
Published online 20 August 2014 Nucleic Acids Research, 2014, Vol. 42, No. 19 e149
doi: 10.1093/nar/gku751

Shape matters: size-exclusion HPLC for the study of
nucleic acid structural polymorphism
Eric Largy1,2 and Jean-Louis Mergny1,2,*

1ARNA Laboratory, University of Bordeaux, Bordeaux 33000, France and 2INSERM, U869, IECB, Pessac 33600,
France

Received June 25, 2014; Revised August 04, 2014; Accepted August 4, 2014

ABSTRACT

In recent years, an increasing number of reports
have been focused on the structure and biologi-
cal role of non-canonical nucleic acid secondary
structures. Many of these studies involve the use
of oligonucleotides that can often adopt a variety
of structures depending on the experimental con-
ditions, and hence change the outcome of an as-
say. The knowledge of the structure(s) formed by
oligonucleotides is thus critical to correctly inter-
pret the results, and gain insight into the biolog-
ical role of these particular sequences. Herein we
demonstrate that size-exclusion HPLC (SE-HPLC) is
a simple yet surprisingly powerful tool to quickly
and effortlessly assess the secondary structure(s)
formed by oligonucleotides. For the first time, an ex-
tensive calibration and validation of the use of SE-
HPLC to confidently detect the presence of different
species displaying various structure and/or molecu-
larity, involving >110 oligonucleotides forming a va-
riety of secondary structures (antiparallel, parallel,
A-tract bent and mismatched duplexes, triplexes, G-
quadruplexes and i-motifs, RNA stem loops), is per-
formed. Moreover, we introduce simple metrics that
allow the use of SE-HPLC without the need for a te-
dious calibration work. We show that the remarkable
versatility of the method allows to quickly establish
the influence of a number of experimental parameters
on nucleic acid structuration and to operate on a wide
range of oligonucleotide concentrations. Case stud-
ies are provided to clearly illustrate the all-terrain ca-
pabilities of SE-HPLC for oligonucleotide secondary
structure analysis. Finally, this manuscript features a
number of important observations contributing to a
better understanding of nucleic acid structural poly-
morphism.

INTRODUCTION

Despite being generally depicted as a canonical right-
handed B-helix, nucleic acids are predisposed to adopt
a variety of secondary structures including, but not lim-
ited to, other double-helices (A, Z, A-tract bent, parallel-
stranded), triple-helices (triplex), single-stranded hairpins,
i-motifs and G-quadruplexes (G4) (1,2). For instance, runs
of adenines found in regulatory regions of many organisms
are well known to lead to significant bending of the dou-
ble helix (3), while parallel-stranded duplexes (ps-ds) can be
formed through reverse Watson–Crick hydrogen bonding,
which are particularly stable for A•T base pairs (4). Bind-
ing of a third strand into the major groove of an antiparal-
lel duplex via Hoogsteen or reverse Hoogsteen base-pairing
leads to a triplex that can contain different triplets of bases
following the motifs purine–purine–pyrimidine (RxR•Y)
or pyrimidine–purine–pyrimidine (YxR•Y) (5). The RNA
hairpin secondary structure is another notable example of
deviation from the norm with its mismatches, bulges and
loops, and it is recognized that these structures are of high
importance for a wide range of biological phenomena (6).
Some G-rich nucleic acid sequences can fold into quadru-
plex structures through �-stacking of guanine quartets held
together by an extensive Hoogsteen H-bonding network
and coordination of monovalent metal cations (mostly K+

in a cellular context) sandwiched between the quartets (Fig-
ure 1 and Supplementary Figure S1) (7–9).

The G4 nucleic acids recently became the epitome of
this structural diversity since they constitute a highly poly-
morphic family that deviates largely from the double-helix,
and have been the object of growing scrutiny, in particu-
lar with regards to their putative biological roles (10,11).
Quadruplex structures contain a number of common vari-
ables (loop length, geometry and sequence, number of quar-
tets, relative orientation of strands, glycosidic bond an-
gles) and less common features (strand bulge and snapback,
base-pairing in loops, alternative quartets, non-canonical
base pairing) (Figure 1 and Supplementary Figure S1).
These variables are usually influenced by the primary se-
quence and the concentration of the nucleic acid strand, as
well as by the environment (most notably the identity and
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Figure 1. Schematic secondary structures of some of the quadruplex-
forming sequences used in this study: TBA (A), 25TAG (B), c-myc (C), H-
Bi-G4 (D), [TG4T]4 (E) and the i-motif 21CC (F). Intra- and bi-molecular
structures exhibit different loop lengths (2–7) and conformations (see
color legend), number of quartets (2–4), relative strand orientation (A,
D: antiparallel; C, E: parallel; B: hybrid 3+1) and molecularity (A, B,
C: monomolecular, D: bimolecular, E: tetramolecular). H-Bi-G4 displays
very particular loops that form short duplex hairpins, while the human
telomeric sequence (25TAG) is one example of polymorphism dependent
on termini sequence changes and experimental conditions. Cations and
glycosidic bond angles are not shown for the sake of clarity. A more ac-
curate depiction of these structures, and others, can be found in Supple-
mentary Figure S1.

the concentration of monovalent cations) (12–15). In ad-
dition, quadruplex structures can be obtained not only by
the folding of a single strand but also by hybridization of
up to four strands to give polymolecular structures (16,17).
Quadruplex-forming oligonucleotides also have the poten-
tial to oligomerize or multimerize, by non-covalent stack-
ing of the external quartets, strand interlocking and base-
pairing of flanking or loop nucleotides (Supplementary Fig-
ure S1: c-kit2, B-raf, 93del, J19, N-myc, PilE-NG16). In
summary, a single sequence may fold/hybridize into a vari-
ety of structures, sometimes in equilibrium with each other,
depending on the experimental conditions. Moreover, the
complementary C-rich sequences may fold into an i-motif.
This structure is typically observed at slightly acidic pH,
where the protonation of cytidine is possible, hence allowing
the formation of C•CH+ base pairs arranged in two parallel
duplexes associated head-to-tail via base-pair intercalation
(Figure 1F) (18).

The understanding of the marked polymorphism of nu-
cleic acids is essential for the development of fields of study
such as synthetic biology (19), drug design (e.g. the selec-
tive targeting of biologically relevant sequences) (11,20) and
the engineering of nanomaterials (9). This has prompted
several groups to launch research programs aimed at solv-
ing non-canonical structures by nuclear magnetic resonance
(NMR) or X-ray spectroscopy (21–23), complemented by
low-resolution techniques such as circular dichroism (CD)
(24,25). However, these techniques are limited by the need
for high sample concentrations or crystal packing forces,
and are not fully adapted to the study of structure mix-
tures, which are often monitored by polyacrylamide gel elec-
trophoresis (PAGE). PAGE suffers from a number of draw-
backs such as the duration of the migration, the imprecise

quantification of the species, the buffer conditions, a certain
lack of versatility (buffer, temperature) and a possible poor
resolution for some polymorphic and oligomeric species
(smearing, no entry in the gel). More importantly, the mi-
gration depends simultaneously on the molecular weight,
the charge (including the phosphate counter-ions) and the
shape of the oligonucleotide (possible charge screening ef-
fects), which can be tricky to deconvoluate.

Size-exclusion chromatography (SEC), also called gel fil-
tration when performed with an aqueous eluent, is com-
monly used to measure the size of proteins or polymers (26),
although its separation principle is not yet fully understood
(27–29). DNA being essentially a polymer, SEC intuitively
appears to be a method that could be used to assess the hy-
drodynamic volume of oligonucleotides in native conditions
(30). There is no comprehensive study of its general use in
the study of DNA secondary structures, but promising sem-
inal studies have paved the way in recent years. The most no-
table examples are the resolution of polymorphic telomeric
and oncogenic quadruplex sequences by Trent et al. (31–33),
and the study of tetramolecular quadruplexes and i-motifs
by Bardin and Leroy (16,34). We decided to explore the pos-
sibility of using a UHPLC apparatus equipped with a stan-
dard SEC column to study a wide array of secondary struc-
tures. Hereafter, >110 oligonucleotides were analyzed in or-
der to calibrate and validate the assay. Its potential for the
quick and confident determination of secondary structures
is shown for the first time. The versatility of the method is
confirmed using a variety of buffers of different pH, cations
and temperatures, and operating on a wide range of nu-
cleic acid concentrations and structures. Throughout the
manuscript, a number of observations contributing to a bet-
ter understanding of nucleic acid structural polymorphism
are provided, notably through practical case studies.

