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Intracellular transcription of G-rich
DNAs induces formation of G-loops,
novel structures containing G4 DNA

Michelle L. Duquette,' Priya Handa,” Jack A. Vincent,®> Andrew F. Taylor,® and Nancy Maizels*>*°

!Department of Genetics, Yale University School of Medicine, New Haven, Conneticut 06520, USA; >Department of
Immunology, *Molecular and Cellular Biology Graduate Program, and “Department of Biochemistry, University of
Washington Medical School, Seattle, Washington 98195, USA; °Division of Basic Sciences, Fred Hutchinson Cancer

Research Center, Seattle, Washington 98109, USA

We show that intracellular transcription of G-rich regions produces novel DNA structures, visible by electron
microscopy as large (150-500 bp) loops. These G-loops are formed cotranscriptionally, and they contain G4
DNA on one strand and a stable RNA/DNA hybrid on the other. G-loop formation requires a G-rich
nontemplate strand and reflects the unusual stability of the rG/dC base pair. G-loops and G4 DNA form
efficiently within plasmid genomes transcribed in vitro or in Escherichia coli. These results establish that G4
DNA can form in vivo, a finding with implications for stability and maintenance of all G-rich genomic

regions.
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Genomic DNA is normally maintained as a Watson-
Crick duplex, but DNA has considerable potential to
form other structures. One sequence motif especially
prone to form structures in vitro is a guanine run (Sen
and Gilbert 1988, 1990). Oligonucleotides containing
runs of guanines readily and spontaneously assemble
into four-stranded structures stabilized by G-quartets,
planar arrays of four hydrogen-bonded guanines (Gellert
et al. 1962). These structures, referred to as G-tetraplex,
G-quadruplex, or G4 DNA, may involve intramolecular
or intermolecular interactions, and the phosphodiester
backbones of the four participating strands may be in
parallel or antiparallel orientation (Fig. 1A,B; for review,
see Gilbert and Feigon 1999). Intramolecular G4 DNA
readily forms in short oligonucleotides carrying at least
four runs of guanines, in which each run is at least 3 nt
in length, such as (TTAGGG),, a 4-mer telomeric repeat;
and longer G-runs support formation of even more stable
structures, which are tolerant of single-base interrup-
tions within the G-runs. G4 DNA is very stable once
formed. This reflects hydrogen bonding within G-quar-
tets, stacking of the large, planar G-quartets on one an-
other, and charge coordination by monovalent cations
(especially K*) within the central cavity.

Certain chromosomal regions are G-rich and contain
sequences that readily form G4 DNA in vitro. This has
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led to considerable interest in the possibility that G4
DNA might form in vivo and have specific functions in
regulation of gene expression or genetic stability. G-rich
chromosomal domains include four classes of repetitive
regions—telomeres, rDNA, immunoglobulin heavy
chain switch regions, and G-rich minisatellites. Telo-
meric repeats in almost all eukaryotes contain runs of Gs
(Saccharomyces cerevisiae, TG, 5; Tetrahymena, TTT
TGGGG; mammals, TTAGGG), and telomeric se-
quences form G4 DNA in vitro (Parkinson et al. 2002;
Neidle and Parkinson 2003). The rDNA repeats are G-
rich on the nontemplate DNA strand, both within the
region that is transcribed into mature tfRNA and with-
in the spacers (e.g., Hanakahi et al. 1999). The immuno-
globulin heavy chain switch (S) regions, which are re-
quired for class-switch recombination, consist of de-
generate G-rich repeats that are from 2 to 10 kb in length
and conform to a loose consensus. Examples of S-region
consensus sequences in four of the seven murine S re-
gions are as follows: Sp, GCTGAGCTGGGGTGAGC
TGA; Sy3, CTGGGCAGCTCTGGGGGAGCTGGGG
TAGGTTGGGAGTGTGGGGACCAGG; Svy2b, CCTA
GCAGCTGTGGGGGAGCTGGGGAAGGTGGGAGT
GTGAGGGACCAGA; and Sa, TGAGCTGGGATAG
GCTGAGCTGGGCTGGA (Arakawa et al. 1993; Dun-
nick et al. 1993). The human genome is replete with
repetitive minisatellites, and among those that exhibit
the most pronounced instability are G-rich sequences
capable of forming G4 DNA, including the MS1 mini-
satellite (D1S7), with repeat unit AGGGTGGAG; D4543,
repeat unit GGGGAGGGGGAAGA,; the insulin-linked
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Figure 1. G4 DNA and G-quartets. (A) Four guanines assemble in a planar ring to form a G-quartet. (B) G4 DNA is a stable structure
composed of stacked G-quartets (shaded squares). (C) Diagram of predicted structure formed upon transcription of G-rich DNA. The
G-rich strand contains G4 DNA, stabilized by G-quartets; and the C-rich template strand is hybridized to the RNA transcript (gray).
For simplicity, only two regions of G4 DNA structure are diagrammed, although loops formed upon transcription of a long G-rich

region could, in principle, contain many structured regions.

hypervariable repeat, ACAGGGGTGTGGGG; and longer
repeats such as MS32 (29 bp), CEB1 (37-43 bp), D1Z2 (40
bp), and MS205 (45-54 bp; Buroker et al. 1987; Wong et
al. 1987; Jeffreys et al. 1988; Weitzmann et al. 1997).

