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ABSTRACT

Mutation ‘hotspot’ regions in the genome are sus-
ceptible to genetic instability, implicating them in
diseases. These hotspots are not random and of-
ten co-localize with DNA sequences potentially ca-
pable of adopting alternative DNA structures (nhon-
B DNA, e.g. H-DNA and G4-DNA), which have been
identified as endogenous sources of genomic insta-
bility. There are regions that contain overlapping se-
quences that may form more than one non-B DNA
structure. The extent to which one structure im-
pacts the formation/stability of another, within the
sequence, is not fully understood. To address this
issue, we investigated the folding preferences of
oligonucleotides from a chromosomal breakpoint
hotspot in the human c-MYC oncogene containing
both potential G4-forming and H-DNA-forming ele-
ments. We characterized the structures formed in
the presence of G4-DNA-stabilizing K* ions or H-
DNA-stabilizing Mg?* ions using multiple techniques.
We found that under conditions favorable for H-DNA
formation, a stable intramolecular triplex DNA struc-
ture predominated; whereas, under K*-rich, G4-DNA-
forming conditions, a plurality of unfolded and folded
species were present. Thus, within a limited region
containing sequences with the potential to adopt
multiple structures, only one structure predominates
under a given condition. The predominance of H-DNA
implicates this structure in the instability associated
with the human c-MYC oncogene.

INTRODUCTION

Genetic instability underlies the etiology of many human
disorders, including cancer. Genetic instabilities initiated by
DNA double-strand breaks (DSBs) and subsequent chro-
mosomal alterations often occur at common ‘hotspots’

in the genome that co-localize with DNA sequences ca-
pable of adopting alternative DNA structures (i.e. non-
B DNA, such as H-DNA and G4-DNA) (1-3). The mu-
tagenic potential of non-B DNA-forming sequences has
been demonstrated in various model systems, implicat-
ing these structure-forming sequences as an endogenous
source of genetic instability (4-8). Recently, we mapped
H-DNA-forming sequences (HFS) within +100 bp (‘bins’)
of >19,000 translocation breakpoints (from sequenced hu-
man cancer genomes), and found that HFS were substan-
tially enriched at translocations breakpoints compared to
random-pick control sequences (1). Further, the number of
HFS in each bin surrounding the translocation breakpoints
was consistently higher than control, further implicating
H-DNA in cancer development. Specifically, in cancers
such as Burkitt’s lymphoma, L3 type acute lymphoblastic
leukemias, and plasmacytoma, H-DNA-forming sequences
co-localize with common translocation breakpoints in the
human ¢-M YC gene (9-11); whereas, G4-DNA-forming se-
quences map to the BCL-2 gene major breakpoint region of
a translocation common in follicular lymphomas (12,13),
and also within the nuclease hypersensitive locus near the
H-DNA-forming sequence in the ¢-M YC gene (14,15). Al-
though the mutations in these cancers are known (i.e. spe-
cific translocation), the initiating mutagenic mechanisms
are still unclear.

A polypurine-polypyrimidine mirror-repeat can adopt
an intramolecular triplex structure via Hoogsteen bond-
ing (16,17), when one half of the mirror symmetry (Fig-
ure 1A) binds to the major groove of a purine-rich tract
of the underlying duplex, leaving a single-stranded region.
If the purine-rich tract serves as the third strand, a diva-
lent (e.g. Mg”") cation-dependent R*RY type (R: purine, Y:
pyrimidine, *Hoogsteen bonds) triplex may form (e.g. Fig-
ure 1B). Alternatively, an acidic pH-dependent Y*RY type
of triplex may form if the pyrimidine-rich strand serves as
the third strand. Two isomers may further exist for each type
of triplex, depending on which end of the DNA (5'- or 3)
the Hoogsteen hydrogen bonding occurs, giving rise to four
possible triplex isomers (18,19). G4-DNA or G-quadruplex
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Figure 1. Schematic of potential non-B DNA structures formed at the ¢-M YC sequence used in this study. (A) Sequence from a translocation breakpoint
hotspot in the human ¢-M YC gene with mirror repeat symmetry (red arrows) that can form (B) H-DNA, and guanine repeats (black bars) that can form

(C) G-quadruplex or G4-DNA.

DNA forms at tandem repeats of guanine (G) sequences
(Figure 1A) (20). Either intra- or intermolecularly, four G
bases associate in a square-planar cyclic array, stabilized by
Hoogsteen bonds to form a G-tetrad that can stack, and
thereby form G4-DNA structures stabilized by monovalent
cations, such as K* or Na™. There are a number of possible
topologies for intramolecular G4-DNA structures (14,21)
and they are difficult to predict, but one common motif
for K*-stabilized G4-DNA is a parallel-stranded topology
(Figure 1C).

One of the challenges in studying non-B DNA in vivo is
that there are regions in the genome that contain multiple,
overlapping sequences with the potential to form more than
one non-B DNA structure (22). One example is found in
the oncogenic human ¢-M YC promoter region, where clus-
ters of non-B DNA-forming sequences (e.g. H-DNA, Z-
DNA, G4-DNA) surround the promoter PO, which is highly
transcribed in some cancer cells (23,24). And therefore, the
extent to which one (or more) non-B DNA structure im-
pacts the formation and/or stabilization of another non-
B DNA structure (within the sequence) is not fully under-
stood. Given that non-B DNA formation relaxes negative
supercoiling that is required for the subsequent formation
of additional non-B DNA structures, we speculate that in a
region of DNA containing more than one potential non-B
DNA-forming sequence, one tract may form a specific non-
B DNA structure at a given time and condition, thus, subse-
quently inhibiting the formation of other mutagenic non-B
DNA structures.

Here, we focused on a short sequence derived from a
chromosomal breakpoint hotspot in the human ¢-MYC
gene (Figure 1A), ~400 base pairs (bp) downstream of the
PO promoter (25-27). This 23-bp duplex sequence contains
both a mirror symmetry and a tandem repeat of Gs, which

could potentially form H-DNA or G4-DNA, respectively
(25). This sequence was previously found to stimulate ge-
netic instability by its propensity to adopt an H-DNA struc-
ture (6). In order to address the issue of competing non-
B DNA structures formed by this sequence, we have in-
vestigated the folding preferences of oligonucleotide con-
structs (Table 1) containing the G-rich polypurine strand
and one copy of the H-DNA-forming mirror repeat. By
employing multiple spectroscopic, nuclease and chemical
probing, and polyacrylamide gel electrophoresis (PAGE)-
based techniques, we have characterized the preferred struc-
tures formed by these constructs in the presence of either G-
quadruplex-stabilizing K* ions, and/or H-DNA-stabilizing
Mg?* ions. We demonstrate that under conditions favor-
able for H-DNA formation, a stable G-rich, R*RY-type
intramolecular triplex DNA structure is formed; whereas,
under G-quadruplex-forming conditions, a plurality of un-
folded and folded species is present.