MATERIALS AND METHODS

Where possible, the experiments were performed with ma-
terial free of DNA, RNA, DNase and RNase contam-
inants. Oligonucleotides were obtained from Eurogentec
(Seraing, Belgium) as reverse-phase purified lyophilizates,
except SL2, SL2mut and R06 that were provided by Dr
Carmelo Di Primo (Inserm U869, Pessac, France). The
oligonucleotides were named according to their first appear-
ance in the literature or generally used name unless insuffi-
ciently descriptive or ambiguous, in which case a new name
was given. Sequence information is given in Tables 1 and 2
(35–71). All salts and solutions were obtained at the molec-
ular biology grade from Sigma-Aldrich (Saint-Quentin
Fallavier, France), except Tris(hydroxymethyl)aminoethane
(Tris) from Biosolve Chimie (Dieuze, France). Buffer and
saline solutions were prepared from ultrapure water (18.2
� cm−1 resistivity) and filtered through disposable 0.22-
�m polyethersulfone membrane ‘Stericup-GP’, while sam-
ples were filtered through disposable 0.45-�m PVDF ‘Du-
rapore’ membranes for syringes (4-mm diameter, Millex),
both obtained from Merck Millipore (Darmstadt, Ger-
many). Unless otherwise stated, oligonucleotides were pre-
pared in the elution buffer, heated at 90◦C for 2 min, allowed
to cool down to room temperature, then left overnight at
4◦C prior to injection. The samples (typically, 10 �l at 250
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�M in elution buffer, or otherwise mentioned) were injected
on a UltiMate 3000 UHPLC system (Thermo Scientific
Dionex, Sunnyvale, CA, USA), equipped with an autosam-
pler, a diode array detector and a Thermo Acclaim SEC-300
column (4.6 × 300 mm; 5-�m hydrophilic polymethacrylate
resin spherical particles, 300 Å pore size). Unless otherwise
stated, elution of unfolded, ds- and G4-forming oligonu-
cleotides was performed at 0.150 ml/min in Tris•HCl 50
mM, pH 7.5, supplemented with KCl (100 mM), with a
column temperature of 20.0◦C. Parallel-stranded duplexes
were eluted with the same buffer supplemented with MgCl2
(10 mM). Sodium phosphate (20 mM), pH 7.2, supple-
mented with NaCl (50 mM) and MgCl2 (3 mM), was used
for the elution of RNA hairpins. I-motif-forming oligonu-
cleotides were analyzed in a MES buffer (50 mM), pH 6.0,
supplemented with KCl (100 mM). Triplexes were eluted
with the same buffer with MgCl2 (10 mM) substituting KCl.
Ammonium acetate (100 mM) was used to elute the ESI-
MS samples.

Thorough equilibration (with at least three column vol-
umes; i.e. 15 ml with our experimental setting) was per-
formed before the first injection. Eluted species were mon-
itored by absorbance measurements (210–600 nm; 1-nm
bandwidth, 5-Hz data collection rate, 2-s response time),
and hereafter the chromatograms were plotted from the ab-
sorbance at 260 nm (normalized to [0,1]), using the rela-
tive elution volume Ve /V0 as x-axis, where Ve is the elution
volume and V0 is the dead volume (typically 1.86 ml). Re-
tention time and full width at half-maximum (FWHM) of
the peaks were determined with Chromeleon 6.80 (Dionex,
Sunnyvale, CA, USA) and verified with PeakFit 4.11 (Sys-
tat Software, Inc., San Jose, CA, USA) using an exponent
modified Gaussian model (Equation (1)) where Absnorm is
the normalized absorbance, h is the amplitude of the peak,
w is the width of the peak, s is the distortion of the peak, z is
the center of the peak and erf is the error function (72). Ex-
amples of peak deconvolution are given in Supplementary
Figure S2.
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Data analysis was performed with QtiPlot 0.9.8.7 (ProIn-
dep Serv S.r.l., Romania) and OriginPro 9.1 (OriginLab,
Northampton, MA, USA). For each peak, the nature of the
species was confirmed by visual inspection of the character-
istic absorbance spectrum (i.e. the presence of a local maxi-
mum around 260 nm). Isothermal difference spectra (IDS)
were calculated from the absorbance spectra extracted from
the areas of the peaks containing pure species, normalized
for intensity at 252.3 nm for quadruplexes and 275.2 nm
for i-motifs. 22AG, ds26 and dT10 were used as standards
to check for potential drifting of the retention times dur-
ing the course of the study. The complete retention volume
(for molecules whose molecular weight is below the lower
molecular weight cut-off) has been determined with thymi-
dine (4.79 ml), and the dead volume (MW > 50 kDa) with
Blue Dextran (average MW = 2000 kDa; V0 = 1.86 ml).

‘Prediction’ and ‘compactness’ plots show the rela-
tionship between the logarithm of the molecular weight
of, respectively, the oligonucleotides (MWstrand; an aver-
age is used for heteroduplexes) or the whole structures
(MWstructure; for bi-, tri- and tetra-molecular or higher
molecularity species), as a function of the relative elution
volume Ve/V0. The peak center separation (PCS) is defined
as the relative elution volume ratio between two species,
where 2 is a bulkier structure than 1, and hence (Ve/V0)2
< (Ve/V0)1 (Equation (2)).

PCS = (Ve/V0)1

(Ve/V0)2
(2)

The structure index (SI) of a given peak is an arbitrary
score, calculated using Equation (3).

SI = Ve/V0 × log10(MWstrand) (3)

Cohen’s effect size d was determined for SI distributions,
following Equation (4) using a pooled standard deviation S
(Equation 5), with ni the sample size and Si the correspond-
ing standard deviation (73).

d = X1 − X2

S
(4)

S =
√

(n1 − 1)S2
1 + (n2 − 1)S2

2

n1 + n2
(5)

Significance of the observed distribution differences was
assessed with non-parametric tests, i.e. the Mann–Whitney
‘U test’ and the Wilcoxon signed-rank test, the latter is only
for pairs of values lying in different distributions arising
from a single oligonucleotide. Full parameters and results
are provided in Supplementary data.

‘Radii of gyration’ (Rg) were calculated with UCSF
Chimera 1.8.1 (74), from structures deposited in the PDB
(the results were averaged when multiple models are avail-
able), using a Python script written by Dr Eric Pettersen
from a Fortran program by Dr Elaine C. Meng, reported in
Supplementary data.

‘Native mass spectrometry’ samples were prepared by an-
nealing oligonucleotides at a 10-�M strand concentration
in 100 mM ammonium acetate, pH 6.9. Native ESI-MS
were obtained using an LCT Premier mass spectrometer
(Waters, Manchester, UK). The ESI source voltage was set
to 2.2 kV with a desolvation temperature of 60◦C, and the
sample cone voltage was successively set at 100, 150 and 200
V. The source pressure was adjusted at 35 mbar and moni-
tored with a Center Two probe (Oerlikon Leybold Vacuum,
Cologne, Germany). Injection was performed at 200 �l h−1.