G4 DNA resists attack by enzymes that target single-
stranded or duplex DNA, but cells do contain factors
that actively cleave and unwind G4 DNA. GQNI is a
nuclease identified in mammalian cells that specifically
targets G4 DNA with striking specificity, cleaving in the
single-stranded region 5’ of the stacked G-quartets (Sun
et al. 2001). A distinct activity, the KEM1/SEP1 nuclease
of S. cerevisiae, cleaves both G4 DNA and G4 RNA, and
appears to function in RNA processing (Hsu and Stevens
1993; Liu and Gilbert 1994). Helicases in the highly con-
served RecQ family are essential to genomic stability in
organisms from Escherichia coli to humans (Shen and
Loeb 2000; Nakayama 2002; Harrigan et al. 2003; Hick-
son 2003; Khakhar et al. 2003). Members of this family
including human BLM (Sun et al. 1998) and WRN (Fry
and Loeb 1994; Mohaghegh et al. 2001), S. cerevisiae
Sgslp (Sun et al. 1999), and E. coli RecQ (Wu and Maizels
2001) can unwind G4 DNA and other structured sub-
strates (for review, see Bachrati and Hickson 2003).

The potential for DNA to form structures in vivo is
dramatically illustrated by the human neurodegenera-
tive diseases caused by triplet repeat expansion (McMur-
ray 1999; Sinden 1999; Cummings and Zoghbi 2000; Bo-
water and Wells 2001). Among the diseases associated
with repeat expansion are Huntington’s disease (CAG
repeat), fragile X syndrome (CGG repeat), myotonic dys-
trophy (CTG repeat), and Friedreich’s ataxia (GAA re-
peat). Repeat expansion is due to formation of structures
on the lagging strand during DNA replication, and the
ability of a triplet repeat-sequence motif to form hairpin
(CAG, CTG), triplex (GAA), or G4 DNA (CGG) in vitro
correlates with expansion of that sequence motif in vivo
(McMurray 1999; Sinden 1999; Sakamoto et al. 1999).
Structures formed by repeats are targets for the mis-
match repair apparatus, and deficiency in mismatch re-
pair factors leads to repeat instability in yeast (Strand et
al. 1993; Sia et al. 2001) and in human tumors (Kolodner
1995; Modrich and Lahue 1996).

Despite the readiness with which G-rich sequences
form G4 DNA in vitro, the biological significance of G4
DNA has remained in question pending direct demon-
stration that G4 DNA forms in living cells. We have
developed a novel assay that uses electron microscopy
(EM) to visualize structures formed within individual
DNA molecules. This assay is based upon results from
other laboratories demonstrating that a stable RNA/
DNA hybrid forms upon transcription of a C-rich tem-
plate strand (Reaban and Griffin 1990; Reaban et al.
1994; Daniels and Lieber 1995; Tian and Alt 2000; Mi-
zuta et al. 2003; Yu et al. 2003). If the complementary
G-rich strand forms G4 DNA, then transcription of a
G-rich region within a plasmid would be predicted to
produce a loop in which one strand contains the RNA/
DNA hybrid, and the other strand contains G4 DNA, as
diagrammed in Figure 1C. To ask whether such struc-
tures form, we have visualized individual DNA mol-
ecules using EM, and probed their structures with pro-
teins that specifically cleave or bind G4 DNA. We have
now shown that characteristic loops do form efficiently
upon transcription of G-rich regions, both in vitro and in
vivo; and that these loops contain G4 DNA. Formation
of G4 DNA is dependent upon transient denaturation of
the DNA duplex, which is induced by transcription of
the G-rich region within the model substrates. These
results establish that G4 DNA formation can occur upon
transcription in living cells, and suggest that G4 DNA
may also form during transient denaturation, which nor-
mally accompanies recombination and replication.

Results

Transcription of G-rich DNAs causes stable loops
to form

We assayed G4 DNA formation in plasmid templates
that carry G-rich regions downstream of the T7 promoter
in pBluescript (Fig. 2A). The G-rich regions were 350—
1050 bp in length and derived from the mammalian im-
munoglobulin Sp and Sy3 switch regions, and the
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Figure 2. Loops form in transcribed G-rich DNAs. (A) Map of plasmid templates, which carry G-rich sequences downstream of a T7
promoter. (B) G-rich regions within the plasmid templates analyzed by EM. (C) Examples of loops formed upon transcription of pRX15F
(Su repeat; left), pPH600 (Sy3; middle), and pHumtel (telomeric repeat, right). DNA was transcribed in vitro, linearized with AfIIII, and
visualized by EM. Bar, 500 nm. (D) Maps of loops visualized in 15 randomly selected pRX15F (left), pPH600 (middle), and pHumtel

(right) templates. Maps are drawn to scale.

TTAGGG telomeric repeat (Fig. 2B). Following in vitro
transcription, free RNA was digested with RNase A, and
the reaction deproteinized and visualized by Klein-
schmidt spreading (Kleinschmidt and Zahn 1959; Klein-
schmidt 1968). EM revealed distinct loops in the tran-
scribed plasmids, as shown in the examples in Figure 2C.
The loops mapped to the G-rich transcribed region
within the plasmids (Fig. 2D).

transcription is essential for the formation of loops
(Table 1). In addition, loop formation was dependent
upon strand orientation and required that the G-rich
strand be the top or nontemplate DNA strand for tran-
scription (cf. plasmids pRX15F and pRX15R, Table 1).