MATERIALS AND METHODS
Materials

Oligo-deoxyribonucleotides (oligonucleotides) used for the
gel mobility assays, circular dichroism (CD), and chemical
modification analyses were PAGE- or HPLC-purified and
obtained in lyophilized form from either Midland Certi-
fied Reagent Company, Inc. (Midland, TX, USA) or Inte-
grated DNA Technologies (IDT, Coralville, IA, USA). The
RP (Reverse Phase)-HPLC-purified oligonucleotides con-
taining an internal 2-aminopurine (2AP) modification were
synthesized by Midland Certified Reagent Company, Inc.
Oligonucleotides were kept at —20°C until resuspended. The
pH of solutions was adjusted using a Pinnacle Series M 540P
pH meter.
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Table 1. Oligonucleotides used in this study

Name Sequence (5'- 3') £ (x10°, M"cm™)
R1 GGGAGGGG CGCTTAT GGGGAGGG TTTTT CCCTCCCC 366.0
R2 CCCCTCCC TTTTT GGGAGGGG CGCTTAT GGGGAGGG 366.0
R2-3' CCCCTCCC TTTTT GGGAGGGG CGCTTAT GGGGAGGG CAG TCG AGC G 474.1
R2-5' CAG GAA ATCA CCCCTCCC TTTTT GGGAGGGG CGCTTAT GGGGAGGG 488.9
DS12 CTT GAG CTC AAG 129.0
DS24 CTT GAG CTT GAG CTC AAG CTC AAG 258.0
AP-A33hg CCCCTCCC TTTTT GGGAGGGG CGCTTAT GGGG/2AP/GGG 351.8
AP-T11lp CCCCTCCC TT/2AP/TT GGGAGGGG CGCTTAT GGGGAGGG 320.8
AP-longSS | TCTTTT CCT TTT TTG TCT GGT CGC TTA TGG GG/2AP/ GGG 308.4
AP-HP GGGG/2AP/GGG TTTTT CCCTCCCC 186.9
AP-Tel GGG GTT GGG GT/2AP/ GGG GTT GGG G 231.7
AP12-myc22 | TGA GGG TGG GT/2AP/ GGG TGG GTT A 235.7
AP16-myc22 | TGA GGG TGG GTA GGG /2AP/GG GTT A 242.2
R2-ino CCCCTCCC TTTTT GGGAGGGG CGCTTAT ggggAgag 332.0
G4-Htel27 TTA GGG TTA GGG TTA GGG TTA GGG TTA 303.4

Blue and red denote nucleotides involved in Watson—Crick and Hoogsteen base pairing, respectively. Underlined Gs may participate in G4-DNA formation.

/2AP/ = 2-aminopurine, g = inosine.

Methods

Experimental design.  'We conducted the experiments in the
presence of either H-DNA /triplex-forming (20 mM sodium
cacodylate pH 7.0, 100 mM NaCl, 0.1 mM EDTA, 10 mM
MgCl,) or G4-forming (20 mM sodium cacodylate pH 7.0,
0.1 mM EDTA, 110 mM KCl) buffers to assay for H-DNA
(intramolecular triplex) and G-quadruplex-formation, re-
spectively. Sodium cacodylate was used as the buffer be-
cause its pH varies minimally with temperature, particu-
larly during thermal melting studies. However, to assay un-
der physiological conditions, we used Cellgro’s Dulbecco’s
Phosphate Buffered Saline (DPBS, Cat. # 20-030-CV) con-
taining 81 mM Na,HPOy, 15 mM KH,PO,4, 27 mM KCl,
9 mM CaCl,, 5 mM MgCl,-6H,0, 1.4 M NaCl. Oligonu-
cleotide solutions were annealed in the presence of an ap-
propriate buffer by heating to 95°C and then slow cooling
(3-4 h, on a heat block) to room temperature. The annealed
DNA solutions were kept at 4°C prior to their use in ex-
periments. We determined that full-length oligonucleotides
migrated as single bands by using denaturing PAGE [§ M
urea, 89 mM Tris-borate, 2 mM EDTA (TBE)] on 20%
gels. The oligonucleotides were 5'-end labeled with [y-3?P]-
ATP (Perkin-Elmer, Boston, MA) using T4 polynucleotide

kinase (New England Biolabs, Ipswich, MA, USA) for 60
min at 37°C, then heat inactivated at 65°C for 20 min. The
unincorporated nucleotides were removed by size-exclusion
chromatography via MicroSpin G-25 columns (GE, Buck-
inghamshire, UK). Concentrations of oligonucleotide stock
solutions prepared in nuclease-free water were calculated
using molar extinction coefficient (e, Table 1) for each
oligonucleotide from absorbances measured at 260 nm us-
ing a NanoDrop 2000 Spectrophotometer (Thermo Scien-
tific, Wilmington, DE, USA).

Gel mobility assay using native PAGE. To determine the
buffer-specific mobility of the oligonucleotides and as-
sess intramolecular structure formation, oligonucleotides
were subjected to native PAGE on 20% native minigels
(19:1 acrylamide/bisacrylamide) using the corresponding
buffers. DNA at a concentration of 15 wM was annealed,
then ~100 pg was mixed with Bio-Rad Nucleic Acid Load-
ing Buffer (15 pl loading volume) and electrophoresed on
a 20% native polyacrylamide gel at room temperature at
40-50 V using 1x Tris-Borate (89 mM) supplemented with
the appropriate cation (10 mM Mg?* or 50 mM K™, de-
pending on the tested condition). DNA mobility was vi-
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sualized on a Chemidoc XRS+ Gel Imaging System (Bio-
Rad, Hercules, CA, USA) using Image Quant TL v7 soft-
ware after SYBR Gold (emission filter: 520-550 nm) stain-
ing for 30-45 min. Native gels also included 10- and 20-base
pair markers, T30/T40 single-strand polydT markers and
DS12/DS24 double-strand markers.

Circular dichroism (CD) spectroscopy. To probe for sec-
ondary structure formation, CD spectra of annealed DNA
(10 M, 250 pl) in a 0.1 cm quartz cuvette were recorded at
25°C using a Jasco J-815 (Jasco Inc., Easton, MD) CD spec-
trometer equipped with a Peltier temperature controller.
The 200-350 nm range was scanned three times at a rate
of 100 nm/min with 2 s response time. Buffer-corrected CD
data, collected as mdeg as a function of wavelength, were
processed using the Jasco Spectra Manager software and ex-
ported to Graph Pad Prism (La Jolla, CA). For the spectral
titration experiments to increase K* concentration in solu-
tion, aliquots of K* stock solution were added to the DNA
solution previously annealed in triplex-forming buffer. The
CD spectrum was monitored after each K* addition. The
final solution, with a final concentration of 160 mM K to-
gether with the initial 10 mM Mg”* and 100 mM Na®, was
boiled and annealed, and then subjected to CD.