UV-melting. Melting temperatures were examined by
measuring the changes in absorbance at 295 nm as a
function of the temperature, using a SAFAS UVmc2
double-beam spectrophotometer (Monte Carlo, Monaco)
equipped with a high-performance Peltier temperature con-
troller and a thermostatable 10-cell holder. After heating at
95◦C of the samples containing 10 or 5 �M oligonucleotide
in cacodylate buffer (20 mM LiAsMe2O2, 100 mM KCl, pH
7.2) the absorbance was monitored at 240, 260, 273, 295
and 330 nm on a cycle composed of a cooling down to 2◦C
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Table 1. Duplex- and triplex-forming oligonucleotides used in this study

Name Sequence (5′ to 3′) Description Structure PDB ID

dslac GA2T2GTGA(GC)2TCACA2T2C Lac operon sequence B-DNA

ds26 CA2TCG2ATCGA2T2CGATC2GAT2G Synthetic construct B-DNA

ds14 (CG)2A3T3(CG)2 Synthetic construct B-DNA (35) 2DAU
ds10 CGCA2T2GCG Synthetic construct B-DNA (36) 1S23
ds12-CG CGT4A4CG Synthetic construct B-DNA (37) 1RVI
ds12-GC GCT4A4GC Synthetic construct B-DNA (37) 1RVH
ds15-h (CG)2A2GCAT2(CG)2 Synthetic construct B-DNA hairpin (38) 2M8Y
ds17-TA C2AGT2CGTAGTA2C3 M.TaqI binding siteb B-DNA (39)

G3T2ACTACGA2CTG2

ds17-TTa C2AGT2CGTAGTA2C3 M.TaqI binding siteb Mismatched B-DNA
(39)

G3T2ACTTCGA2CTG2

ds17-TCa C2AGT2CGTAGTA2C3 M.TaqI binding siteb Mismatched B-DNA
(39)

G3T2ACTCCGA2CTG2

ds17-TGa C2AGT2CGTAGTA2C3 M.TaqI binding siteb Mismatched B-DNA
(39)

G3T2ACTGCGA2CTG2

ds-A6 G2CA6CG2 Synthetic construct A-tract bent B-DNA
(40)

1FZX

C2GT6GC2

ds-A6mut G2CA2GA3CG2 Synthetic construct A-tract bent B-DNA
(40)

1G14

C2GT3CT2GC2

ps-ds15 A5TA2T3ATAT Synthetic construct Parallel duplex (41)

T5AT2A3TATA

ps-ds20 T6A2T2A3TA2TA2T Synthetic construct Parallel duplex (41)

A6T2A2T3AT2AT2A

ps-ds24 T10AT2A4T3ATA2 Synthetic construct Parallel duplex (41)

A10TA2T4A3TAT2

PyW1 TCT2CTCT3CT Synthetic construct Parallel triplex (42)

PuC1 AGA3GAGA2GA

PyH1 TCT3CTCT2CT

aThe bases in italics are mismatched.
bThe sequences contain the 4-bp recognition sequence of the DNA methyltransferase M.TaqI (5′-TCGY-3′, where Y = A for the natural substrate).

at a rate of 0.2◦C min−1, then heating back up at 95◦C at
the same rate. Melting temperatures were determined using
the baseline method (75), and assuming that the transition
equilibrium involves only two states (associated and disso-
ciated). Hence, two baselines were determined by linear re-
gression of the pre- and post-transition plots. The fraction
of associated strands as a function of the temperature θT
was calculated from Equation (6) where LT are the base-
lines (0 and 1 superscripts stand for the dissociated and the
associated species, respectively), and AT is the absorbance.

θT = (LT0 − AT)/(LT0 − LT1 ) (6)

Melting temperatures were extracted by nonlinear fit-
ting (least-squares method) of the θT = f(T) plot using
a sigmoidal-type Boltzmann function (Equation (7)), and
then solving T for θT = 0.5, where A1 and A2 are the initial
and final values, respectively, T0 is the center (i.e. the tem-
perature for which θ = (A1 + A2)/2) and c is a constant.

θT = (A1 − A2)/(1 + exp[(T − T0)/c] + A2 (7)

CD experiments were performed with a JASCO J-815
spectropolarimeter equipped with a JASCO CDF-426S
Peltier temperature controller, using quartz cells of 10 mm
path length. The scans were recorded at 20◦C from 210 to
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Table 2. Selected G-quadruplex and i-motif-forming sequences used in this study
Name Sequence (5′ to 3′) Description Structurea PDB ID
21GG G3(TTAG3)3 Human telomere Polymorphic (43–45)b

22AG AG3(TTAG3)3 Human telomere Hybrid 3+1 (45–47)

23AG AG3(TTAG3)3T Human telomere Hybrid 3+1 (45–47) 2KKAc

24TTG TTG3(TTAG3)3A Modified human telomere Hybrid 3+1 (43) 2GKU
25TAG TAG3(TTAG3)3ATT Human telomere Hybrid 3+1 (48) 2JSL
45AG G3(TTAG3)7 Human telomere Hybrid 3+1 (49)

Oxy30 T(G4T4)3G4T Oxytricha telomere Hybrid 3+1d

Oxy28 (G4T4)3G4 Oxytricha telomere Antiparallel (50)/ hybrid
3+1d,e

201D

c-myc TGAG3TG3TAG3TG3TA2 c-myc promoter Parallel (51) 1XAV
c-kit1 G3AG3CGCTG3AG2AG3 c-kit promoter Parallel (52,53)d

c-kit87-up AG3AG3CGCTG3AG2AG3 c-kit promoter Parallel with a snapback
featured (54)

2O3M

c-kit2 CG3CG3CGCTAG3AG3T c-kit promoter Monomeric parallel /

dimeric paralleld (55)
2KYP/2KYO

c-kit2GG G3CG3CGCTAG3AG3 c-kit promoter Paralleld (52)

c-kit* G2CGAG2AG4CGTG2C2G2C c-kit promoter (SP1
binding site)

Antiparallel (56)

B-raf G3CG4AG5A2G3A B-raf promoter Parallel intertwined dimer
(57)d

4H29

K-ras 35B3 AG3CG2TGTG3A2GAG3A2GAG5AG2 K-ras promoter Paralleld

K-ras 35B1 AG3CG2TGTG3A2GAG3A2GAG5AG2CAG K-ras promoter Paralleld

N-myc TAG3CG3AG3AG3A2 N-myc intron Monomeric parallel /
dimeric parallel (58)

2LED/2LEE

pilE-NG16 G3TG3T2G3TG3 N. gonorrhoeae pilin
expression locus

Parallel monomer /
stacked dimer (59)

2LXV

pilE-NG22 TAG3TG3T2G3TG4A2T N. gonorrhoeae pilin
expression locus

Parallel (59) 2LXQ

G4CT (G4CT)3G4 Treponema pallidum
genome

Mainly antiparallelf (60)

T30177-TT T2GTG2TG3TG3TG3T Aptamer (HIV-1 integrase
inhibitor)

Parallel, with bulge (61) 2M4P

T95–2T T2G3TG3TG3TG3T Aptamer (HIV-1 integrase
inhibitor)

Parallel monomer /
stacked dimer (62)

2LK7

93del G4TG3AG2AG3T Aptamer (HIV-1 integrase
inhibitor)

Interlocked bimolecular
dimeric paralleld (63)

1Y8D

J19 GIGTG3TG3TG3T Aptamer (HIV-1 integrase
inhibitor)

Parallel monomer /

stacked dimerd (64)
2LE6

25CEB AG3TG3TGTA2GTGTG3TG3T 25CEB human
minisatellite locus

Paralleld

26CEB A2G3TG3TGTA2GTGTG3TG3T 25CEB human
minisatellite locus

Paralleld (65) 2LPW

TBA G2T2G2TGTG2T2G2 Aptamer (thrombin) Antiparallel (66) 148D
H-Bi-G4 G3ACGTAGTG3 Synthetic construct Bimolecular, antiparallel,

with hairpin loopsd (67)
2KAZ

161T TG3TG3T6G3TG3T Synthetic construct Paralleld

161TT T2G3TG3T6G3TG3T2 Synthetic construct Paralleld

222T TG3T2G3T2G3T2G3T Synthetic construct Paralleld

222TT T2G3T2G3T2G3T2G3T2 Synthetic construct Paralleld

[TG4T]4 TG4T Synthetic construct Tetramolecular parallel
(68)