Table 1. Loop formation upon transcription in vitro

Loop formation was very efficient. Following tran- Insert
scription of Sp (pRX15F, pRX15F3), Sy3 (pPH600), or Size Loops
telomeric (pHumtel) sequences, loops were evident in Plasmid® Insert (bp)  Transcribed n® (%)°
42%-63% of the template DNA molecules (Table 1). pRXISF  Sp repeat 350 N 108 42
This number may be an underestimate, because loops pRXI5R Sy repeat 350 N 31 0
smaller than 150 bp are not readily visualized by electron pRX15F3  Su repeat 1050 N 100 60
microscopy. Loop formation required a G-rich template, pPH600  Sy3 604 + 99 63
and transcription of an immunoglobulin VA1 region pPH600  Sv3 604 - 51 0
(pTT1, Table 1), or other sequences of random base com- pHumtel (TTAGGG), 810 + 108 60
position produced no loops visible by EM. Loops ranged pTT1 VAL 550 + 50 0

in size from 0.05 to 0.17 um (150-500 bp). Loops of com-
parable size were produced by in vitro transcription with
E. coli RNA polymerase from the lactose promoter in the
plasmid backbone (data not shown). No loops were visu-
alized in nontranscribed plasmids, demonstrating that
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Loops contain a stable RNA/DNA hybrid
formed cotranscriptionally

One arm of each loop contained a stable RNA/DNA du-
plex, as assayed by two criteria. First, inclusion of di-
goxygenin-UTP in transcription reactions allowed the
digoxygenin label to be visualized in one arm of the loop
by decoration with gold beads coupled to antidigoxy-
genin antibodies (Fig. 3A). Second, transcribed molecules
were treated with RNase H, which specifically digests
the RNA strand of an RNA/DNA hybrid. RNase H treat-
ment destroyed the loops (among 134 molecules visual-
ized, none contained loops; e.g., Fig. 3B, right).

To ask whether loops form cotranscriptionally or as a
result of an invasion of a DNA duplex by an RNA mol-
ecule synthesized on a different template, RNase A was
included during the transcription reaction to digest tran-
scripts that had been freed from the template, at a con-
centration (20 pg/mL) determined to be sufficient to di-
gest all single-stranded RNA produced in the transcrip-
tion reaction. The presence of RNase A did not
significantly affect the frequency of loop formation—
loops were apparent in 58% of the molecules (52/90)
when transcription was carried out in the presence of
RNase A, and 60% of the molecules (60/99) when RNase
A was added after transcription (e.g., Fig. 3C). Loops
therefore form cotranscriptionally.

G4 DNA forms upon transcription of G-rich regions

To ask whether G4 DNA forms within the transcribed
plasmids, we assayed sensitivity of loops to GQN1, an
endonuclease that specifically cleaves molecules con-
taining G4 DNA in the single-stranded region 5’ of the
stacked G-quartets (Sun et al. 2001). GQNI1 cleavage is
diagnostic for the presence of G4 DNA, because GQN1
cleaves a variety of G-quadruplex structures independent
of DNA sequence, but it does not cleave duplex DNA,
single-stranded DNA, Holliday junctions, or G4 RNA.
Cleavage was assayed in a series of independent reac-
tions with each of these three templates by scoring
cleaved loops following GQNI1 digestion (Fig. 4B). In the
absence of GQNI1 treatment, <0.4% of molecules con-
tained a broken loop (1 of 282 molecules). GQNI1 cleaved
within the loops of transcribed plasmid templates bear-
ing G-rich Sp, Sy3, or telomeric repeats, to produce char-
acteristic opened loops (e.g., Fig. 4A). The cleavage effi-
ciency ranged from 25% to 50% (Fig. 4B). Because only
templates containing opened loops with visible ends
were scored, this may be an underestimate of the effi-
ciency of loop cleavage. Specificity of GQN1 for G4
DNA was confirmed by competition experiments, which
showed that cleavage was inhibited by 10-fold molar ex-
cess of competitor G4 DNA formed from a synthetic
oligonucleotide, but not by 1000-fold molar excess of
single-stranded competitor DNA (Fig. 4C). Thus, G4
DNA formed upon transcription of Sy, Sy3, or telomeric
sequences.

We used an additional, independent method to verify
G4 DNA formation in individual molecules. Although

Intracellular formation of G4 DNA

BB

Figure 3. Loops contain an RNA/DNA hybrid formed cotrans-
criptionally. (A) Examples of loops formed in pHumtel tran-
scribed with Dig-UTP and visualized with anti-Dig/gold beads.
Bar, 200 nm. (B) Loops are destroyed by RNase H. Transcribed
pRX15F before (left) and after (right) RNase H treatment. No
loops were identified among 134 molecules visualized following
treatment with RNase H. Bar, 500 nm. (C) Loops form cotrans-
criptionally. Treatment of pPH600 templates with 20 pg/mL
RNase A during (example on left) or after (example on right)
transcription did not alter loop formation; loops were evident in
58% (53/90) and 60% (60/99) of molecules, respectively. Bar,
500 nm.