Chemical modification (using oligonucleotides) and nucle-
ase sensitivity assay (using plasmid DNA ) experiments. To
map DNA structure formation at the nucleotide level,
we performed chemical cleavage/protection assays using
dimethyl sulfate (DMS) and potassium permanganate
(KMnOy) to probe for guanine (G) and thymine (T) re-
activity, respectively. Oligonucleotides were 5'-radiolabeled
as described above, prior to annealing in the appropriate
buffer. Ten picomoles of the radiolabeled and annealed
DNA were resuspendend in buffer to attain a final re-
action volume of 25 and 40 pl for DMS (1.5 pg tRNA
also added) and KMnOy treatments, respectively. For reac-
tions involving non-structured/denatured DNA, the solu-
tion was boiled at 100°C for 1 min and then quick-chilled
on ice. The samples were allowed to equilibrate at 24°C for
15 min prior to chemical treatment. Then, 5 nl of a freshly
prepared 2.5% aqueous solution of DMS was added and the
reaction allowed to proceed for 10 min. In the other sam-
ples, 5 pl of freshly prepared 0.56 mM KMnOQOy4 was intro-
duced for 15 min. The reactions were stopped by adding a
solution composed of 3 pl B-mercaptoethanol and 20 pg
of tRNA, followed by ethanol precipitation and piperidine
treatment (100 wl, 1 M piperidine, 90°C, 30 min) as pre-
viously described (28). The cleavage products were resus-
pended in formamide loading buffer, heated at 100°C for 1
min, then quick chilled prior to loading onto a 20% denatur-
ing polyacrylamide gel. The level of protection was calcu-
lated by first normalizing the signals against the same band
from the denatured sample and then, against a similar nu-
cleotide that is known not to participate in secondary struc-
ture formation, i.e. T8 from the overhang sequence and G33
from the long loop (CGCTTAT), from the same treatment
to serve as the reference signal (= 1). The difference was cal-
culated for the bands in question, and multiplied by 100 to
quantify the percentage of protection at a particular base.
The error bars were calculated from the sample standard

deviation divided by the square root of the total number of
trials.

To probe structure-formation in the context of plasmid
DNA under the different buffer conditions, we incorporated
non-structure-forming (B-DNA: TCGAGTTGGGAGGG
GCGCTTATGGAGGGGGGCGCCTTC) and the R2-5
sequences (MycR25: AATTCCAGGAAATCACCCCT
CCCTTTTTGGGAGGGGCGCTTATGGGGAGGGCO)
into a shuttle vector backbone (pspl89 plasmid) as de-
scribed (6). We prepared supercoiled monomer plasmids
by excising the gel fragment containing the monomer,
followed by plasmid isolation, transformation into DHS5«a
Escherichia coli cells and subsequent plasmid re-isolation.
Plasmids were sequenced to check for sequence fidelity
and tested for supercoiling levels prior to use. Supercoiled
monomer plasmids (I pg) were incubated under either
triplex- or G4-DNA-forming buffers at 37°C, for 12-18
h. They were then treated with S1 nuclease (37.5 U) for
30 min on ice using a buffer containing 30 mM sodium
acetate, pH 4.6, 1| mM ZnCl,, 5% (v/v) glycerol, 50 mM
NaCl, and 4 mM MgCl,. The plasmids were extracted
with phenol-chloroform and then ethanol precipitated.
The resuspended DNA was then digested with restriction
enzyme Stul (10 U, 1 h, 37°C), and the resulting fragments
separated on a 1.4% agarose gel. To probe for smaller
fragments, samples were digested with BsrBI after S1 treat-
ment. Fragments were dephosphorylated using Antarctic
phosphatase (5 U, 37°C, 30 min; inactivated at 80°C, 2
min), radiolabeled as described above using T4PNK, and
separated on a 20% polyacrylamide gel.

2-Aminopurine (2AP )-based fluorescence experiments. To
further probe for the local DNA conformation in solu-
tion, fluorescence emission studies were conducted using
500 nM (purged with Ar gas for 2 min) of the annealed 2AP-
containing oligonucleotides using either a low-salt, triplex-
forming (10 mM sodium cacodylate pH 7.0, 10 mM NacCl,
0.1 mM EDTA, 5 mM MgCl,) or a low-salt, G4-forming
(10 mM sodium cacodylate pH 7.0, 0.1 mM EDTA, 15 mM
KCI) buffer. The fluorescence emission (excitation at 305
nm) at 25°C was monitored from 325 to 500 nm using a Var-
ian Cary Eclipse Fluorescence spectrophotometer (Walnut
Creek, CA) equipped with a Peltier temperature control sys-
tem with the emission and excitation slits set at 5 and 10 nm,
respectively. The temperature-dependent fluorescence (exci-
tation at 305 nm, emission at 370 nm) was monitored every
5° from 10 to 90°C, with a heating rate of 1°C/min. A quartz
4 mm microsquare fluorimeter cell (Starna Cells) was used
in all of the fluorescence experiments. The error bars were
calculated from the sample standard deviation divided by
the square root of the total number of trials.

UV-thermal denaturation experiments. To determine ther-
mal melting temperatures of the buffer-dependent struc-
tures, DNA solutions were annealed in the presence of ei-
ther triplex- or G4-DNA-forming buffers. The thermal de-
naturation of 1.7 pM annealed DNA in a 1 cm quartz cu-
vette was monitored from 20 to 100°C at 260 nm, and at
295 nm, using a Cary 100 UV-Vis equipped with a Peltier
temperature controller using a ramp rate of 0.4°C/min. The
starting point of the melting curves was normalized to Abs



= 1 and the thermal melting temperature (7,) calculated as
the maximum value of the first derivative of the absorbance
versus temperature graph using Graph Pad Prism (La Jolla,
CA) program.

RESULTS

In this study, we characterized the DNA secondary struc-
ture formation of oligonucleotides encompassing a 23-bp
translocation breakpoint hotspot in the human ¢-MYC
oncogene containing both G4-forming (i.e. tandem gua-
nine repeats) and H-DNA-forming (i.e. presence of mir-
ror symmetry) sequences. These oligonucleotides were con-
structed to allow intramolecular triplex formation with the
purine (R)-rich repeat as the ‘third strand’, involved in re-
verse Hoogsteen H-bonding (R*RY type of triplex). Un-
less otherwise noted, the sequences are denoted as ‘R’ (R1,
R2, etc., Table 1) where R1 is expected to have the third
strand on the 5'-side, and R2 is predicted to have the third
strand on the 3'-side. R2-3’ and R2-5 possess overhang
sequences in the 3'- and 5'-sides, respectively (Supplemen-
tary Figure SI-1). Gel mobility assays using native PAGE,
CD, chemical footprinting and 2AP fluorescence analy-
ses indicated that intramolecular DNA secondary struc-
tures were formed. Under H-DNA-forming conditions,
the intramolecular triplex DNA structure predominated,
while under G4-DNA-forming conditions, a combination
of folded and unfolded species was present.

Native PAGE and CD spectroscopy indicate that a stable,
K™ -resistant, intramolecular triplex forms under H-DNA-
forming conditions, and intra- and intermolecular parallel
species occur under G4-DNA-forming conditions

To assess the formation of intramolecular secondary DNA
structures, gel mobility assays using native PAGE were per-
formed on the DNA samples annealed under H-DNA-
or G4-DNA-forming conditions. Here, the intermolecular
structures or more relaxed DNA fragments will migrate
slower than the more compact, folded intramolecular DNA
structures. The results revealed that under H-DNA-forming
conditions, the annealed 36-mer samples (R1, R2, Table 1,
Supplementary Figure SI-1) migrated at a mobility compa-
rable to that of an 18 base-pair (bp) oligonucleotide and well
below the T30 single-strand control. Whereas, the 46-mer
samples (R2-3’, R2-5', Table 1, Supplementary Figure SI-
1) migrated comparable to a 25-bp oligonucleotide and be-
low the T40 single-strand control (Figure 2A). The faster
mobility of the annealed samples through the native gel,
which is similar to their half-length if they had been double-
stranded, indicated that they formed compact, intramolec-
ular structures (29,30). Intramolecular structure formation
was further supported by the consistent mobilities of the
annealed DNA samples up to 100 wM oligonucleotide con-
centration (Supplementary Figure SI-2). Under G4-DNA-
forming conditions, there appeared to be a combination of
species composed of compact, high mobility species and
slower migrating, potentially intermolecular species (Figure
2C).