2O4F

[TG5T]4 TG5T Synthetic construct Tetramolecular parallel

[AG4T]4 AG4T Synthetic construct Tetramolecular parallel

[AG5T]4 AG5T Synthetic construct Tetramolecular parallel

Mito9 TG6TGTCT3G4T3(G2T2)2CG4TATG4T Human mitochondrial
DNA

Unknown

Mito86 TGT2AG4TCATG3CTG3T Human mitochondrial
DNA

Unknown

21CC C3(TA2C3)3 Human telomere i-motif (69)

22Py A2TC3AC4TC3AC4T2 c-myc promoter i-motif (70)

24mutHtelo (TTACCG)4 Mutated human telomere Unfolded

22mutHtelo1234 AGTG(T2AGTG)3 Mutated human telomere Unfolded

22mutHtelo23 AG3(T2AGTG)2T2AG3 Mutated human telomere Unfolded (71)

aReferences link to a structure determination by either NMR, X-ray or CD spectroscopy.
bHybrid 3+1 at high strand concentration and antiparallel at low (3 �M) strand concentration. Addition of flanking bases promotes the hybrid 3+1 conformation (e.g. 22AG,
23AG, 24TTG, 25TAG).
c2KKA was obtained following a dG14 to dI14 mutation of 23AG, the corresponding 2-quartet structure will thus not be discussed for the calibration.
dRelative strand orientation observed by CD: see experimental section and Supplementary Figure S3.
eA hybrid 3+1 conformation is observed by CD, which could be caused by a difference in cation (Na+ in the PDB entry).
fMainly monomolecular in our conditions (100 mM KCl). A tetramolecular structure is formed with increasing KCl concentration (60).
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350 nm with the following parameters: 0.2 nm data pitch, 2
nm bandwidth, 0.5 s response, 50 nm min−1 scanning speed,
and are the result of three accumulations. Solutions were
prepared by diluting the annealed oligonucleotide samples
at 10 �M in cacodylate buffer (20 mM LiAsMe2O2, 100 mM
KCl, pH 7.2). The CD data are blank-subtracted and nor-
malized to molar dichroic absorption (�ε) based on nucle-
oside concentration using Equation (8), with θ the elliptic-
ity in millidegrees, c the nucleoside concentration in mol l−1

and l the path length in cm (Supplementary Figure S3).

�ε = θ/(32980 × c × l) (8)

RESULTS AND DISCUSSION

Technical considerations

Throughout the manuscript, relatively high strand concen-
trations are used (typically, 250 �M) in order to confidently
compare the results with structures solved by NMR. How-
ever, working at high oligonucleotide concentration pro-
motes the formation of multimolecular species. For this
reason it can be tricky to compare results obtained with
‘low-concentration’ techniques (e.g. UV-melting, FRET-
melting, CD, PAGE), to ‘high-concentration’ methods such
as NMR. One of the salient advantage of SE-HPLC is its
ability to handle a wide range of concentrations. Hence,
by tuning the diode array detector, solutions containing as
low as 1–10 �M in strand can be analyzed (Supplementary
Figure S4), and lower concentrations can be considered de-
pending on the oligonucleotide molar extinction coefficient.
Note that, to detect low nucleic acid concentrations, the
chromatographic system must be free of unnecessary dead
volumes. The use of thin capillaries of appropriate length
between the injector and the column, and between the col-
umn and the detector is recommended, as well as the use
of analytical columns (diameters of 4.6 mm rather than 7.8
mm). SE-HPLC can thus operate as a bridge between the
above-mentioned techniques, by simply comparing the so-
lutions at high and low strand concentration, in their proper
buffer. A practical example of concentration dependence
study is given in the case study section. Moreover, we ver-
ified that the oligonucleotides do not interact with the sta-
tionary phase by changing the flow rate (0.05–0.30 ml/min):
the relative elution volume is unchanged and the obtained
chromatograms are superimposable (Supplementary Figure
S5).

ssDNA calibration

The experimental setup is first calibrated with 10 d(Tn) se-
quences of various lengths (n = 5–70), which do not form
any defined secondary structure. As expected, the relative
elution volume Ve/V0 decreased with increasing oligonu-
cleotide length, ranging from 1.79 to 1.41 (Figure 2A). A
near-perfect linear relationship between the decimal loga-
rithm of the molecular weight and Ve/V0 was observed (R2

= 0.9996), as commonly found for other type of linear poly-
mers (Figure 2B). This plot could be considered as a com-
pactness baseline since the d(Tn) oligonucleotides are un-
structured. To ensure that there is no bias caused by the use
of polypyrimidine sequences, it is verified that polypurine

Figure 2. (A) Normalized chromatograms of unstructured polypyrimidine
d(Tn) oligonucleotides. (B) Plot of the molecular weight decimal loga-
rithm against the relative elution volume for unstructured polythymidi-
late (d(Tn), circles) and polyadenylate (d(An), squares) tracts. The two sets
are linearly fitted independently (solid lines; dashed lines: 95% confidence
bands).

Figure 3. (A) Normalized chromatograms of some auto-complementary
oligonucleotides (plain lines), and the hairpin-forming ds15-h (dashed
line). Dimeric species are indicated with a d, and hairpins with a h. Exam-
ples of data treatment are given in Supplementary Figure S2. Other chro-
matograms can be found in Supplementary Figures S7 and S8. (B) Pre-
dictive plot of the log10(MW) against Ve/V0 for duplex-forming oligonu-
cleotides structured in intermolecular antiparallel duplex (red squares)
and hairpin (orange circles). The two sets are linearly fitted independently
(solid lines; dashed lines: 80% prediction bands). Parallel duplexes are
shown as brown diamonds. The linear fit obtained for dTn oligonucleotides
is depicted as a green dotted line.

sequences give similar results. Five dAn sequences are in-
jected (n = 10–40), and the plot of log10(MW) against Ve/V0
of the main peak is linearly fitted (R2 = 0.9994) with a sim-
ilar slope (−2.98 versus −3.08). However, a small portion
of the strands fold into non-canonical secondary structures
via A•A base-pairing, resulting in secondary peaks (Sup-
plementary Figure S6).

dsDNA calibration

Next, duplex-forming oligonucleotides, varying in length
(10–26 nt) and base composition, are analyzed (Figure 3A).
Auto-complementary sequences were chosen as they can be
structured in the homo-duplex and/or the hairpin-duplex
form, depending on the annealing conditions (nucleic acid
concentration, cation concentration, cooling rate). Addi-
tionally to the widely studied ds26 and dslac (lac operon)
sequences, four sequences are based on the so-called Drew-
Dickerson model (ds10, ds14 and the mirror-image se-
quences ds12-GC and ds12-CG) (35–37). Finally, in or-
der to obtain a reference peak for hairpin structures,
the synthetic construct ds15-h, which is not fully auto-
complementary, is also injected (Table 1). Indeed, the three
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central nucleotides forming the loop in the hairpin mis-
match in the case of the homo-duplex, rendering the latter
significantly less stable than the former (38).

Relative elution volumes of homo-duplexes and hairpins
are plotted as previously described (Figure 3B). The exact
elution volume for each peak was determined after proper
peak deconvolution as shown in Supplementary Figure S2.
The structure (homo-duplex or hairpin) of each peak is as-
signed: (i) according to its Ve/V0, the homo-duplex being
trivially twice larger than the corresponding hairpin and
(ii) using ds15-h as a reference for hairpins (vide infra).
In a first approximation, both secondary structures can be
considered as linear polymers and it came as no surprise
to also find a linear relationship between log10(MWstrand)
and retention time (R2 = 0.9974 and 0.9950, respectively).
The data points are slightly less aligned than previously ob-
served for d(Tn) and d(An) tracts, probably owing to small
structural differences arising from variable helix bending,
different GC content and hairpin loop length and flexi-
bility. Noteworthy, the mirror-image oligonucleotides ds12-
GC and ds12-CG gave quasi identical relative elution vol-
umes (1.619 and 1.617, respectively), which is another argu-
ment for the method reliability. Another interesting point is
the exclusive formation of a hairpin structure for ds15-h, as
expected from its sequence, and in accordance with recent
NMR spectroscopy experiments (38).

