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Abstract: G-quadruplexes are implicated in important cellular
processes. Previous studies mostly focused on intramolecular
G-quadruplexes of three or more G-quartets. Those composed
of two G-quartets were only shown to form in single-stranded
oligonucleotides. On the basis of electrophoresis, DMS foot-
printing, fluorescence labeling, and photo-cross-linking, we
detected the formation of DNA:RNA hybrid G-quadruplexes
(HQs) of two G-quartets during the transcription of DNA
duplexes. These HQs have a lifetime on the minute scale and
are stabilized by a stabilizing ligand. They are far shorter-lived
than the HQs of three G-quartets, which last for hours. The
occurrence of putative formation motifs of such HQs shows
a transcription-dependent strand-biased selection, thus sup-
porting their formation and function in genomes. They are
present in almost all human genes in large amounts. We
speculate that the two-G-quartet HQs may be a distinct type of
G-quadruplexes that may play a role in timely responsive
processes and for purposes of fine-tuning.

Guanine-rich (G-rich) nucleic acids bearing four guanine
tracts (G-tracts) can form a four-stranded intramolecular G-
quadruplex (GQ). Potential GQ-forming sequences are
enriched in functional regions in genomes of a variety of
organisms, thus suggesting their role in cellular processes and
therapeutic applications.!! Therefore, the study of G-quad-
ruplex formation in cellular processes is important for
understanding the functional role and pharmaceutical poten-
tial of G-quadruplexes. A G-quadruplex consists of four G-
tracts in a stack of guanine quartets (G-quartets). Whereas
most of the G-quadruplexes studied so far are stable
structures containing three or more G-quartets, those with
only two G-quartets were only shown to form in single-
stranded oligonucleotides.” Such structures are significantly
less stable than those composed of three or more G-
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quartets.” It is not known whether they can form in
double-stranded DNA (dsDNA) in cellular processes. In
our recent studies, in which DNA:RNA hybrid G-quadru-
plexes (HQs) were found to form during transcription, we
only detected those with at least three G-quartets.”) Herein
we describe the detection and characterization of two G-
quartet HQs formed in transcription by the use of a T7
transcription model and modified experimental settings.

To test whether a two-G-quartet HQ could form between
nearby DNA and RNA moieties, we annealed a partial
DNA:RNA duplex bearing an overhanging G;AG, motif on
both the DNA and RNA (Figure 1, top). When incubated in
a solution containing K* ions, which stabilize G-quadruplex
formation, the duplex appeared as two distinct bands by
native gel electrophoresis (Figure 1, lane 2). The faster band
(open arrowhead) was recognized as a duplex without a HQ
because it also appeared in the same duplex incubated in
a solution containing Li* ions (lane 4), which do not stabilize
G-quadruplexes.”! The slower band (half-filled arrowhead) is
interpreted as a duplex with a HQ because it was not observed
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Figure 1. HQ formation between DNA and RNA G;AG, in K" solution.
A 5'-carboxyfluorescein (FAM)-labeled RNA was annealed with DNA1
or DNA2 to form a partial duplex, which was incubated at 37°C
overnight, digested with RNase A, and then resolved on a native gel at
4°C. Halffilled and dotted arrowheads indicate the presence of a HQ,
and open arrowheads indicate the absence of a HQ.
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in the Li* sample (Figure 1, lane 4). To verify the presence of
a HQ in the slow band, we treated another set of samples with
RNase A before electrophoresis. The RNase A digested the
RNA at the hybridization region® and thus released a large
portion of the G;AG, RNA motif from the duplex, as
indicated by a major fast-migrating band at the bottom of the
gel (lanes 3 and 5, asterisk). On the other hand, a retarded
band was detected in the K™ sample (lanes 3, dotted arrow-
head), but not in the Li* sample (Figure 1, lane 5). This band
was an indication of RNA:DNA association and its depend-
ence on K* supported the formation of a HQ. The formation
of the HQ required the G;AG, motif from the DNA. When
this motif was mutated (DNA2) to abolish its participation, no
retarded band was seen in the corresponding lanes (Figure 1,
lanes 6 and 7 versus 2 and 3).

These results showed that the formation of a HQ of two
G-quartets was physically feasible. They prompted us to
inspect whether such a HQ could also form in the tran-
scription of dsDNA. In our previous studies, the G-core
motifs were kept apart from a T7 promoter in the downstream
region.’**! Full-length transcription was conducted in the
presence of four nucleoside triphosphates (NTPs), followed
by digestion with RNase A or both A and H to cleave the
RNA, except that in HQs, and further digestion with
protease K to remove the T7 polymerase before structural
analysis.’! This approach might not detect short-lived HQs
that do not survive the lengthy post-transcription processing.
In the current study, we placed G-cores immediately down-
stream of a T7 promoter (Figure 2, top). Transcription was
performed by supplying only ATP, GTP (and UTP if
indicated), so that it could only proceed through the G-
cores or beyond by a few nucleotides. Because the RNA
transcripts were small, RNase treatment was omitted. By
adding sodium dodecyl sulfate (SDS) to stop the reaction and
destroy the interaction of the T7 polymerase with the DNA,
we could immediately perform HQ detection.