CD is based on a molecule’s absorption of circularly po-
larized light and generates characteristic signatures for spe-
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cific nucleic acid secondary structures and thus, is a use-
ful tool to determine the conformation/secondary struc-
ture of DNA (31,32). To probe for the types of structures
identified via native gel electrophoresis, CD spectroscopy
was performed on the annealed samples under either H-
DNA-forming or G4-forming conditions. Under H-DNA-
forming conditions, R1, R2, R2-3" and R2-5, all exhibited
a strong positive peak at ~260 nm, a negative peak at ~240
and a negative peak at ~210 nm (Figure 2B). The negative
peak at 210-220 nm (oval, Figure 2B) is considered a char-
acteristic predictor of triplex formation (30,33-35), specifi-
cally for the binding of the third or Hoogsteen-paired strand
(36). Thus, based on the CD results, the structure formed by
the intramolecular structure under H-DNA-forming condi-
tions is consistent with intramolecular triplex/H-DNA.

On the other hand, under G4-forming conditions, R1,
R2, R2-3" and R2-5 all showed negative peaks at ~240 nm,
R1 and R2 had a positive peak at ~260 nm, and R2-3" and
R2-5, had a positive peak at ~270 nm (Figure 2D). The
presence of a strong positive peak at 260-265 nm with a
weak negative signal at 240 nm is indicative of parallel G-
quadruplex structures, with all the strands having the same
5'-3" orientation and with an anti- glycosidic bond confor-
mation (37-39). Thus, under G4-DNA-forming conditions,
the tested inter- or intramolecular DNA may be forming
G4-DNA structures with a parallel topology. It should be
noted that neither H-DNA nor parallel-G4 features were
found in the single-strand (T40) and double-strand (DS24)
control sequences, both of which exhibited conservative CD
spectra with positive peaks at ~278 nm and negative peaks
at ~255 nm. DS24 exhibited a positive peak at a slightly
shorter wavelength than T40, which is indicative of double-
stranded DNA rather than single-stranded DNA (40).

K* is known to stabilize G4-DNA, and can destabilize
triplex structures (41). To determine the stability of the H-
DNA structure and to determine whether an equilibrium
between H-DNA and G4-DNA occurred under H-DNA-
forming conditions, we titrated aliquots of K* into a pre-
annealed solution of R1 or R2 under H-DNA-forming con-
ditions, and monitored shifts in the H-DNA CD signature
(negative peak at ~210 nm) after each addition. We found
that the addition of K*, even at a final concentration of
160 mM, resulted in little to no change in the H-DNA CD
signature for R1 (Figure 3A) and R2 (Figure 3D). This is
in contrast to what we observed when we titrated K* into
known G4-forming sequences (Htel 27 and cMyc22, sim-
ilarly annealed under H-DNA-forming conditions) where
we detected drastic changes in their CD signatures accom-
panying G4-formation (Supplementary Figure SI-3). How-
ever, after the final solution (containing Na*, Mg?>* and
K* ions) was subsequently heated to 95°C and slowly re-
annealed, the triplex signature at 210 nm was markedly di-
minished for both R1 (Figure 3B) and R2 (Figure 3E). Their
CD signatures approximate that of the CD spectra when the
motifs were heated and annealed in the presence of 110 mM
K* alone (R1, Figure 3C; R2, Figure 3F), with weak /absent
negative signals in the 210 nm region. These results indi-
cate that the structure formed under H-DNA-forming con-
ditions was predominantly intramolecular triplex and that
it was stable even in the presence of added K*. However,
upon heating, the sequences were exposed to both Mg>* and
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Figure 2. Characterization of non-B DNA structure formation by native PAGE and CD spectroscopy. Native gel electrophoresis results showing folded
mobilities under (A) H-DNA /triplex-forming and (C) G4-DNA-forming conditions. R1, R2 = 36-mer; R2-3’, R2-5 = 46-mer; M10 = 10-bp marker;
T30/T40 = single-strand polydT markers; DS12/DS24 = double-strand markers. Circular dichroism (CD) spectroscopy results showing (B) a negative
peak in the 210-220 nm region (oval) indicates triplex formation under triplex-forming conditions. (D) A negative peak at 240 nm and positive peak at 260

nm suggest parallel G4-DNA formation under G4-DNA-forming conditions.

K*, in which case, K* appeared to inhibit the formation of
H-DNA.

To further confirm that the CD signatures obtained at
25°C were structure related, we also obtained CD data for
R2 (under both H-DNA-forming and G4-forming condi-
tions) at 90°C. The CD spectra for R2 under both con-
ditions at 90°C were similar (Supplementary Figure SI-4),
suggesting that the DNA was in a random coil/denatured
state. Thus, the different CD spectra observed for R2 at
25°C under H-DNA-forming or G4-forming conditions
signify the occurrence of two distinct structural topologies
under these conditions (Supplementary Figure SI-4).

Importantly, under physiologically relevant buffer condi-
tions, the H-DNA structure was also favored. We investi-
gated the gel mobility and CD spectra of the various mo-
tifs R1, R1, R2-5" and R2-3" in Dulbecco’s PBS (see Meth-
ods). All of these constructs ran as high mobility species
by gel electrophoresis and possessed the CD signature char-

acteristic of that of an intramolecular triplex (Supplemen-
tary Figure SI-5). The results suggest that intramolecular
triplex/H-DNA also formed in this ‘physiological’ buffer
composition.

2-Aminopurine (2AP) substitution corroborates Hoogsteen
bonding under H-DNA -forming conditions, and suggests loop
formation under G4-DNA-forming conditions

When incorporated into DNA, 2-aminopurine (2AP) in-
duces little or no structural perturbation (42). It has been
incorporated into loops of G4-DNA (43,44) and into du-
plex and triplex DNA (45) without destabilizing the struc-
tures. Thus, it is useful as a base modification in confor-
mational studies of nucleic acid secondary structures. Also,
2AP fluorescence increases with solvent exposure and de-
creases with base stacking and H-bonding, (42,45) allow-
ing one to probe local conformation of a DNA structure
in solution by strategically substituting a single 2AP within
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Figure 3. The structure formed under H-DNA /triplex-forming conditions is stable in the presence of K*, except when heated. Using CD spectroscopy,
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that of the signature under 110 mM K* alone (C and F, red).

the sequences. To further confirm the presence of DNA sec-
ondary structures consistent with the other techniques that
we have employed in this study, in particular the binding of
the Hoogsteen paired strand (third strand) to the duplex to
form triplex DNA under H-DNA-forming conditions, and
possible G4-DNA formation under G4-forming conditions,
we substituted the last adenine of the R2 sequence to obtain
the 2AP-containing sequence, AP-A33hg (Table 1).
Guanines are known to quench 2AP fluorescence (46—
48). To confirm that the 2AP substitution, which was
in between two guanines, was not quenched, we per-
formed preliminary studies involving a single-strand and
a duplex/hairpin containing the 2AP flanked by guanines.
We found that there was a substantial signal difference
(data not shown) between the single-strand and the du-
plex DNA that allowed us to proceed with the experi-
ments. We used other R2-derived sequences as controls,
such as a sequence with 2AP substituted in the loop (AP-
T11lp), a 2AP-substituted single-strand (AP-longSS), and
a duplex/hairpin (AP-HP). We also employed G4-forming
control sequences, AP-Tel (mixed parallel/anti-parallel),
AP12-myc22 and AP16-myc22 (parallel), which contained a

2AP-substitution in one of the loop nucleobases (Table 1).
Lastly, we performed the 2AP experiments under reduced
salt concentrations (see Methods) because our initial ex-
periments also showed that the 2AP single-strand control
possessing 3—4 runs of guanines underwent intermolecular
interactions using our standard concentration of monova-
lent cation (~100 mM). Reducing the concentration to 10
mM Na™ (with 10 mM sodium cacodylate, 0.1 mM EDTA)
prevented such intermolecular interactions for the single-
strand control. Consequently, we also reduced the levels of
Mg?* and K* under the low-salt, H-DNA-forming and G4-
DNA-forming conditions, respectively, to allow compari-
son.