The structure(s) formed by a duplex-forming sequence
can be readily identified from the predictive plot since the
hairpin and intermolecular duplex areas, defined by the
80% prediction band of the linear fit, are entirely separated
on the studied MW range. However, in order to avoid the
tedious calibration work, the use of one to two reference
sequences of known structures, carefully selected in func-
tion of the unknown sample characteristic (analogous MW,
same type of secondary structure), might prove sufficient.
To help in the achievement of this approach, a simple arbi-
trary metric can be used, the PCS, which is simply the ra-
tio of Ve/V0 values from the slowest peak (here, the hair-
pin) with the fastest peak (here, the intermolecular duplex).
The mean PCS found in our conditions is 1.04 ± 0.01, but
the value is dependent on the MW of the oligonucleotide
(longer sequences give higher PCS). For this reason it is of
the utmost importance to choose reference sequences lying
in the same MW range to perform the PCS comparison. Ex-
amples of this approach are given below (e.g. the RNA stem
loop case studies).

It is interesting to note that the simultaneous detection of
the intermolecular duplex and hairpin species also enables
the study of the interconversion processes between these two
secondary structures. Under the experimental conditions,
high salt and strand concentrations, a conversion from the
hairpin to the duplex form is observed over time (Supple-
mentary Figure S7). The stem of ds26 is much longer than
the stem of ds12 and ds14, which renders its hairpin form
relatively more stable than the hairpin of the latter, leading
to a higher hairpin/duplex ratio after a long incubation pe-
riod.

Non-canonical double helices can also be monitored by
SE-HPLC. Duplexes presenting a single mismatch (ds17-
TT, ds17-TG and ds17-TC) led to chromatograms superim-
posed with the fully matched counterpart (ds17-TA; Sup-

plementary Figure S8). However, the presence of an A-tract
can be detected, because A-tracts induce a significant bend-
ing of the double helix as compared to a control duplex
where the same A-tract is disrupted (Supplementary Figure
S9) (40). Several parallel-stranded duplex forming oligonu-
cleotides are also assayed in a 100-mM KCl, 10-mM MgCl2
containing buffer, with a strand concentration of 100 �M
(Supplementary Figure S10). While the 24- and 20-mer (ps-
ds24 and ps-ds20) indeed form a ps-ds structure, with more
unassociated single strand detected in the latter case, the
shorter 15-mer (ps-ds15) eluted entirely as unstructured sin-
gle strands. These results are perfectly consistent with the
expected increase in ps-ds stability with a greater number
of base pairs.

The study of triplexes by SE-HPLC is also considered.
The binding of a third strand in the groove of a DNA duplex
should result in a bulkier structure that elutes faster. A 12-
mer parallel pyrimidine DNA triplex PyW1•PuC1xPyH1
is analysed at pH 6.0, in a Mg2+-containing buffer, and
compared to the corresponding Watson–Crick duplex
(PyW1•PuC1) (Supplementary Figure S11). As expected,
the chromatogram of PyW1•PuC1xPyH1 acquired at 20◦C
exhibits three peaks corresponding to the triplex, the duplex
and the unbound PyH1 strand. The parallel Hoogsteen-
duplex part of the triplex can be selectively melted in the col-
umn because it is less stable than the antiparallel Watson–
Crick one. At 30◦C, the duplex peak is conserved, but the
triplex peak completely disappears and the proportion of
single strand rises as a result.

G4-DNA calibration

A wide range of quadruplex-forming sequences from ge-
nomic (telomeres, oncogene promoters, minisatellites) or
synthetic (aptamers, human-designed) origin are subse-
quently analyzed (Table 2). These sequences are selected on
the basis of their various structural characteristics, includ-
ing possible polymorphism and multimerization (through
stacking or interlocking), the availability of structural data,
the frequency of their use in the field and their biologi-
cal relevance. The four-repeat human telomeric sequence,
represented by four sequences with varying length (22 nu-
cleotides for 22AG to 25 nucleotides for 25TAG), is a well-
known example of structural heterogeneity among the G4
field (76). Interestingly, single base modifications can be dif-
ferentiated with SE-HPLC, albeit with small differences in
relative elution volumes, ranging from Ve/V0 = 1.599 to
1.619, with identical full width at half-maximum (FWHM
= 0.038 ± 0.001) (Figure 4A). The relative linear align-
ment of their Ve/V0 as a function of the MW logarithm
(R2 = 0.9541) also tends to indicate an important struc-
tural similarity, and homogeneity in case of mixtures. Simi-
larly, 25CEB and 26CEB, which differ by the presence of an
extra 5′ base for the latter, can be discriminated. However,
a difference of a few bases, which increases the molecular
weight of an oligonucleotide, does not necessarily impact
significantly its hydrodynamic volume. Clearly, the interest
of the method does not lie in the discrimination of oligonu-
cleotides based on small length differences, in particular not
for quadruplex structures. Gel electrophoresis and capillary
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Figure 4. Normalized chromatograms of (A) some monomeric quadru-
plexes and (B) a 24-mer mutant of the human telomeric sequence (dashed
line), compared to the quadruplex-forming sequence 24TTG (plain line).

electrophoresis are two methods more suited for this type of
analysis.

To ensure that quadruplexes can be discriminated from
unfolded strands, mutants of the 22- and 24-mer hu-
man telomeric sequence are analyzed. 22mutHtelo1234 and
24mutHtelo have all four guanine tracts mutated, which
prevents the formation of quadruplex. As a result, it elutes
faster than the corresponding more compact quadruplex
(22AG and 24TTG, respectively; Figure 4B and Supple-
mentary Figure S12). However, only two G-tracts are mu-
tated in 22mutHtelo23 (Table 2), a control used in a recent
study (71). While the expected unfolded species is clearly
visible and elutes faster than 22AG, a secondary accelerated
peak is also detected. This species is likely a multimolecu-
lar quadruplex formed by association of the non-mutated
guanine tracts.

Prediction plot. Relative elution volumes of sequences
forming unambiguously monomeric structures (for which
structures have been reported to be monomeric, that gave
a single peak by SE-HPLC, and whose names are itali-
cized in Table 2) are used to create a first reference lin-
ear trend plot, which is fitted (R2 = 0.8041) in order to
start the assignment of other species (not shown). The
peaks are subsequently assigned to monomeric, dimeric,
another higher-order quadruplex structures or an unstruc-
tured strand, based on (i) the position of the datum point
compared to this first trend, (ii) the available structural data,
(iii) the sequence of the oligonucleotide, (iv) native ESI-MS
experiments and (v) UV-melting experiments. Eventually,
enough data points are collected to allow the construction
of a predictive plot that replaces step (i) (Figure 5A). A num-
ber of examples will be given in the sections below, and all
other chromatograms are presented in Supplementary Fig-
ure S13. The model feeds itself because the more points are
plotted, the higher the level of confidence is for the identifi-
cation of unknown species. Interestingly, despite the signif-
icant polymorphism of G4 nucleic acids, monomers (R2 =
0.7415), dimers (R2 = 0.9059) and tetramers (R2 = 0.9954)
can be discriminated with a high confidence level: areas de-
fined by the 80% prediction bands of the linear fitting do not
overlap (on the MW range studied herein), and the assign-
ment can be readily done by plotting the unknown point.
An arbitrary metric, the SI, is calculated for each peak
by multiplying log10(MWstrand) to Ve/V0 (see Material and
methods), and values are grouped by structure type (Fig-

Figure 5. (A) Predictive plot: log10(MWstrand) against Ve/V0 for
quadruplex-forming oligonucleotides, with linear fitting (solid line; dashed
lines: 80% prediction bands). Prediction bands define areas for each cate-
gory of structures. Outliers are oligonucleotides whose particular struc-
ture (e.g. only two tetrads for TBA) leads to a non-alignment of its Ve/V0
with the ones of its structural category (e.g. other monomers). (B) SI chart
obtained from the product of the MWstrand by Ve/V0; plain gray lines:
mean values (monomers: 6.29 ± 0.06, dimers: 6.04 ± 0.06, tetramers: 5.48
± 0.12), dashed gray line: maximum SI value observed for dimers (93del:
6.18).

ure 5B). The resulting chart also allows the discrimination
between monomers, dimers and tetramers because there is
no overlap between the three groups. The aptamer 93del,
which folds into a very compact dimer (vide infra), is the
only data point close to another structure group, and not
lying within one standard deviation unit from the group av-
erage. The significant difference between the monomer and
dimer SI distributions was further confirmed with statisti-
cal tests at high significance levels, additionally to the large
Cohen’s effect size (d = 3.79) (see the experimental section
and Supplementary data).