antibodies have been described that interact with G4
DNA (Brown et al. 1995, 1998), some recombinant pro-
teins bind to G4 DNA with much higher affinity and
specificity than any of these antibodies. One especially
useful probe for G4 DNA is Nucleolin-428, a recombi-
nant, truncated derivative of nucleolin that binds tightly
(kp = 0.5 nM) and specifically to G4 DNA (Hanakahi et
al. 1999). G-rich plasmids were transcribed, incubated
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Figure 4. Loops contain G4 DNA. (A) Examples of GQNI1 cleavage of loops in transcribed pRX15F (Sp; left), pPH600 (Svy3; middle),
and pHumtel (telomeric repeat, right). Arrows mark cleaved G-loops. Bar, 200 nm. (B) Effect of GQNI treatment on transcribed
pRX15F, pPH600, and pHumtel templates. DNAs were visualized by EM, and loops were scored as cleaved if they were opened and
contained a clearly visible arm or ends, as in Figure 4A. (n) Number of molecules scored. (C) Effect of competitor G4 DNA (10-fold
excess) or single-stranded DNA (1000-fold excess) on GQNI1 cleavage of G-loops in transcribed plasmids, normalized to 100% cleavage
in the absence of competitor. (D) G4 DNA recognized by recombinant biotinylated Nucleolin-428/streptavidin gold beads. Arrows
indicate beads bound at loops. Bar, 200 nm. (E) DMS footprinting analysis verifies the presence of G-quartets. (Left) Example of a DMS
footprint of pRG4F (left, mock transcribed; right, transcribed). (Right) compiled results of six independent footprinting experiments
showing ratio of DMS accessibility of each G-run in the transcribed sample relative to the untranscribed control. Diagram indicates
positions of G-runs (boxes) and single Gs (lines), and direction of transcription (arrows). Bars, S.D.
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with biotinylated Nucleolin-428, then with streptavidin-
coated gold beads, and visualized by EM. This procedure
clearly revealed Nucleolin-428/bead complexes decorat-
ing one arm of the loop (e.g., Fig. 4D). In control reac-
tions, in which transcribed DNAs were incubated with
streptavidin gold beads in the absence of Nucleolin-428,
no loops were bound by beads, among >100 molecules
visualized. Note that the arm of the loop containing the
extended RNA/DNA hybrid appears thicker than the
arm containing G4 DNA in the images shown in Figure
4D and in most other micrographs. Differential thick-
ness of nucleic acid filaments has also been observed in
experiments that used RNA/DNA hybrid formation to
map transcribed regions (Chow and Broker 1989).

We also demonstrated formation of G4 DNA in tran-
scribed G-rich DNA molecules by dimethylsulfate
(DMS) footprinting. DMS footprinting has been used rou-
tinely to identify G-quartets and G4 DNA formed in syn-
thetic oligonucleotides, because DMS attacks the N7 of
guanine, which is accessible in single-stranded and du-
plex DNA but not if paired with the exocylic amino
group of a neighboring guanine in a G-quartet (Sen and
Gilbert 1988; Fig. 1A). Plasmid pRGF4 carries a short
(104-bp) G-rich insert, in which runs of guanines that can
participate in G4 DNA formation are interspersed with
single guanines, which cannot. This plasmid was sub-
jected to DMS footprint analysis after mock or bona fide
transcription in vitro. Transcription resulted in a de-
crease of DMS sensitivity of guanines within G-runs; in
six independent experiments, protection averaged 30%
(Fig. 4E). DMS footprinting assays G-quartet formation
throughout the population of molecules. Thus, foot-
printing not only verifies the presence of G4 DNA
within transcribed G-rich regions, but also further con-
firms that G4 DNA formation is efficient.

Identification of G4 DNA in plasmids propagated
in E. coli

We next asked whether G4 DNA forms in vivo by propa-
gating plasmids in an E. coli strain (NM232) lysogenic for
the ADE3 prophage, which expresses T7 RNA polymer-
ase under the control of the lactose repressor (Studier and
Moffatt 1986). Transcription was induced by addition of
IPTG, and low molecular weight circular DNA was re-
covered, deproteinized, linearized, and visualized by EM.
No intact loops were evident in molecules recovered
from that strain. E. coli RNase H digests the RNA strand
of an RNA/DNA hybrid and could destabilize the loops;
and E. coli RecQ helicase actively unwinds G4 DNA (Wu
and Maizels 2001) and could eliminate G4 DNA that
formed in vivo. We therefore tested recovery of loops
from plasmids propagated in strain NM256 [AB1157
(NDE3) rnh::cat recQ::kan], which lacks both RNase H
and RecQ helicase activities. Following induction of
transcription in NM256, loops were readily recovered. In
three independent experiments, intact loops were iden-
tified in 9%-18% of DNA molecules (e.g., Fig. 5A). A
small fraction of molecules recovered from E. coli (3%)

Intracellular formation of G4 DNA

- GAN1 + GQN1
Total Loops
; : Cleaved |% Cleaved
n |%Loops| n | (intactand
cleaved) Loops Loops
195 13 279 21 19 91