Under low-salt, H-DNA-forming conditions, the 325—
500 nm fluorescence emission of AP-A33hg was quenched
similarly to AP-HP (Figure 4A). This suggested that the
2AP in AP-A33hg was within a structured environment
and the 2AP was not exposed to the solution. Also, its
steady-state emission intensity at 370 nm, upon excitation
at 305 nm, increased with temperature, and again simi-
lar to that of AP-HP (Figure 4A and B), although AP-
HP had a sharper increase in fluorescence intensity at



4936 Nucleic Acids Research, 2017, Vol. 45, No. 8

A

100 AP-A33hg
AP-HP
AP-T11lp

AP-longSS

KRR

50

Fluorescence units

Wavelength (nm)

300

AP-A33hg
AP-HP
AP-T11lp
AP-longSS

200

bewd

100

Fluorescence units

350 400 450 500
Wavelength (nm)

200

AP-A33hg
AP-HP
AP-T11lp
AP-longSS

UL

0Nl <«

Fluorescence units
g
+
+
——
——0-
e —0— O
< 00— 0
" <4 00—
<4< —0—
<900
B <40
- 60—
B —4—0—
—0—

0 20 40 60 80 100
Temperature (°C)

300+ * *
* V AP-A33hg
H AP-HP
@ ® AP-T11p
S 2007 & AP-longSs
8 +
C
[0
o
[]
S 1007
§ e
. L AT SN JE PN
¢ 'S z
.-'ll.lll.l=
o
0 20 40 60 80 100

Temperature (°C)

Figure 4. 2AP substitution corroborates Hoogsteen bonding under H-DNA /triplex-forming conditions, and suggests loop formation under G4-DNA-
forming conditions. Under H-DNA-forming conditions, the fluorescence emission of AP-A33hg is (A) quenched and follows a (B) temperature-dependent
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spectively. Under G4-DNA-forming conditions, (C) AP-A33hg is fluorescent and follows a (D) temperature-dependent decrease in fluorescence, suggestive

of a loop conformation.

65°C, whereas AP-A33hg showed a steady rise starting at
35°C. This temperature-dependent trend indicated that the
2AP in AP-A33hg, like that of the 2AP within an AP-HP
duplex/hairpin, was initially within a rigid secondary struc-
ture and the subsequent structure denaturation when the so-
lution was heated, resulting in solvent exposure of the 2AP
and thus, the increase in fluorescence. We interpreted this
to mean that the guanine tract with the 2AP substitution in
AP-A33hgisinvolved in Hoogsteen base pairing (serving as
the third strand) to the duplex consistent with intramolecu-
lar triplex formation under triplex/H-DNA-forming con-
ditions. This Hoogsteen base pair interaction also subse-
quently strengthened the base-stacking within this third
strand which protected the 2AP from being exposed to the
solution, and hence its quenched fluorescence. On the other
hand, AP-T11lp and AP-longSS were both fluorescent at
ambient temperature but demonstrated a decrease in fluo-

rescence intensity at higher temperatures. This decrease in
fluorescence intensity can be ascribed to increased collisions
of the accessible 2AP (in the loop for AP-T11lp and as a
single-strand in AP-longSS) with water and other molecules
in solution, due to increased kinetic energy upon heating,
thus, quenching its fluorescence.

Under low-salt, G4-forming conditions, AP-A33hg was
highly fluorescent at room temperature, and upon heating,
a sharp sigmoidal decrease in fluorescence (245 fluorescence
units within 30°C) centered at 45°C was observed (Figure
4C and D). Conversely, AP-HP and AP-longSS displayed
similar trends as observed under H-DNA-forming condi-
tions, showing a temperature-dependent decrease in fluores-
cence. When we compared the temperature-dependent fluo-
rescence of AP-A33hg with known G4-forming, 2AP-loop-
substituted sequences (as 1-nt loop in AP16-myc22, as part
of 2-nt loop in AP12-myc22, as part of 2-4 nt loop in AP-



Tel) under G4-DNA-forming conditions (Supplementary
Figure SI-6A and B), AP-A33hg displayed the same trend
as that of AP16-myc22; however, the fluorescence intensity
of AP16-myc22 at room temperature was approximately 4-
times more intense than AP-A33hg. Also the sharp, sig-
moidal melting transition for AP16-myc22 occurred at a
higher temperature (~75°C) (Supplementary Figure SI-6A
and B). In contrast, the fluorescence behavior of AP-Tel was
quite different; it showed low fluorescence at all temper-
atures. From these fluorescence-based substitution studies
of known G-quadruplex-forming sequences, we conclude
that 2AP substitution in short, cross-over loops, such as in
the case of AP16-myc22, affords highly fluorescent species,
while substitution in longer, lateral loops led to quenched
fluorescence possibly due to base stacking within the loop.
Thus, the highly fluorescent species observed in AP-A33hg
under G4-DNA-forming conditions is likely a G4-DNA
structure in which the 2AP resides in a short, cross-over
loop. However, there are other species present under G4-
DNA-forming conditions, as indicated by PAGE results for
R2 (Figure 2C), and these species may be only weakly flu-
orescent, accounting for the lower fluorescence intensity
for AP-A33hg compared to AP16-myc22 and AP12-myc22.
These weakly fluorescent species may be G4-DNA struc-
tures in which the 2AP resides in a lateral loop or non-G4-
DNA species in which the 2AP is quenched by stacking in-
teractions with adjacent residues.

As a control for the conditions, we also monitored the
steady-state fluorescence of the 2AP motifs under a cation-
free, Tris—HCI buffer, and we detected nearly identical lev-
els of fluorescence for the same concentrations of AP-
A33hg, AP-Tel and AP-LongSS (data not shown). This
confirms that the different levels of fluorescence seen un-
der triplex/H-DNA- or G4-DNA-forming conditions were
due to structure formation.