Although it seems appealing to perform such direct as-
signments, one must be careful when doing so because
quadruplexes exhibit a very high degree of polymorphism.
Complementary methods may thus be used as a mean of
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comparison. For instance, some oligonucleotides folding
in unique structures (referred to as outliers in the plots),
such as TBA (only two G-quartets) or H-Bi-G4 (a dimer
with only three G-quartets, thus eluting like a monomer),
do not abide by this calibration. Another tricky case is the
45-mer human telomeric sequence 45AG that gives a chro-
matogram featuring a major peak flanked by two minor
peaks (Supplementary Figure S13). 45AG can theoretically
fold into two distinct quadruplex units linked by a TTA
trinucleotide. There is no consensus on the topology of ar-
rangement of successive units for long human telomeric se-
quences as several models have been suggested (beads-on-
a-string, same direction stacking, alternate direction stack-
ing) (8). Additionally, one unit may not be folded, yielding
a less compact structure that would account for the small
accelerated peak. Furthermore, Phan et al. have also shown
that a seven-repeat human telomeric sequence can fold into
a single intramolecular quadruplex unit containing a long
loop (49). Finally, the formation of multimolecular assem-
blies cannot be excluded (77,78). The data points are some-
what out of the calibration range and it is thus risky to in-
terpret the chromatogram that however clearly shows that
the folding of long G-rich sequences is not trivial.

Overall, the good separation between structure groups
mentioned above avoids a comprehensive, tedious calibra-
tion via the injection of a couple of reference sequences
and calculation of the peak center ratio (PCS), as shown
above for dsDNA. It is defined as the ratio of the Ve/V0
value from the slowest peak (here, the monomer) with the
one of the fastest peak (dimer or tetramer). This value is
consistent for sequences giving two peaks resulting from
a dimer/monomer mixture (1.048 ± 0.013), and is signifi-
cantly different from the tetramer/monomer one (1.113 ±
0.005; effect size: d = 6.0). This can be used to determine
whether a secondary peak of a given sample is likely to re-
sult from the formation of a dimer or a tetramer, by simply
comparing its PCS with standard PCS values inferred from
reference oligonucleotides. These results may be linked to
other analytical methods since SE-HPLC does not give ab-
solute results.

Exploring quadruplex structural polymorphism

Compactness. From the compactness plot obtained for all
identified monomeric quadruplexes, it is clear that the data
points are far less aligned (Supplementary Figure S14; R2 =
0.7432) than for unstructured or duplex-structured oligonu-
cleotides, which certainly accounts for the well-known poly-
morphism of quadruplex nucleic acids (Figure 1 and Sup-
plementary Figure S1). G4-forming oligonucleotides of
similar molecular weight can display a significantly different
hydrodynamic volume depending on the structural charac-
teristic of the quadruplex they form (length and geometry
of loops, number of quartets, bulges). In short, two quadru-
plex structures are less similar to one another than two du-
plex helices, for a given molecular weight, which likely leads
to the scattered data points. While ssDNA and dsDNA
oligonucleotides can be assimilated to superimposable lin-
ear polymers, G4-DNA comes in a variety of shapes (Sup-
plementary Figure S15). This distribution can be taken ad-
vantage of to evaluate the relative compactness of a quadru-

Figure 6. Normalized chromatograms of tetramolecular quadruplex-
forming sequences (250 �M strand concentration) acquired within 30
min after KCl addition (TG4T) or after a two-day equilibration (TG5T).
Monomer species are indicated with a m and tetramers with a t.

plex structure. For a given molecular weight, an oligonu-
cleotide with a higher retention time has a smaller hydro-
dynamic volume and can therefore be considered as more
compact. The most compact species are thus located in the
right-hand part of the compactness plot (Supplementary
Figure S14; e.g. c-myc is more compact than c-kit2), which,
unlike the prediction plots, is drawn from the molecular
weight of the whole structure. The TBA structure is the least
compact of all the assayed monomeric G4 (highest devia-
tion from the trend line), most probably because it only has
two G-quartets. The trend line can thus be used as the mean
compactness of the studied set of sequences, the ones being
above being schematically more compact than the average.
Incidentally, it can be noted that the dimeric structures are
located above the monomeric G4 scatter plot (Supplemen-
tary Figure S14; R2 = 0.9066), suggesting that higher-order
structures are more compact. Additionally, an analysis of
the relationship observed between the radius of gyration,
calculated for structures deposited in the PDB, and the elu-
tion volume is given in Supplementary data (Supplementary
Figure S16). Overall, SE-HPLC highlights the important
polymorphism of G4 and allows to discriminate particular
structures such as TBA or dimers.

Multimeric quadruplexes. A salient advantage of SE-
HPLC is the possibility to monitor the formation of inter-
molecular structures. Indeed, the simultaneous detection of
the monomer and quadruplex peaks allows the quantifica-
tion of the extent and the kinetics of association, similarly
to the hairpin/duplex equilibrium examples given above.
In Figure 6, the delayed peaks correspond to the unfolded
monomers, whereas the accelerated peaks are tetramolecu-
lar ([TG4T]4 and [TG5T]4) species. Interestingly, IDS can
be plotted from the absorbance spectra integrated under
the quadruplex and monomer peaks, yielding yet an addi-
tional proof of quadruplex formation (Supplementary Fig-
ure S17A and B) (79). Finally, [AG4T]4 and [AG5T]5, which
are known to associate at higher rates (17), present chro-
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Figure 7. Normalized chromatograms of bimolecular quadruplex-
forming sequences: (A) hairpin-looped H-Bi-G4 and stacked-dimer J19,
and (B) the stable interlocked dimers 93del. Monomer species are indicated
with a m, dimers with a d and tetramers with a t.

matograms devoid of monomer after eight hours at 4◦C
(Supplementary Figure S18).

Similarly, H-Bi-G4 forms a bimolecular quadruplex in
equilibrium with a monomer theoretically unfolded since
it only contains two runs of guanines (Figure 7A). This is
further verified by plotting the IDS of the monomer/dimer
couple, calculated from the absorbance spectra under the
pure areas of the peaks (see experimental section and Sup-
plementary Figure S17C). Using ESI-MS at lower strand
concentration (10 �M), the bimolecular quadruplex cannot
be detected using 100–200 V capillary tensions, which sug-
gests that this structure is relatively unstable, at least in am-
monium conditions (Supplementary Figures S19 and S20).
This is subsequently confirmed in the presence of potas-
sium by UV-melting experiments (Tm

10 �M = 34.5◦C; Sup-
plementary Figure S21A), which explains the large percent-
age of monomer detected by SE-HPLC. This is an inter-
esting result as it shows that SE-HPLC can be a tool to
measure relative stabilities. Additionally, UV-melting exper-
iments further confirmed the intermolecular nature of H-
Bi-G4 quadruplex because the melting temperature is con-
centration dependent (Tm

5 �M = 30.5◦C). Finally, since H-
Bi-G4 forms a bimolecular structure, a decrease in strand
concentration (from 250 to 100 �M) leads to the forma-
tion of a lower proportion of quadruplex, as expected from
the law of mass action (Supplementary Figure S22). The ki-
netics of formation is also fairly slow, at room temperature,
compared to a typical intramolecular folding.