Figure 5. Loops containing G4 DNA form in plasmids tran-
scribed in E. coli. (A) Examples of loops formed in pPHG600 (Sy3)
transcribed in E. coli strain NM 256 [AB1157 (ADE3) rnh::cat
recQ::kan]. Bar, 200 nm. (B) Examples of GQNI1 cleavage of
loops formed in pPHG600 (Sy3) transcribed in E. coli NM 256.
Arrows indicate broken loops. Bar, 200 nm. (C) Sensitivity of
loops formed in E. coli to GQNI1 cleavage. Loops were analyzed
by EM and were scored as cleaved if they were opened and
contained clearly visible DNA ends. (n) Number of molecules
scored.

contained opened loops, which may have been broken
within the cell or during DNA isolation. Loops formed
by intracellular transcription were sensitive to GQN1
nuclease, which produced typical cleaved structures
(e.g., Fig. 5B), and GQN1 cleaved essentially all loops in
molecules recovered following intracellular transcrip-
tion (Fig. 5C). G4 DNA therefore formed upon transcrip-
tion of G-rich regions in vivo.

Results presented in Figures 4 and 5 show that G4
DNA can be detected within the characteristic loops
formed upon transcription of a G-rich region. We call
these novel structures G-loops, to emphasize that their
structure is determined by the G-richness of the DNA,
which allows formation of a stable RNA/DNA hybrid on
the template strand and G4 DNA on the nontemplate
strand.
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The stability of the rG/dC base pair permits
G-loop formation

What causes G-loops and G4 DNA to form? Loop forma-
tion requires a C-rich template strand (Table 1). A hybrid
of G-rich RNA and C-rich DNA would be predicted to be
quite stable, reflecting the high stability of the rG/dC
base pair and stacking of adjacent guanines in the RNA
(Sugimoto et al. 1995). Like guanine, inosine (I) base pairs
with C, but an I/C pair contains only two hydrogen
bonds and is therefore significantly less stable than a
G/C pair. Therefore, we asked whether G-loops formed
upon transcription in a reaction in which ITP was sub-
stituted for GTP. Substitution of ITP for GTP has been
shown to reduce both transcriptional initiation and elon-
gation, in part by enhancing polymerase pausing (Mor-
gan and Shatkin 1980; Chanda et al. 1983; Shaevitz et al.
2003). Comparable to results reported by others, we
found that transcription was reduced sixfold in ITP-con-
taining reactions, as measured by net incorporation of
32P-labeled UTP; and although average transcript length
was somewhat reduced, transcripts were sufficiently
long to produce loops visible by EM if stable hybrids did
form (data not shown). In parallel control reactions con-
taining GTP, 60% of molecules contained loops after
transcription. We examined 262 molecules recovered
from ITP-containing reactions for the presence of loops,
and observed no loops. Making the limiting assumption
that the sixfold reduction in transcript levels in the ITP-
containing reactions would cause a sixfold decrease in

molecules containing loops, one would predict that
loops would have been evident in 10% (one-sixth of
60%) of molecules in the ITP-containing reactions, or 26
molecules. As no loops were evident, we conclude that
the stability of the rG/dC base pair is critical for tran-
scription-dependent formation of G-loops.

G-loops form upon transcription of supercoiled,
relaxed, or linear templates

DNA supercoiling affects the potential for DNA dena-
turation and structure formation, and local supercoiling
of DNA can vary in vivo (Wang 2002). We asked whether
G-loop formation depends upon topology by comparing
formation of loops and G4 DNA on supercoiled, relaxed,
and linearized pPH600 plasmid templates. Loops were
readily visualized on all these topoisomers (e.g., Fig. 6A).
The efficiency of loop formation was determined by scor-
ing loops in 400 molecules of each topoisomer, which
showed that loops were present in 48% of supercoiled
templates, 32% of relaxed circles, and 31 % of linear mol-
ecules (Fig. 6B). Thus, loops form more efficiently on
supercoiled templates. GQN1 sensitivity of loops was
assayed by scoring broken loops in 250 molecules of each
topoisome in parallel reactions in which GQNI1 was in-
cluded or omitted prior to visualization. GQNI1 cleaved
58% of loops in supercoiled templates, 31% of loops in
relaxed templates, and 24% of loops in linear templates
(Fig. 6C). The greater sensitivity of G-loops in super-

G-loops (%)
o88888

Figure 6. Effect of topology on G-loop formation. (A)
Examples of loops formed on supercoiled, relaxed, and
linearized pPH600 templates. Bar, 500 nm. (B) Effect of
plasmid topology on efficiency of loop formation. Loops
were visualized by EM, and at least 400 molecules of C

each topoisomer were scored. (C) Effect of plasmid to- < 60

pology on G4 DNA formation. Templates of each to-
poisomer were treated with GQNI1 and visualized by
EM to assay cleavage; 200 GQN1-treated and 200-un-
treated molecules of each topoisomer were visualized.
(D) Effect of plasmid topology on loop size. Loop size
was measured following transcription of supercoiled,
relaxed, or linear pPH600 templates, by EM visualiza-
tion of 35 molecules of each topoisomer.

G-loops cleaved
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coiled templates to GQNI1 cleavage may reflect more
efficient formation of G4 DNA in supercoiled templates,
or more efficient cleavage of supercoiled molecules by
GQN1. The variation of loop size with topology was
determined by measuring loop sizes in 35 molecules
of each topoisomer. This showed that larger loops
formed in the linear and relaxed circular templates (Fig.
6D), suggesting that loop size is constrained by super-
coiling.