Oligonucleotide chemical modification and plasmid nuclease
sensitivity experiments further support triplex formation

Chemical modification experiments map the nucleobases
according to their reactivities; hence, DNA secondary struc-
tures can be probed using modifying agents (e.g. DMS
for guanines and KMnQOy, for thymines). DMS incorpo-
rates a methyl group on an exposed N7 of G. However, in
an H-DNA or G4-DNA structure, if a G is involved in a
Hoogsteen bonding (Figure 1B and C), then the N7 is pro-
tected and cannot be modified (49). KMnQOy, on the other
hand, reacts with exposed C5-6 position (double bond)
of thymines (Ts) if they are not within a duplex or base-
stacked, i.e. in a loop (50,51). Subsequent treatment with a
base cleaves the backbone of modified Gs or Ts, the bands
of which can be resolved by denaturing PAGE (52). Thus,
the absence of or low-intensity G- or T- band (‘protection’)
in the gel indicates involvement in Hoogsteen bonding or
duplex-formation.

Under triplex/H-DNA-forming conditions, we found
that bases G24 to G30 of R2-5" were protected from DMS
modification, indicating that they were involved in Hoog-
steen bonding. T15, which was also protected from KMnOj4
treatment, signified that it is within a duplex structure (Fig-
ure 5A, Supplementary Figure SI-7). These combined re-
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sults of the G24-30 and T15 protection, confirmed that
R2-5 formed an intramolecular triplex structure under H-
DNA-forming conditions, consistent with the 2AP fluores-
cence results. The strong level of protection also indicated
that the H-DNA structure formed was highly stable and was
adopted by the majority of the population of molecules.

On the contrary, under G4-DNA-forming conditions, we
did not detect a distinct level of protection for the G’s that
may be involved in G4-DNA formation (Figure 5B, Sup-
plementary Figure SI-7). The protection levels of G29-30
and G39-40 were only slightly comparable to that of T15,
which is not expected to participate in G4-DNA formation.
It is possible that there are competing parallel G4 struc-
tures formed under these conditions that preclude strong
and constant protection patterns. Alternatively, as the gel
mobility assay results are consistent with the presence of
multiple species, it is likely that G4-DNA species may form
to some extent, giving rise to the observed weak protection
patterns, but a single stable G4-DNA structure is not the
predominant species under these conditions.

Translating the probe for structure-formation in the
context of plasmid DNA, we incorporated non-structure-
forming (B-DNA), and the R2-5 sequences (MycR25) into
a shuttle vector backbone (psp189 plasmid). The plasmids
were incubated with either the triplex- or G4-DNA-forming
buffers prior to digestion with S1 nuclease followed by Stul
enzyme digestion. We expected that in the presence of a sec-
ondary structure such as H- or G4-DNA, there are single-
stranded regions, which are substrates for S1 nuclease. Sub-
sequent treatment with the restriction enzyme Stul will yield
a fragment with known size. Independent of the buffer used
for pre-incubation, the treatments yielded for MycR25 a
~1.4 kb band (Figure 5C, marked with arrows) not present
in the plasmid lacking the MycR25 insert (Figure 5C, B-
DNA, lane 4). We can conclude that the insert in MycR25
formed the same structure yielding a single-stranded region
that is sensitive to S1 nuclease digestion, regardless of the
buffer condition. This structure is consistent with H-DNA,
as we did not detect additional fragments expected for a
G4 structure after probing for smaller fragments (~20-30
bp) on a 20% polyacrylamide gel resulting from a S1-BsrBI
treatment. In a related investigation, sequencing of this 1.4
kb band confirmed the presence of the triplex-forming se-
quence and showed that S1 nuclease cut in close proximity
to that sequence (Zewail-Foote et al., unpublished results).

Thermal melting experiments reveal a Mg?*-stabilized struc-
ture under H-DNA-forming conditions, and an absence of
hypochromicity at Ayy9s under G4-DNA-forming conditions

To further characterize the DNA structures formed by the
oligonucleotides comprised of the ¢-MYC sequence, we
monitored the absorbance of the R2 sequence at 260 nm
(triplex/H-DNA condition) and 295 nm (G4-DNA con-
dition), as a function of temperature. This thermal melt-
ing data also allowed us to calculate the thermal melt-
ing temperature (7)), which is indicative of the stabil-
ity of the structure formed in solution. Under H-DNA-
forming conditions (with 10 mM Mg?"), if a triplex/H-
DNA was formed, then we would expect the absorbance
at 260 to increase (hyperchromic) as the H-DNA struc-
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ture dissociates/melts. In addition, some triplexes (H-DNA
structures) also exhibit biphasic melting with separate T’s
for the transitions (triplex-to-duplex transition followed by
the duplex-to-random coil transition) (53). We observed
that the ¢- M YC-derived H-DNA structure formed here was
very stable and Mg?*-dependent, melting at ~90°C, which
was destabilized down to 78°C in the absence of the divalent

ion (Figure 6A). Native gel electrophoresis and CD exper-
iments revealed that in the absence of Mg?*, R2 migrates
with a similar mobility and possesses a CD signature (Sup-
plementary Figure SI-8A-C) similar to that of R2 in the
presence of Mg”*, implying that triplex formation occurs
even in the absence of Mg?*. The results of the thermal melt-
ing experiments demonstrated the structure-stabilizing ef-
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Figure 6. Thermal melting analyses results. Thermal melting analyses
monitoring R2 absorbances at (A) 260 nm and (B) 295 nm to assess sta-
bilities under H-DNA-forming and G4-DNA-forming conditions, respec-
tively. Results show a Mg?*- and exocyclic amino-stabilized structure un-
der H-DNA-forming conditions whereas, under G4-DNA-forming condi-
tions, no hypochromicity was detected at 4,95 suggesting that G4-DNA is
not the predominant structure under these conditions.

fect of a divalent cation. We then substituted the guanines in
the third strand with inosine (a guanine derivative that lacks
the exocyclic 2-amino group), R2-ino, to promote hairpin
formation by destabilizing the formation of an intramolecu-
lar triplex (54,55). This was indicated by the slower mobility
of R2-ino compared to that of R2 in the presence (and ab-
sence) of Mg?* (Supplementary Figure SI-8A and B). The
Twm for R2-ino in the presence of Mg?* was ~80°C, similar
to the Ty of the R2 in the absence of Mg>* (Figure 6A).
This similarity of 7T\ suggests that H-DNA formation is
stabilized by both Mg?* and H-bonding donors (exocyclic
2-amino groups present in guanines). We also observed that
the H-DNA structure melted in a single-step, monophasic
manner such that the triplex-to-random coil was the transi-
tion solely observed at Ty ~90°C, which is similar to pre-
viously reported antiparallel, purine-motif, R*RY triplex
structures (30,56-59).

Under G4-DNA-forming conditions, if intra- or inter-
molecular G4-DNA structures were formed, then we would
expect their dissociation to be accompanied by a decrease in
absorbance (hypochromic) at 295 nm, an opposite trend to
the melting of a duplex or triplex structure (60). In certain
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cases, a mixture of stable conformers may afford biphasic
melting profiles (61). However, we found that the R2’s melt-
ing absorbance at 295 nm was hyperchromic with a steady
upward trend (Figure 6B). Its trend was unlike that of a
known G4-DNA forming sequence (G4-Htel27), which ex-
hibited the G4-DNA characteristic hypochromic melting at
295 nm (60) (Figure 6B), indicating that stable G4-DNA
structures are not predominant in solution under these con-
ditions. On the other hand, the Ty at 260 nm was deter-
mined to be ~75°C, perhaps consistent with a hairpin struc-
ture or other less stable structures.