Figure 7 features other interesting examples of quadru-
plex dimers, which differ by the dimerization mode (stack-
ing, interlocking). Purely stacked quadruplex dimers such
as J19 can be detected (Figure 7A), which highlights the fact
that SE-HPLC allows to operate in native conditions. Only a
very small amount of stacked dimers is also detected for the
T30177-TT aptamer (Supplementary Figure S23); the two
thymines in 5′ have been shown to inhibit dimer formation
(61). Some sequences do not fold at all into monomeric G4
despite being theoretically able to do so. Hence, the smallest
structure formed by 93del (Ve/V0 = 1.666; Figure 7B) is in-
deed attributed to a very stable interlocked dimer (Tm

10 �M

> 88◦C; Supplementary Figure S21A), which is further con-
firmed by mass spectrometry (Supplementary Figure S19),
and is consistent with the NMR structure published by
Phan et al. (63). Another bulkier structure characterized by
an accelerated peak is detected, and the SE-HPLC signa-

ture does not change after two-month incubation at room
temperature (Supplementary Figure S24). This species is
likely a tetramer, and the relative area of the peak diminishes
when the strand concentration is lowered to 10 �M (54–
31%), consistent with a multimolecular structure. However,
the corresponding m/z is not detected in the conditions of
mass spectrometry (10 �M strand concentration, 100 mM
ammonium acetate; Supplementary Figure S19). Both the
dimer and the tetramer can be isolated by SE-HPLC and are
stable over a few days (Supplementary Figure S25A), which
indicates that the tetramer is likely not formed by a sim-
ple end-stacking of two dimers. Interestingly, the tetrameric
structure is not formed when potassium is added only after
annealing (Supplementary Figure S25B).

Similarly, sequence-dependent polymorphism can be eas-
ily detected for various quadruplex-forming oncogene pro-
moter sequences. An interesting example comparison to
make is between K-ras 35B1 and K-ras 35B3 that only differ
by the sequence of their 3′-terminus (Table 2). K-ras 35B1
forms a mixture of monomer and dimer, which is also ob-
served by native mass spectrometry (Supplementary Fig-
ures S26 and S27). However, the absence of the trinucleotide
CAG in 3′ inhibits almost entirely the formation of dimer.

In the same vein, c-kit1 and c-kit87-up differ solely by
the absence or presence, respectively, of an adenosine at the
5′-terminus. While c-kit87up displays a unique peak, c-kit1
gives a triple-peak signal (Supplementary Figure S28A).
Based on the predictive plot, the two main peaks are at-
tributed to monomer structures. The accelerated shoulder
likely is a fairly unstable dimer since it cannot be detected
at lower concentration by mass spectrometry, and since
the UV-melting profile is almost concentration independent
(Supplementary Figure S21B). Note also that the melting
is not fully sigmoidal, most probably due to the presence
of a mixture of two monomeric structures. Also worthy of
a comparison is the c-kit2/c-kit2GG pair, where the latter
lacks two flanking bases, effectively inhibiting the forma-
tion of a dimer (Supplementary Figures S27 and S28B).
Note that, additionally to the monomer and dimer peaks,
c-kit2 gives a peak at a lower retention time that suggests
the formation of an additional higher-order structure, not
reported so far.

Another extensively studied oncogene promoter of well-
known polymorphism, c-myc, shows a high sequence de-
pendency by SE-HPLC, and full results will be detailed else-
where. Note that with the c-myc sequence studied herein, a
small percentage of dimer is detected (<4%; Supplementary
Figure S29), which was not the case with an electrophoretic
gel mobility shift assay performed at much lower concentra-
tion (2 �M), published alongside the NMR structure (51).

An important proportion of the sequences analyzed
in this study has been selected and sometimes modified
by other research groups in order to obtain clean NMR
spectra and ultimately to determine their structure(s).
Such sequences yield fairly clean chromatograms where
monomers are usually prevalent. However, analysis of unbi-
ased oligonucleotides, such as G4-forming sequences identi-
fied in silico from genomes, may lead to more complex SEC
signatures. This is observed with a number of sequences ex-
tracted from different genomes; oligonucleotides fold into
complex mixtures, and a number of higher-order structures
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Figure 8. pH dependence: normalized chromatograms of the C-rich se-
quence from the human c-myc promoter (Py22). Monomer species is indi-
cated with a m, dimer with a d.

can be detected, notably because they deviate significantly
from the normative ‘four repeats of three guanines’ often
found in G4-related studies. Two examples taken from the
human mitochondrial DNA genome are described in Sup-
plementary data (Supplementary Figure S30). Case studies
provide other examples (vide infra).

i-motifs

The formation of i-motifs requires a partial protonation
of the cytosines. This pH dependence can be easily moni-
tored by SE-HPLC. At near physiological pH (7.5), a single
peak is observable for both Py22 and 21CC, correspond-
ing to the unstructured single strands (Figure 8 and Sup-
plementary Figure S31A, respectively). However, at pH 6.0,
the strands can fold into a more compact intramolecular
i-motif, and the corresponding delayed peak appears. The
second peaks observed at pH 6.0 do not strictly elute at the
same elution volume than the unfolded controls. The typi-
cal i-motif signatures inferred from the IDS analysis of that
couple of peaks, together with the elution volumes, reveal
that these species are i-motif dimers (Supplementary Fig-
ure S31B) (79).

Case studies

RNA stem loops. The Hepatitis C virus genome con-
tains three contiguous stem-loops in its 3′-UTR region
(SL1, SL2 and SL3). A recent study suggests that SL2
(r(UCACG2CUAGCUGUGA3G2UC2GUGA)) might co-
exist as a mixture of monomeric and dimeric struc-
tures, in rapid exchange, since several bands and smear-
ing were observed by native gel electrophoresis (80). In
order to confirm this hypothesis, we studied SL2 using
SE-HPLC, making the necessary changes to work in sim-
ilar conditions: the temperature is set at 10◦C and a
different eluent is used (see experimental section). Note
that the use of lower temperatures leads to higher vis-
cosity of the eluent and in turn to higher pressures. It

Figure 9. (A) Secondary structures of the RNA stem loops predicted by
the Mfold web server, reported by Palau et al. (80). (B) Normalized chro-
matograms of SL2 and SL2mut RNA oligonucleotides (plain lines). Rela-
tive elution volume of the duplex and hairpin forms of ds26 are depicted
with vertical lines for reference. Monomer species are indicated with a m
and dimers with a d. The major peak for SL2 corresponds to a tetramer or
higher-order structure.

might therefore be necessary to lower the flow rate to
work at pressures compatible with the stationary phase.
A mutant sequence SL2mut that includes an extra ade-
nine to form a perfect hairpin is used as monomeric con-
trol (r(UCACG2ACUAGCUGUGA3G2UC2GUGA); Fig-
ure 9A). Clearly, SL2 forms at least three structures (Ve/V0
= 1.45, 1.57, 1.66). The monomeric hairpin form can easily
be identified by comparison with SL2mut being the reference
monomeric hairpin (Ve/V0 = 1.66) (Figure 9B). The second
peak (Ve/V0 = 1.57) gives a PCS value of 1.058, very close
to the hairpin/intermolecular value found for ds26 (1.054),
and for this reason it is likely that this peak corresponds to
a bimolecular species. The FWHM of the fastest SL2 peak
is particularly large, which is consistent with a number of
unidentified higher-order species co-existing in equilibrium
that translates into a smear in native gel electrophoresis.

The RNA hairpin aptamer R06
(r(G2UCG2UC3AGACGAC2)), specific for the trans-
activating responsive RNA element of HIV-1 (81), is
suspected of forming a dimer but it has not been demon-
strated so far. This sequence was therefore examined by
SE-HPLC using the same experimental conditions as for
SL2. It appears that roughly 30% of the strands associate
in a dimeric structure (PCS = 1.046, consistent with the
value of the reference ds14: 1.046) (Supplementary Figure
S32). It is also observed that when the temperature is
raised to 20◦C, the proportion of dimer drops dramatically,
highlighting once again the influence of experimental
conditions on secondary structure formation. It is also
interesting to note that there is no shift in relative elution
volumes when the temperature is changed, which allows to
confidently compare the results.