Discussion

We have shown that G4 DNA forms within G-rich re-
gions in transcribed plasmid genomes in vitro and in
vivo. In our experiments, we used EM to identify and
characterize G-loops, novel structures produced upon
transcription of G-rich regions in individual molecules.
G-loops contain a stable RNA/DNA hybrid on one
strand and G4 DNA on the other, as diagrammed in Fig-
ure 1C. G-loops form very efficiently in vivo. Following
a brief induction of transcription in rapidly proliferating
E. coli cells, from 9% to 18% of recovered plasmids con-
tained G-loops, and essentially all G-loops contained G4
DNA, as assayed by GQNI sensitivity (Fig. 5C). This is
the first direct evidence for the formation of G4 DNA in
living cells, and it resolves the long-standing question of
whether G4 DNA can form in vivo. Pathways of ge-
nomic expression and maintenance are remarkably con-
served throughout evolution, and identification of G4
DNA in E. coli provides a compelling precedent for the
likely biological importance of G4 DNA in higher cells.

Analysis of structures produced upon in vitro tran-
scription provided insights into the parameters that gov-
ern G-loop and G4 DNA formation. Following in vitro
transcription of a supercoiled template, loops were evi-
dent in 42%-63% of molecules (Table 1; Fig. 6B), and
25%-58% of loops contained G4 DNA, as assayed by
GQN1 cleavage (Figs. 4A,B, 6B). G-loops and G4 DNA
also formed within relaxed and linear templates (Fig.
6B,C). Formation of G-loops required a C-rich template
strand and a G-rich nontemplate strand. G-loops did not
form in a sequence of random base composition, or in
G-rich sequences transcribed in opposite orientation
(Table 1). Other laboratories have shown that RNA/
DNA hybrids form in transcribed G-rich DNAs from the
immunoglobulin S regions (Reaban and Griffin 1990;
Reaban et al. 1994; Daniels and Lieber 1995; Tian and
Alt 2000; Mizuta et al. 2003; Yu et al. 2003), S. cerevisiae
mitochondrial DNA (Xu and Clayton 1995), and the E.
coli rrnB operon (Masse et al. 1997). G-loops did not form
in reactions in which ITP is substituted for GTP, so loop
formation appears to depend upon the stability of the
rG/dC base pair. The RNA/DNA hybrid within a G-loop
forms cotranscriptionally, not posttranscriptionally, be-
cause the hybrids were unaffected by the presence of
RNase A in the transcription reaction (Fig. 3C).

We refer to the loops formed upon transcription of a
G-rich region as “G-loops” to distinguish them from R-
loops, a term used to describe any stable RNA/DNA hy-
brid formed within duplex DNA (Thomas et al. 1976;
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Chow and Broker 1989). This distinction is important.
G-loops form cotranscriptionally, whereas the RNA/
DNA hybrid in an R-loop may be formed either cotran-
scriptionally or as a result of invasion of DNA by an
RNA molecule that was synthesized on the same or a
different template (Thomas et al. 1976). Furthermore, G-
loop formation depends upon the base composition of
the template, which allows an RNA/DNA hybrid to
form on one strand and G4 DNA on the other, whereas
R-loop formation is independent of base composition.
A G-loop resembles the transcription bubble that ad-
vances with RNA polymerase along the DNA template,
because it contains an RNA/DNA hybrid and the dis-
placed nontemplate strand. However, the transcription
bubble spans 17 + 1 bp of DNA, as estimated by topo-
logical approaches (Gamper and Hearst 1982, 1983),
whereas G-loops are much larger, ranging from 150 bp
(the lower limit for EM visualization) to 500 bp in length.
More importantly, unlike the RNA/DNA hybrid within
the advancing transcription bubble, the hybrid within a
G-loop is very unlikely to reflect persistent interactions
between the nascent RNA and the DNA template
strand. In both single- and multisubunit RNA polymer-
ases, the nascent RNA is forced to exit through a topo-
logical tunnel, making it unlikely that an RNA polymer-
ase could generate a long RNA/DNA hybrid simply by
failing to pry apart the RNA/DNA hybrid within the
advancing transcription bubble. Structural and bio-
chemical analyses of T7 polymerase elongation com-
plexes show that a specific a-helix within the T7 poly-
merase thumb domain pries the transcript from the tem-
plate, forcing it through a tunnel that shields the newly
made RNA from the template DNA strand (Huang and
Sousa 2000; Tahirov et al. 2002; Yin and Steitz 2002,
2004; for review, see Steitz 2004). The nascent RNA/
template hybrid in the T7 elongation complex is 8 bp in
length, and the tunnel shields an additional 4 nt of RNA
from the DNA template (Huang and Sousa 2000; Tahirov
et al. 2002; Yin and Steitz 2002). The multisubunit RNA
polymerases also use a specific structure, the rudder, to
pry off the nascent transcript, which is then forced
through an exit pore to prevent reassociation with the
template (Gnatt et al. 2001; Westover et al. 2004). In
light of this understanding of RNA polymerases, a plau-
sible model for cotranscriptional formation of G-loops
would be that the elongating polymerase pries apart the
RNA/DNA hybrid as usual and forces the RNA out
through the tunnel, but that the extruded RNA invades
the duplex to initiate G-loop formation. The G-loop
would then increase in size behind the advancing tran-
scription bubble, as RNA exiting from the tunnel hybrid-
izes with the template. In this model, only a very short
stretch of RNA would not be stably hybridized, consis-
tent with the observed insensitivity of G-loop formation
to the presence of RNase A in the transcription reaction
(Fig. 3C); proximity to the polymerase might help protect
this short stretch of RNA from nuclease attack. Forma-
tion of a stable RNA/DNA hybrid within the G-loop will
leave unpaired guanines in the nontemplate strand free
to associate into G-quartets and intramolecular G4 DNA
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structures. The presence of stable G4 DNA in the non-
template strand might then further impede renaturation
of the DNA duplex.