DISCUSSION

To address the question as to which non-B DNA struc-
ture forms in a region containing multiple competing po-
tential non-B DNA-forming sequence elements, we focused
on a 23-bp translocation breakpoint hotspot in the hu-
man ¢-MYC oncogene. This region consists of two over-
lapping sequence motifs associated with the formation of
non-B DNA structures: a purine-rich mirror repeat associ-
ated with triplex or H-DNA formation, and a G-rich motif
associated with G-quadruplex DNA formation. In the con-
text of genomic DNA, superhelical stress can promote du-
plex unwinding, possibly allowing a competition between
complete duplex separation and partial duplex separation.
Complete duplex separation can lead to G-quadruplex for-
mation on the G-rich strand, with possible i-motif forma-
tion on the complementary C-rich strand (14). Whereas,
partial duplex separation can lead to H-DNA formation
resulting from the binding of the single-stranded half of
the mirror repeat to the remaining duplex portion of the
other half of the mirror repeat. In order to better under-
stand the factors that might affect this competition, model
oligonucleotides were constructed that encompassed the
non-B DNA-forming sequence of this region to detect po-
tential hairpin, H-DNA or G-quadruplex structures. And
because the optimal in vitro conditions for H-DNA forma-
tion and G4-DNA formation are significantly different, we
performed analyses of structure-formation under their re-
spective optimal conditions. These studies indeed demon-
strated the propensity of different structures to predominate
under these different conditions and allowed the character-
ization of these different species. We observed that once a
structure was formed (i.e. H-DNA structure), it was stable
against a competing structure (i.e. G4-DNA). More impor-
tantly, this H-DNA structure was found to form in vitro un-
der physiologically relevant buffer conditions.

Our results indicated that under conditions known to
stabilize H-DNA /triplex-DNA structures, where Na* ions
neutralize the phosphate backbone, whereas Mg?* ions sta-
bilize the binding of the third strand (30), the oligonu-
cleotides formed an intramolecular triplex/H-DNA struc-
ture. The intramolecular triplex is presumed to be com-
posed of a duplex hairpin connected via the T5 loop, with
the G-rich, third strand folding back in an antiparallel fash-
ion to the underlying duplex via reverse Hoogsteen base
pairing, facilitated by a -CGCTTAT- loop (Supplemen-
tary Figure SI-1). The oligonucleotides folded intramolec-
ularly (Figure 2A) as evidenced by their mobility in a na-
tive gel, and this mobility was independent of DNA con-
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centration. These intramolecular structures also possessed
CD signatures that characterize triplex formation (Figure
2B). These observations were also seen when we tested for
a more physiological buffer in vitro, e.g. Dulbecco’s PBS.
The third strand of the R2 sequence also appeared to bind
to the duplex, because a strategically substituted 2AP in
the third strand had a quenched steady-state fluorescence
(Figure 4A), which then increased as a function of temper-
ature (Figure 4B). This quenched fluorescence is consistent
with 2AP having been protected from solution and thus, be-
ing within a rigid, structured environment (i.e. secondary
structure such as H-DNA) which then denatured /melted as
the temperature increased, exposing the 2AP to the solu-
tion with a concomitant increase in fluorescence. This flu-
orescence increase of the 2AP in the third strand (Figure
4B) did not show as much cooperativity as that of the 2AP
within a control hairpin duplex, perhaps due to the greater
dissociative propensity of the reverse Hoogsteen base pairs
compared to the Watson-Crick base pairs. In a study as-
sessing the dynamics of reverse Hoogsteen base pairs in a
similar antiparallel triplex compared to Watson-Crick base
pairs, it was found that the dynamics of the triplex reverse
Hoogsteen base pair was markedly faster, with shorter life-
times (i.e. 15 ms for a G*G reverse Hoogsteen base pair ver-
sus 76 ms for a GC Watson—Crick base pair) and larger ap-
parent dissociation constant (an order of magnitude larger
for the G*G reverse Hoogsteen base pair) (62) than a GC
Watson-Crick base pair. With such greater opening dynam-
ics for the reverse Hoogsteen base pairs, it follows that the
2AP in the third strand of the H-DNA structure would tend
to dissociate more readily compared with the 2AP within a
Watson-Crick hairpin duplex. Moreover, it is interesting to
note that we detected such structure-dependent fluorescent
trends even at lower salt concentrations in which we per-
formed the 2AP studies, further indicating that this H-DNA
structure formation does not require a high concentration
of divalent cations.

The 2AP-related results also eliminated the possibility
that only a hairpin, composed of the Watson-Crick du-
plex alone (with a dangling, non-binding third strand) was
present in solution. If this were the case, then the 2AP (in
AP-A33hg) would have had a similar fluorescence trend
with that of the single-strand AP-longSS (2AP of which has
the same flanking sequences as that of the third strand of
the triplex), which was not seen in our experiments. Fur-
thermore, this was confirmed when we measured the Ty of
such a hairpin duplex with an inosine-substituted, destabi-
lized third strand (R2-ino) (Figure 6A). Its T in the pres-
ence of Mg?* (~80°C) was very similar to the Ty of R2
in the absence of Mg®*(~78°C). The Ty’s in both cases
were markedly low and destabilized compared to the Hoog-
steen bonded, Mg?*-dependent structure (i.e. an H-DNA
intramolecular triplex structure) with a Ty ~90°C. These
findings reiterate that stable triplex formation by binding of
the third strand to the hairpin stem occurred in the pres-
ence of Hoogsteen bonding capability (via G’s exocyclic
amino group) and of Mg?* ions, under triplex/H-DNA-
forming conditions. Consistent with these results, the ‘pro-
tection’ patterns from DMS and KMnO,4 chemical modifi-
cation assays of the R2-5 sequence also indicated the for-
mation of an H-DNA structure. The T15 protection, to-

gether with protection of the G24-G30 region, confirmed
H-DNA formation and eliminated the possibility of a G4-
DNA structure under H-DNA-forming conditions (Fig-
ure 5A). If a G4-DNA structure had formed, then only
the guanines would be protected and the T15 would not
be involved in the structure and hence, unprotected, which
was not the case in our experiments. To further eliminate
the possibility of G4-DNA formation, we also monitored
the temperature-dependent absorbance at 295 nm under H-
DNA-forming conditions (Figure 6B). Here, we did not
observe any hypochromic trend upon denaturation of the
structure, which indicates that a G4-DNA structure was not
present in these solution studies.

On the other hand, under G4-DNA-forming conditions,
a single, well-defined structure was not observed. Gel mo-
bility assays showed the presence of both high- and low-
mobility species in solution (Figure 2C). CD spectroscopy
results revealed a signature characteristic of parallel G4-
DNA (Figure 2D). This parallel CD signature is not con-
sistent with the formation of bimolecular G4-DNA struc-
tures that could have resulted from the interaction between
two 5-GGGGAGGG-3' dangling tails (if the first and sec-
ond tract of guanines had been involved in a duplex hair-
pin with a T5 loop). The bimolecular G4-DNA,, if formed,
would presumably adopt an antiparallel orientation, which
we did not observe via CD spectroscopy measurements.
Thus, it appears that a mixture of species including either
intra- or intermolecular parallel-stranded G4-DNA struc-
tures were formed under these conditions, rather than a sin-
gle stable G4-DNA structure. Fluorescence studies of AP-
A33hg, bearing a 2AP moiety in the 3’-terminal G-track re-
vealed a cooperative denaturation implying G4-DNA struc-
ture formation (Figure 4D), with the 2AP as part of a short
crossover loop. However, the results from chemical modifi-
cation and thermal melting studies were inconsistent with
exclusive G4-DNA formation. We did not observe marked
protection from DMS for the guanine-repeats (Figure 5B).
Further, we did not observe a cooperative and hypochromic
trend, characteristic of G4-DNA denaturation (Figure 6B)
in the temperature-dependent absorbance monitored at 295
nm, although a hyperchromic transition at 260 nm was ob-
served (Figure 6A). Taken together, our results indicate that
any G4-DNA structures that may have formed under G4-
DNA-forming conditions were accompanied by other, less
well-defined structures including denatured, or partially de-
natured structures.