A bit of concentration is needed. The SP1 binding site in
the c-KIT promoter, c-kit* (Table 2) was reported as the
first non-human telomeric sequence to fold in an antiparal-
lel two-quartet quadruplex (56), despite the fact that three
of the four guanine tracts are composed of only two gua-
nines, and the presence of five cytosines that are usually con-
sidered as detrimental for quadruplex formation. However,
analysis by SE-HPLC reveals that, at high strand concentra-
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Figure 10. Normalized chromatograms of (A) c-kit* after annealing at
various concentrations and (B) N-myc (10 �M) after annealing with 10 or
100 mM KCl. Monomer species are indicated with a m, dimers with a d
and tetramers with a t.

tion (250 �M), a mixture of bulkier structures co-exist with
the expected monomeric quadruplex (Figure 10A). These
structures are likely to be multimeric because lower concen-
trations (25 and 10 �M) lead to a dramatic decrease of the
relative intensity of the related peaks (from 38% to 4.4% and
1.9%, respectively). In order to work with the quadruplex
expected to fold in the genome, operating at low concen-
tration is thus advised. More generally, one should keep in
mind that the secondary structure(s) of nucleic acids can be
altered by their concentration, and SE-HPLC is an efficient
method to control the formation of higher-order structures
within a relatively large concentration range.

In the same vein, the concentration of monovalent cation
can induce significant conformational changes. A guanine-
rich sequence from the intron of the N-myc gene has been
found to fold into a monomeric and a dimeric quadru-
plexes (Supplementary Figure S1), in equilibrium, in the
presence of physiological concentrations of potassium, but
to form preferentially the monomer at lower potassium
concentrations (58). Analysis of this equilibrium shift-
ing by SE-HPLC yields comparable results (Figure 10B).
When annealed in the presence of 100 mM potassium, two
main peaks of comparable intensities corresponding to the
monomer and dimer are observed, as well as a minor peak
likely to result from the formation of a tetrameric struc-
ture. Annealing in a 10-mM potassium containing buffer
lead to a dramatic decrease of the dimer peak, consistent
with what was found by Trajkovski et al. Also, once formed
at low potassium concentration, the monomer has a low
propensity to convert to the dimer over time, after addition
of potassium (Supplementary Figure S33). Although the
structural information that can be inferred from SE-HPLC
are far less detailed than the ones from NMR, it allows to
study a wide range of experimental conditions in a reduced
time (∼20 min per sample), and at lower nucleic acid con-
centration. Another example focused on the various struc-
tures formed by sequences following the TGnT pattern (n =
4–20) is given in Supplementary data (Supplementary Fig-
ures S34 and S35).

Concluding remarks

SEC is a widely employed analytical method in the syn-
thetic polymer and protein fields but its use in the study
of nucleic acid structures remains scarce. The most notable

examples are the resolution of polymorphic telomeric and
oncogenic sequences by Miller et al. (31,32), and the study
of tetramolecular quadruplexes and i-motifs by Bardin and
Leroy (16,34). By performing the present study, we have
shown that SEC can be used to study nucleic acid struc-
tures, with no theoretical limitations regarding their na-
ture. Both DNA and RNA forming a variety of structures
are monitored, but one could also imagine studying nucleic
acids with other backbones (PNA, LNA, hybrids), modi-
fied bases or carrying functionalities. Oligonucleotides car-
rying both a FAM (6-carboxyfluorescein) and DABCYL (4-
((4-(dimethylamino)phenyl)azo)benzoic acid) in 5′ and 3′,
respectively, are analyzed as an example and the dye and
quencher are easily detected at low concentration (1 �M;
Supplementary Figure S36).

SE-HPLC allows the easy distinction between un-
structured strands, hairpins, intermolecular duplexes and
triplexes. Dimerization of hairpins can be readily detected
as observed with the case studies on RNA stem loops.
Quadruplex multimers can be confidently discriminated
from the classical monomers, and SE-HPLC appears to
be a powerful tool to study sequence-dependent polymor-
phism and to disentangle complex multimer mixtures (e.g.
the TGnT case study). The compactness of various struc-
tures can be compared, giving global insights into the exam-
ined folds. The study of (slow) time-dependent phenomena
is also possible as shown with various examples (H-Bi-G4,
93del and N-myc). In the same vein, the association con-
stants of multimolecular quadruplex can be monitored as
exemplified by the comparison with the unstable dimeric
quadruplex H-Bi-G4 (a significant amount of monomer is
detectable), and the exceptionally stable 93del (no monomer
is detectable).

Compared to other methods used to study nucleic acid
structures, such as ESI-MS, NMR, CD and X-Ray diffrac-
tion, SE-HPLC compensates its lack of resolution (struc-
tures of close hydrodynamic volumes cannot be discrimi-
nated) by its ease and speed of use, and most notably by
its versatility. We have shown that a number of experimen-
tal parameters can be tuned to work in conditions relevant
to a given study. Thus, the eluent (potassium-, sodium- or
ammonium-rich buffers for quadruplexes, acidic buffer for
i-motifs and triplexes, and magnesium-containing buffers
for ps-ds, triplex and RNA stem loops), the temperature and
the sample concentration are successfully changed to ob-
tain the desired conditions. This is of the utmost importance
since these parameters can dramatically affect the structure
of nucleic acids, as inferred from the various case studies.
The concentration range available (�M–mM) is particu-
larly interesting because it allows to easily compare results
obtained by techniques operating at high (NMR) and low
(ESI-MS, CD, UV-melting) concentrations.

As mentioned previously, SE-HPLC displays a relatively
low resolution compared to other techniques such as NMR
or native mass spectrometry. The resolution can theoreti-
cally be increased by coupling multiple columns in series.
However, complete resolution of the peaks will result in
non-equilibrium conditions that might in turn lead to struc-
ture interconversions and/or dissociations, owing to the low
eluent flows typically used. Ion mobility mass spectrometry
is a technique that can achieve greater resolution, albeit in
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the gas phase (82), and it should be noted that SE-HPLC is
theoretically amenable to mass spectrometry coupling. Ul-
tracentrifugation is another alternative that has been shown
to be effective for the determination of hydrodynamic prop-
erties of macromolecules, as exemplified with the 21-mer
human telomeric sequence by Chaires et al. (83).

Compared to the widely used PAGE, SE-HPLC (i) does
not depend from the m/z ratio of the structures and, as a
corollary, is not affected by charge screening effects; (ii) pro-
vides a reliable molecularity of the species; (iii) allows reli-
able quantifications; (iv) provides a spectroscopic character-
ization of each species (UV-vis spectrum, IDS); (v) is an easy
mean of isolation and purification of the different species
(providing that they are not interconverting); (vi) allows a
fine and easy tuning of the experimental conditions (buffer,
pH, salt, temperature, etc.) and (vii) can handle a wide range
of oligonucleotide quantities using adapted columns.

For all the reasons mentioned above, we believe that SE-
HPLC can nicely complement NMR, crystallography, CD
or ESI-MS experiments. From a broader point of view,
this work highlights the intricacies of working with nucleic
acids, and most notably hairpin- and quadruplex-forming
sequences. Small changes in sequence and/or conditions
(buffer pH, cation nature and concentration, strand con-
centration, temperature, incubation time, etc.) can lead to
drastic modifications of the structure(s), which in turn can
alter the results of a study. Moreover, available prediction
algorithms typically lead to a number of false positive and
negative results and fail to predict the formation of multi-
molecular structures. In a genomic context, such structures
are unlikely to appear, except maybe for highly repeated se-
quences (e.g. telomeres). However, when studying predicted
quadruplex-forming sequences using oligonucleotides, such
structures might appear and hence skew the results. There-
fore, each new sequence structure should be evaluated in the
specific conditions of the study it will be conducted in, and
we believe that SE-HPLC is a quick and easy method to do
so.
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Supplementary Data are available at NAR Online.
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