The fact that both single- and multisubunit RNA poly-
merases have evolved to carry specific structures that
separate nascent transcripts from the template DNA
suggests that a newly made transcript has considerable
tendency to invade the template DNA. In support of this,
deficiencies in subunits of THO/TREX complex in S.
cerevisiae are associated with reduced efficiency of tran-
scriptional elongation, enhanced recombination be-
tween flanking direct repeats, and an increased accumu-
lation of RNA/DNA hybrids (Huertas and Aguilera
2003). THO/TREX is essential for production of specific
classes of transcripts, particularly long or GC-rich RNAs
(Chavez et al. 2001). The THO/TREX complex is con-
served (Strasser et al. 2002), suggesting that transcript
release may therefore be an important and potentially
regulatable step in RNA processing in many organisms.

Potential biological significance of G4 DNA

Our experiments have documented the formation of G4
DNA upon transcription of G-rich sequences derived
from two chromosomal domains, the immunoglobulin S
regions and the TTAGGG telomeric repeat. There have
been numerous suggestions that the regulated formation
of G4 DNA may contribute to telomere biology, for ex-
ample, by preventing degradation of the telomere tails or
by inhibiting telomere replication by telomerase (Rhodes
and Giraldo 1995; Rezler et al. 2002; Neidle and Parkin-
son 2003). For immunoglobulin class switch recombina-
tion to occur in an activated B cell, both S regions tar-
geted for recombination must be transcribed in a unique
orientation, using the C-rich strand as the transcrip-
tional template (Shinkura et al. 2003). This is the orien-
tation that supports formation of G-loops and G4 DNA,
and regulated formation of G4 DNA could create a struc-
tural target for specific factors involved in DNA recom-
bination. Nucleases and helicases that attack G4 DNA
could participate in such a structure-specific recombina-
tion pathway.

Other G-rich sequence motifs would also be predicted
to form G4 DNA upon transient denaturation of the
DNA duplex. These include the rDNA, which is tran-
scribed using the C-rich strand as template, G-rich mini-
satellites, and G-rich regions within single copy genes.
Unregulated formation of G4 DNA within these regions
could lead to genetic instability. One example of insta-
bility specific to G-rich genomic regions has been docu-
mented in the nematode, where large deletions occur
at long polyguanine tracts in lines mutant in dog-1
(Cheung et al. 2002). This gene encodes a putative heli-
case, which is thought to function to unwind structures
that form during lagging strand replication. Other ex-
amples are evident in the human genome, where some of
the most unstable of the variable number tandem repeats
(VNTRs) are G-rich sequences capable of forming G4
DNA include the minisatellites D1S7 (MS1); D4S43;
MS32, CEBI1, D1Z2; MS205; and the insulin-linked hy-
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pervariable repeat (Buroker et al. 1987; Wong et al. 1987;
Jeffreys et al. 1988; Weitzmann et al. 1997). New variants
at these highly unstable loci arise due to complex recom-
bination events such as intra-allelic rearrangement and
interallelic gene conversions (Berg et al. 2003). Instabil-
ity of these sequences cannot be ascribed to replication
slippage due to hairpin formation, because these repeats
do not form stable hairpins. However, they are strongly
predicted to form G4 DNA.

The methods we have developed allow G4 DNA to be
inducibly generated in vitro and in living cells. We an-
ticipate that further study of G-rich sequences will en-
hance our understanding of the dynamics of G4 DNA
formation and its functions in vivo.

Materials and methods

Plasmid templates and transcription

pHumtel contains a 810-bp fragment of the TTAGGG mamma-
lian telomeric repeat (Zhong et al. 1992) in the pSP73 (Promega)
backbone. Other plasmid templates were pBluescript KS+
(Stratagene) derivatives. pRX15F contains a 350-bp insert com-
prised of 14 iterations of the 25-mer murine immunoglobulin
heavy chain Sp consensus repeat, GCTGAGCTGGGGTG
AGCTGA; pRX15R is identical to pRX15F, except that the in-
sert orientation is reversed; pRX15F3 contains a 1.1-kb insert
comprised of 42 iterations of this same Sp consensus repeat;
pPHG600 contains a 604-bp Pvull-HindIll fragment of the murine
Svy3 switch region; and pTT1 contains a 550-bp insert spanning
the murine VA1 region (Elenich et al. 1996). pRGA4F carries a
small (104-bp) insert comprised of four repeats of a 26-bp se-
quence containing two runs of four Gs with a lone G within the
region separating each G-run, GGGGTCAGCTAGGGGATTC
TAGACTA. This facilitates footprinting, because the Gs within
runs can participate in G4 DNA formation, whereas the lone Gs
cannot, and thus provide an internal control for normalizing the
signal within a lane. All buffers contained at least 20 mM KCl
to maintain stability of G4 DNA.