In the context of competing structures, the intramolec-
ular structure formed under H-DNA-forming conditions
was very stable once formed, such that the presence of up
to 160 mM K*, which can promote formation of G4-DNA
as a competing structure, did not perturb the H-DNA struc-
ture as monitored by CD spectroscopy (Figure 3A and D).
However, we also found that after the H-DNA structure was
denatured (after heating), and upon simultaneous exposure
to both K* and Mg?*, that K* (at higher concentrations)
was able to inhibit the formation of H-DNA (Figure 3B
and E), similar to a previous report on the stability of an
antiparallel triplex (56).

While most of these studies were conducted in vitro, they
are a part of an ensemble of approaches used in our lab-
oratory (e.g. plasmid and in vivo systems) to study non-



B DNA structure formation. Thus, we also incorporated
non-structure-forming (B-DNA), and the R2-5" sequences
(MycR25) into a shuttle vector backbone and found that
the fragment patterns were similar regardless of the buffer
(H-DNA versus G4-DNA-forming) in which the plasmids
were pre-incubated, and without multiple fragments ex-
pected from cleaved G4-DNA. These results support the
conclusion that H-DNA was the predominant structure
formed even in the presence of the G4-DNA-forming ele-
ments consistent with the other data presented herein. Be-
cause acidic conditions were required in the S1 nuclease as-
say, we could not rule out the possibility that the H-DNA
may have isomerized to its low pH-dependent, pyrimidine
(Y*RY type) triplex isomer. We have performed nuclease
sensitivity studies using plasmids with varying propensities
to form H-DNA structures, including the wild-type c-M YC
chromosomal breakpoint hotspot sequence (6). We found
that an H-DNA structure formed in the plasmid carrying
the wild-type ¢-M YC chromosomal breakpoint hotspot se-
quence in the solution after cleaving with P1 nuclease (at
physiological pH, pH 7.1), also consistent with the data
herein.

Our current approach is mechanistically informative on
structure formation, and to an extent is predictive in cells.
The new details we obtained regarding structure formation,
using a wide range of techniques (PAGE, thermal melting,
CD and fluorescence spectroscopy, and chemical and en-
zymatic footprinting) were possible because we focused on
the short, but relevant, hotspot region from the human c-
M YC DNA sequence. The conditions with which we carried
out these studies were also chosen to be compatible with
these techniques while tending towards physiologically rel-
evant conditions. Thus, intracellular concentrations of K*
(approximately 0.15 M) (63-65) are similar to those we em-
ployed for studying the formation of G4-DNA and in test-
ing stability of the pre-formed H-DNA structures. Intra-
cellular concentrations of ‘free’ Mg?* of up to 1 mM (esti-
mated bound concentration of ~8 mM) (66) are lower than
the 5-10 mM Mg>* employed in these studies. In vitro, the
lower, physiological Mg?* concentration can only partially
stabilize G*GC triads (67,68); however, there are a num-
ber of other factors that can act to stabilize intramolec-
ular triplex/H-DNA formation in the presence of limited
‘free” Mg?* in cells. These include possible transient in-
creases in Mg”* levels due to the release of bound Mg?*,
e.g. from a number of physiological chelators (69), for ex-
ample, a major Mg?* binder, ATP (adenosine triphosphate)
with an intracellular concentration of 1-10 mM (65,70)
releases the divalent ion after ATP-signalling events (69).
In cells, there are also other biologically-relevant divalent
ions such as Zn?*, Mn2?* and Co?", which can be even
more potent than Mg?* in supporting triplex formation
(68,71-73). In addition, H-DNA formation may be facil-
itated by the presence of triplex-specific binding proteins
that may promote DNA bending accompanying triplex for-
mation (74,75). These conditions/factors are simultane-
ously available in cells, together with the assured presence
of negative supercoiling and other cationic macromolecules
such as polyamines, which are also known to stabilize H-
DNA structures (76). Moreover, there have been reports
of the formation of triplexes in the absence of divalent
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cations (30,58,77), where Mg”" stabilized the triplex struc-
ture through inhibition of the dissociation of the Hoogsteen
strand (77). Additionally, the formation and dynamics of
non-B DNA structures may also be affected by factors such
as DNA helicases that can unwind these structures (78,79).
The studies presented here provide the basis for evaluating
these additional factors and establish the predominant non-
B DNA structure of interest.

These characterizations indicated that in the presence
of multiple, overlapping non-B DNA-forming sequences
tested herein, only the intramolecular triplex predominated
under H-DNA-forming conditions. The predominance of
H-DNA formation implicates this structure in the genome
instability associated with the human ¢-M YC oncogene re-
gion. Our current results are consistent with our previ-
ous report demonstrating that upon modifications of the
wild-type ¢-M YC sequence (symmetrical permutation or
nucleotide substitution to promote exclusive H-DNA or
G4-DNA formation), only the sequence forming H-DNA
impeded transcription similar to that of the wild-type se-
quence (25). This follows that the H-DNA, and not the G4-
DNA, modulates transcription in the chromosomal break-
point hotspot sequence of the human ¢-MYC oncogene.
Having demonstrated the same structure formation within
the context of an oligonucleotide, our current results now
provide a well-characterized oligonucleotide intramolecu-
lar triplex model with a cancer-relevant sequence: that of a
mutational hotspot in the ¢-M YC oncogene implicated in
haematological diseases such as Burkitt’s lymphoma and
leukemia (9-11,80,81). These models will aid in address-
ing challenges regarding the possible effect/s of alternative
DNA structures on genetic instability in genetic diseases.
In particular, they can be used as substrates in screening
small-molecule libraries for potential ligands that may be
used, either to visualize the occurrence of H-DNA in vivo,
or to modulate the kinetics of H-DNA structure formation,
leading to a better understanding of the biological roles
of H-DNA and its propensity for targeting which may be
helpful for therapies against genetic diseases. Further, the
models can also be used as a proof-of-principle in elucidat-
ing the various proteins involved in mechanistic process-
ing of H-DNA via protein-DNA interaction experiments.
For example, in a recent related investigation (Zhao et al.,
unpublished data, 2017), we were able to demonstrate for
the first time that R2-5, as an intramolecular triplex/H-
DNA, is a novel substrate of DNA structure-specific repair-
related nucleases such as ERCC1-XPF and XPG, and DNA
replication-related flap endonuclease 1 (FEN1), indicating
that non-B DNA structures are indeed processed by DNA
repair mechanisms within cells, and thus, merits further in-
vestigation. Thus, these results will provide insight into the
basic processing of non-B DNA and will assist in elucidat-
ing the mechanisms of genetic instability induced at endoge-
nous mutation hotspots.
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