The two methods were compared by the use of four
different G-cores for HQ detection by native gel electro-
phoresis (Figure 2 A), in which DNA bearing a G-quadruplex
migrates more slowly than the corresponding DNA without
a G-quadruplex.! All G-cores had less than four G-tracts, so
that they were unable to form the canonical intramolecular
DNA G-quadruplex. In principle, the G;AG; motif is capable
of forming a HQ composed of three G-quartets, whereas the
other motifs may form a HQ of only two G-quartets
(Figure 2 A, illustration above gels). When transcription was
followed by treatment with an RNase and protease digestion,
HQ was only detected in the DNA containing the G;AG;
motif, as indicated by the appearance of an extra band behind
that of the original DNA (Figure 2 A, top gel, lane 2 versus
lane 1). Because Li* does not stabilize G-quadruplexes,*! this
extra band disappeared when the transcription was carried
out in a solution containing Li* ions (top gel, lane 3). In
contrast, no extra band was observed for the other three G-
cores in the presence of K™ ions (Figure 2 A, top gel, lanes 5,
8, and 11).

By the modified method, we observed additional slowly
migrating bands not only in the DNA containing the G;AG;
motif (Figure 2A, middle gel, lane2) but also in that
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Figure 2. Detection of HQs (composed of two or three G-quartets)
formed during transcription by native gel electrophoresis at 4°C. DNA
(top diagram) containing the indicated G-core was not transcribed (—)
or transcribed in K* or Li* solution. DNA was visualized by the FAM
dye (asterisk) present as a label at the 5" end. The colored illustration
above the gels show examples of possible HQ structures. A) Top gel:
Transcription with four NTPs, followed by digestion with RNase A and
H, then with protease K, before electrophoresis. Middle gel: Tran-
scription with only GTP and ATP, followed by termination with SDS
before electrophoresis. Bottom gel: Transcription and processing as
for the middle gel, but with the substitution of dzGTP for normal GTP.
B) Transcription and processing as for the middle gel in (A), but with
a dzdG dsDNA sample, in which the dG residue on the nontemplate
strand was replaced with dzdG after the promoter (thick bar).

containing the G;AG, motif (middle gel, lane5), thus
suggesting HQ formation in both DNAs. The transcription
of G-rich DNA can also produce a structure called an R-loop,
in which a nascent RNA transcript remains annealed with the
template DNA strand./! The slow bands might contain an R-
loop because of the omission of RNase treatment. Although
this possibility could not be excluded, the presence of a HQ
was supported by the substantially reduced intensity of the
additional bands (Figure 2 A, middle gel, lanes 3 and 6 versus
2 and 5) when the DNA was transcribed in the presence of Li*
ions. The faint bands remaining in the Li* samples (middle
gel, lanes 3 and 6) might be due to the presence of an R-loop.
They could also indicate HQ formation promoted by Na* (ca.
10 mm) from the NTPs and Mg*t (6 mm) supplied for the
activity of T7 RNA polymerase. To confirm the formation of
a HQ in the K* samples, we transcribed the DNAs by using 7-
deaza-GTP (dzGTP) in place of normal GTPP**! to prevent
the RNA from forming a G-quadruplex.”’ In this case, no
extra slowly migrating band was observed for any of the DNA
samples (Figure 2 A, bottom gel), thus suggesting that an R-
loop, even if it could form in these DNA molecules, could not
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last without a HQ. Therefore, the slowly migrating band could
serve as an indication of HQ formation. In the DNA
containing the G;AG; motif, the three slower bands (Fig-
ure 2 A, middle gel, lanes 2 and 3) might be due to the
presence of HQs with different conformations.

A HQ unites G-tracts from both DNA and RNA. To
inspect whether the G-tracts of the DNA participated in HQ
formation, we prepared a dsDNA sample in which the dG
residue on the nontemplate strand was replaced with 7-deaza-
dG (dzdG) after the T7 promoter by primer extension with 7-
deaza-dGTP in place of normal dGTP (Figure 2B, left). This
substitution prevented the formation of a HQ (Figure 2B,
lanes 4 and 8), thus confirming that the slower bands in the
normal DNA samples (lanes 2 and 6) contained a HQ.

