61-71 69

T . 5 G-quartet
1 o) 0.
A A .
-\ ® Guanine
o)
= © Thymine
N or
\e © Vo) © Cytosine
;@ 3 (o @ K*orNH,*
inter-locked dimer yz v/
, (A 4O
5 ¢ L]
\ A
AV )
)
1
. 5 g O
d N :
\T A8lA) & A (o)
AV ¥ \ 4 WYY
4 i i b AL
single strand DNA o ‘ .4? y
® \ O / =
o : d © 1
o g | 2ot L)
- \
AV ¥ \
© v
N \lQ
©
A
monomer dimer trimer tetramer

Fig. 8. The main possible G4 structures of d[(G3T)3Gs] and d[(G3C)3Gs].

trimolecular and tetramolecular G4s, respectively. LC-MS results,
in combination with RP-HPLC-UV, suggested that the intramolec-
ular G4 (peak 1) and bimolecular G4 (peak 3) of d[(G3C);Gs]
both spontaneously form in salt-containing mobile phase, and the
competition exists between these two G4 species when salt con-
centration changes in the mobile phase.

In Fig. 7 for annealed d[(G3T)4], it can be seen that peak
1 gave main MS ions of [M—4H]*~, [M+2NH4]3~, [M+2NH4]*~
and [M+2NH4]>~, respectively, at m/z of 1275.2032, 1026.3389,
1283.7468, and 1711.9952 (M=5105.34). Therefore, it is valid
to deduce peak 1 was the intramolecular G4. Peak 2 showed a
prominent MS ion of [2M+5NH4]8~ at m/z 1714.8465, which was
identified as the bimolecular G4. The MS ions of [2M+5NH4]7~ and
[2M+5NH4]°—, respectively, at m/z 1469.7396 and 2058.0145 fur-
ther confirmed that peak 2 was bimolecular G4 of d[(G3T)4].

3.5. The possible conformations of G4s for d[(G3T)3Gs],
d[(G3C)3Gs] and d[(G3T)4]

Very importantly, multimeric G4s are more preferred for
annealed d[(G3T)3G3] and d[(G3C)3G3] in our experiment rather
than the only intramolecular G4s induced by K* in LiCacody-
late solution, as reported in previous reference [44]. Additionally,
high-order structures incline to form in the annealing system
even at DNA concentration as low as 5uM (Fig. S8). RP-HPLC
results indicated that increasing the concentration of cation can
stabilize the high-order structures (Figs. S3-S5). Interestingly, a
retention order of tetramer < trimer < dimer < monomer (or single
strand) was present in this study, similar to that in SEC. This is
because n-octanol/water partition coefficients (logP) of guanylic
acid (GMP), thymidylic acid (TMP) and cytidylic acid (CMP) are
all negative, corresponding to —1.44, —1.60 and —2.17 (calculated
from ACD/Labs software V11.02), respectively, and the hydropho-
bicity will decrease gradually with the increase of polymerization
degree of DNA. Thus, the retention order for the G4s in RP-HPLC is

mainly related to their hydrophobicity. It is known that a high-
order structure, G-wire, can form only under the conditions in
which all strands are oriented in the parallel, and G-wire is use-
ful for its well-controlled and regulated alignment of numerous
DNA strands with G-quartets [53]. Therefore, we deduce the G4s
of d[(G3T)3G3] and d[(G3C)3G3] in this present study may adopt G-
wire structure. Two models for G-wire have been reported: one is
the stacked monomer structure, and the other is the inter-locked
structure [53,54]. From the ESI-MS results, it can be seen that,
for d[(G3T)3Gs] and d[(G3C)3Gs], tetramer easily dissociated to
trimer, dimer and monomer or single strand in gas phase, and
trimer dissociated to dimer and monomer (or single strand), and
the like. Therefore, the formation of high-order G4s for d[(G3T)3G3]
and d[(G3C)3G3] prefers to start from the formation of parallel
intramolecular structure, then assembles into dimer, trimer and
tetramer. During the association process, the relative orientation
of the strands does not change (Fig. 8, lower right). We deduce
that peaks 6 and 7 in RP-HPLC chromatograms (Fig. 4A and B) are
assigned to the G4s with higher-order structures than tetramer.
For d[(G3T)3Gs], the monomeric G4 may be just an intermediate
which can rapidly transform to high-order structures, so its sig-
nal was not detected in LC-MS. No higher-order G4 than dimer in
annealed d[(G3T)4] should be attributed to the additional base “T”
in 3’-end, for the presence of flanking base in G-rich sequences
often inhibits the formation of higher-order structures [52,54].
The parallel dimer of d[(G3T)4] should only take an inter-locked
dimer (Fig. 9), a more stable structure than two stacked monomers
[55,56]. From RP-HPLC-UV and LC-MS analyses, we know that there
were both two dimers with different retention times in d[(G3T)3G3]
and d[(G3C)3Gs]. The tetramer (peak 5) and the trimer (peak 4)
formed in K*-containing annealing solution could easily transform
to the dimer (peak 3)in NH4* mobile phase (Fig. S6), indicating peak
3 wasrelatively stable. Moreover, the dimer (peak 3) was inclined to
generate in high-salt solution without annealing process, the same
phenomenon as the dimer in d[(G3T)4]. Based on the above, we
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deduce peak 3 should be interlocked dimer (Fig. 8, upper right), in
which K* could not easily leave G4 into mobile phase for the steric
restraints of diagonal-type loops [57]. In addition, the retention of
peak 2 was stronger than that of peak 3, indicating peak 2 had a
relative stronger interaction with C18 decorated on the surface of
RP-HPLC stationary phase. Therefore, peak 2 should be bimolec-
ular G4 with stacked monomer structures, which exposed more
hydrophobic sites to the stationary phase.

4. Conclusions

In this work, RP-HPLC method was successfully established
for the separation of potential G4s in three different sequences.
Notably, LC-MS was used to analyze G4s for the first time, providing
a simple and easy strategy to acquire the structural information of
individual G4s without pre-purification. Similar parallel G4 confor-
mations were observed for d[(G3T)3G3] and d[(G3C)3G3]. The main
multimers detected for these two sequences included tetramer,
trimer and dimer, among which trimeric G4 was most prominent.
Interestingly, dimeric G4 was the main conformation for annealed
d[(G3T)]4, due to one “T” base in the 3’-end. The retention of G4s in
RP-HPLC presented an elution order similar to that in SEC, that is,
tetramer < trimer < dimer < monomer, attributed to their decreased
hydrophobicity. Experimental results indicated that formation of
high-order G4s are influenced not only by base sequence, but also
by the nature and concentration of cation in annealing matrixes.
Moreover, the components of annealing matrixes with given cation
also have some influence on the proportions of different G4s.
In conclusion, RP-HPLC and LC-MS, combined with spectroscopic
techniques are proved to be an efficient and powerful strategy for
the separation and identification of G-quadruplexes in solutions.
The established protocol can be used to assess the G-quadruplexes
polymorphism for different DNA sequences and different annealing
environment, which will facilitate the elucidation on G-quadruplex
structures.
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