We employed DMS footprinting to
verify the involvement of G-tracts from
the nontemplate DNA strand. The N7 A
atom of a guanine residue in a G-
quadruplex is protected from methyl-
ation and subsequent chemical cleav-
age.®! The guanine residues in the
G;AG; motif were strongly protected
(see Figure SIA in the Supporting
Information), which is consistent with
HQ formation in a large fraction of the
DNA (Figure 2 A, middle gel, lane 2).
For the G;AG, motif, protection was
observed, but to a much smaller degree
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The reduction in or disappearance of fluorescence labeling in
the samples transcribed with dzGTP or in Li* solution was not
caused by a possible reduction in transcription efficiency,
because the different transcription conditions led to little
difference in the RNA product (Figure 3B). Therefore, it
supports the formation of a HQ in the presence of K™ ions.

We further verified the presence of RNA in the HQs by
cross-linking the RNA transcript with the nontemplate DNA
strand.***! Transcriptions were carried out with ATP, GTP,
and 4-thiouridine 5'-triphosphate (4S-UTP). We irradiated
the incorporated 4S-UTP with UV light to cross-link it with
the proximal nucleotides in the DNA, and the cross-linking
sites were subsequently detected by primer extension. The
stall signal seen at the TCT region (Figure 3 C, lanes 2 and 6,
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Figure 3. Detection of RNA participation in HQ formation in DNA containing a G;AG; or G;AG,

forming a G-quadruplex by the use of
dzGTP instead of GTP (lane5). It
appeared, but to a significantly lower
degree, in the transcription with Li*
(lane 6). Similarly, the incorporation
of FITC-UTP was also detected in the
DNA containing the G;AG, motif
when transcribed in K* solution with
normal GTP (lane 10), but not in that
transcribed with dzGTP or in Li*
solution (Figure 3 A, lanes 11 and 12).
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motif. A) Comigration of RNA and DNA in a HQ. DNA was transcribed in K* or Li* solution with
ATP, GTP, or dzGTP (dzG), and UTP (U in black) or FITC-UTP (U in green) and electrophoresed
on a native gel as in Figure 2, middle gel. The terminating nucleotide in the RNA synthesis after
the G-core is indicated in italic type. Incorporated FITC-UTP in RNA and the Cy5 label at the 5’
end of the nontemplate DNA strands were scanned separately. B) RNA transcripts obtained
under the different transcription conditions corresponding to lanes 4, 5, 6, 10, 11, 12 in (A),
respectively. The DNA was labeled with a FAM dye that had the same fluorescein fluorophore as
the FITC. C) Cross-linking of RNA with DNA. DNA was transcribed in K* or Li* solution with ATP,
GTP, or dzGTP (dzG), and 4S-UTP. The incorporated 4S-UTP was cross-linked to the nontemplate
DNA strand by UV irradiation and detected by the stalling of primer extension in the direction
indicated by the vertical arrow beside the sequence. The asterisk indicates a FAM fluorescent dye,
and the bracket in lanes 2 and 6 indicates HQ-dependent cross-linking.
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bracket) demonstrated the presence of RNA near the G-core
in the DNA transcribed with K*. In analogy with the results in
Figure 3 A, cross-linking was not detected when the partic-
ipation of RNA in HQ formation was inhibited by dzGTP
(lanes 3 and 7), and was greatly reduced (lane 4) or disap-
peared (lane 8) when the DNA was transcribed in Li*
solution. The results in Figure 3 indicated that the RNA
transcript was required for the formation of a HQ. Taken
together, the results in Figures 2 and 3 (and Figure S1 in the
Supporting Information) demonstrate a joint participation of
the nontemplate DNA strand and the RNA transcript in the
formation of the HQ structures.

T7 polymerase undergoes cycles of abortive transcription
to produce many short transcripts of 8-12 nts before engaging
in a elongation phase to produce a full-length transcript.”’!
Because in our experiments the G-cores were placed next to
the promoter and transcribed with two or three NTPs, the
HQs were formed during the abortive transcription, which
generated a large amount of abortive transcripts (Figure 3 B).
During this process, a nascent RNA molecule first formed
a short DNA:RNA heteroduplex (R-loop) before it was
released. We recently reported that a HQ of three G-quartets
is produced in an R-loop—ssRNA —HQ cascade when a G-
core was placed away from the promoter and transcribed in
the elongation phase.’™ HQ formation in the abortive phase
also seemed to follow the same cascade because it was
suppressed when the RNA transcripts were intercepted by
a DNA oligomer complementary to the transcript (Figure 4).
For these reasons, we assume that HQs composed of two G-
quartets may also form when a G-core is transcribed in the
elongation phase. This assumption is supported by the strand
bias in the occurrence of the potential DNA:RNA hybrid-G-
quadruplex-forming sequence (PHQS) of two G-quartets:
This strand bias extends far downstream of the transcription
start site (TSS; see Figure S2).

The failure to detect a HQ of two G-quartets by our
previous method implies that the HQ was not stable enough
to survive the time required to digest the RNA and T7
polymerase. To assess the stability of such HQs, we quantified
the HQ bands remaining at different time points after
transcription was terminated in the DNA containing a G-
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Figure 4. HQ formation in the DNA carrying a G;AG, motif was
inhibited when the RNA transcripts were captured by stacking-assisted
hybridization with a complementary DNA molecule. Transcription was
conducted as for Figure 2, middle gel in the presence of a partial DNA
duplex bearing an overhang that was not or was complementary to the
RNA transcript (thick bar in graph).
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core of G;AG;, G;AG,, and G,AG,AG,, respectively. We
found that the three-G-quartet HQ formed by the G;AG;
motif lasted for hours (Figure SA). In contrast, the two-G-
quartet HQ formed by G;AG, underwent fast decay before
reaching a small equilibrium plateau (Figure 5B). It was
stabilized by a G-quadruplex stabilizer, Zn-TTAPc,'"! which
resulted in an increased lifetime and percentage of HQ at
equilibrium. For G,AG,AG,, no HQ was detected in the
absence of a G-quadruplex stabilizer (Figure 2 A, middle gel,
lane 11). However, when the DNA was transcribed in the
presence of Zn-TTAPc, a HQ was detected that displayed
a lifetime of 5.4 min (Figure 5C).

To investigate the biological relevance of the two-G-
quartet HQs, we surveyed the occurrence of PHQSs of the
two-G-quartet HQs in several eukaryotic and prokaryotic
genomes. Gene sequences were searched for motifs satisfying
G.,(N;_;Gs,)s;, in which G denotes guanine and N any
nucleotide, including G. Each motif found was then searched
for G.3(N; ;G.3)s; and G.,(N; ,G.,).;, which represent
motifs with the potential to form a G-quadruplex of three
or more G-quartets and an intramolecular DNA G-quad-
ruplex of two-G-quartets, respectively. If any match was
found, the motif was discarded. All species showed a non-
random, strand-biased distribution with more PHQS on the
nontemplate than on the template DNA strand (see Fig-
ure S2), in analogy with that of the HQs composed of three or
more G-quartets.’ The strand bias is transcription-depen-
dent because it is only present downstream, but not upstream
of the TSS. Since the formation of a HQ requires G-tracts on
the nontemplate DNA strand, this result suggests a prefer-
ential selection of PHQSs on the nontemplate strand and
supports the formation of two-G-quartet HQs and their
physiological role in the genomes.

There are approximately 370000 putative G-quadruplex
motifs in human genome." Because a HQ can form with as
few as two G-tracts instead of four on the nontemplate DNA
strand, our recent survey revealed an additional approxi-
mately 1600000 PHQS motifs of three or more G-quartets
that are present in >97 % of human genes.”” PHQSs of two-
G-quartet HQs are present in about 98 % of human genes,
and their number reached >1900000 (see Table S1 in the
Supporting Information). Because we used G-cores of only
1 nt loops in our experiments and did not know if the HQ
could form with longer loops, only those with 1 nt loops were
counted. Thus, the formation of two-G-quartet HQs, if
possible in vivo, will further expand the prevalence and
diversity of G-quadruplexes in the genome far beyond what
we previously anticipated.

RNA G-quadruplexes of two G-quartets have been shown
to modulate gene expression in vivo.l'”! The thrombin-binding
aptamer (TBA) interacts with its target by adopting a two-G-
quartet intramolecular DNA G-quadruplex.'® In principle,
two-G-quartet HQs may be a unique type of G-quadruplexes
that are unstable and more flexible. Their folding and
unfolding are more responsive to transcription activity,
which may be utilized to sense transcription in a timely
manner or for interaction with other factors in a similar way
to a TBA. On the other hand, a G-quadruplex imposes
a physical obstacle to the translocation of a protein on a DNA
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Figure 5. HQ remaining after transcription as a function of time. DNA containing the indicated G-core was
transcribed as for Figure 2, middle gel in the absence or presence of the G-quadruplex stabilizer Zn-TTAPc.
Transcription was stopped, and the samples were maintained for various periods at 37°C before resolution by
native gel electrophoresis. HQ-containing DNA was quantitated as a percentage of the total DNA in each

lane.

tract.™ In Escherichia coli, consecutive transcriptions can
occur at intervals of about 10 min with large variation.!
Thus, the lifetime of a two-G-quartet HQ could be longer
than the interval between consecutive transcription events.
As a result, transcriptions may be affected by such HQs.
Whereas stable HQs composed of three or more G-quartets
may exert a more profound influence on transcription,
unstable two-G-quartet HQs may be more suited for fine-
tuning purposes. G-quadruplexes are considered unique
molecular targets in pharmaceutical applications."! Owing
to their low stability, two-G-quartet HQs may be more
susceptible or responsive to G-quadruplex-stabilizing ligands
and may thus have an impact in such applications.
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