Plasmids were prepared for in vitro transcription using the
Qiagen maxiprep procedure (Qiagen). Transcription was carried
out for 15 min at 37°C in reactions containing 40 pg/mL super-
coiled plasmid DNA, 1 mM each NTP, and 50 U/mL T7 RNA
polymerase (NEB) in the manufacturer’s buffer supplemented
with 40 mM KCIl. Free RNA was digested by incubation with 20
pg/mL of RNase A for 15 min at 37°C. RNase H digestion was
carried out at 37°C for 30 min with 17 U/mL of RNase H (Roche
Molecular Biochemicals). For transcript labeling, digoxygenin
(Dig)-UTP (Roche Molecular Biochemicals) was included at the
ratio 1:2 Dig-UTP: UTP, and DNA incubated with 3.6 pg/mL of
anti-Dig gold beads (5 nm; Ted Pella, Inc.) in 5 mM EDTA (pH
8.0), 100 mM NaCl at 37°C for 1 h, and cross-linked in 1%
glutaraldehyde for 30 min at 37°C before spreading. Relaxed
templates were produced by incubation of 1.5 ug of plasmid
DNA and 6 U Topoisomerase I (Invitrogen) in a 50-uL reaction
containing 50 mM Tris-Cl (pH 7.5), 50 mM KCl, 10 mM MgCl,,
0.5 mM DTT, 0.1 mM EDTA, 30 pg/mL BSA for 2 h at 37°C;
topology was verified by chloroquine gel electrophoresis. DNA
was diluted 1:10 into restriction buffer and linearized with AfITIT
(NEB), which cuts at a unique restriction site either upstream
(pSP73 backbone) or downstream (pBluescript backbone) of the
T7 promoter. DNA was purified by phenol/chloroform extrac-
tion followed by ethanol precipitation and two 70% ethanol
washes.
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G4 DNA formation in vivo was studied in plasmids propa-
gated in NM232 [E. coli AB1157 (ADE3]] and NM256 [E. coli
AB1157 (ADE3) rnh::cat recQ::kan]. These strains were con-
structed by lysogenization of E. coli AB1157 and ABI1157
recQ::kan (Mendonca et al. 1993) with the A\DE3 prophage (No-
vagen), which expresses T7 RNA polymerase under control of
the lactose repressor, followed by P1 transduction of the
rnh::cat marker from E. coli strain MIC1020 (Itaya and Crouch
1991). Expression of T7 polymerase was induced by addition of
2 mM IPTG to log-phase cells, and 5 min later, cultures were
chilled for 20 min on ice, 5 mL of cells were pelleted, and plas-
mids isolated by a neutral lysis procedure to avoid altering DNA
structures. Cells were resuspended in 0.5 mL of 10 mM Tris-Cl,
1 mM EDTA at pH 8.0 (TE) containing 2 mg/mL of lysozyme
and 20 pg/mL of RNaseA, incubated 5 min at 4°C, then 1 mL of
lysis buffer (0.5 M potassium acetate, 75 mM EDTA, 44 mM
sodium hydroxide, 1% SDS at pH 5.3) was added, the mixture
gently swirled and cleared by centrifugation at 4°C for 20 min at
13 K. Plasmid DNA was purified over a nucleobond AX20 col-
umn (BD Biosciences-Clontech miniprep kit).

GQNI1 cleavage and Nucleolin-428 binding

GQNI1 cleavage was carried out in 25 mM Hepes-NaOH (pH
7.5), 5 mM MgCl,, 50 mM KCI, 10 mM DTT, 7.5% glycerol, 10
ng/mL transcribed plasmid DNA, for 30 min at 37°C (Sun et al.
2001). Following GQNI1 treatment, reactions were deprotein-
ized with 1 mg/mL of proteinase K at 50°C for 20 min, extracted
with phenol/chloroform, precipitated with ethanol, and resus-
pended in sterile water. Loops were scored as cleaved if they
were opened and an arm or end was clearly visible. Competitor
DNAs added were G4 DNA formed from the TP oligonucleotide
(Sun et al. 1998); or single-stranded HMD3 oligonucleotide (AG
GACTTCTGGTCCCTACATTCCCACCTTCCCCAGCTCCC
CCATAGCTGC). Recombinant Nucleolin-428 (Hanakahi et al.
1999) was biotinylated with the Sulfo-NHS biotinylation kit
according to the manufacturer’s protocol (Pierce), and tran-
scribed plasmid DNA was incubated with 15 nM biotinylated
Nucleolin-428 in 20 mM Hepes-NaOH (pH 7.4), 100 mM KCl,
0.2 mg/mL of BSA, 1 mM DTT at 37°C for 30 min, cross-linked
in 1% glutaraldehyde for 30 min at 37°C, DNA linearized, pu-
rified, and incubated with 1 pg/mL of strepatividin gold beads
(10 nm; Ted Pella, Inc.) in TE containing 50 mM NaCl for 30
min at 37°C, then spread.

Transmission electron microscopy

DNA was spread in 40% formamide (Electron Microscopy Sci-
ences), 0.1 mg/mL cytochrome C (Sigma-Aldrich), 100 mM
Tris-Cl, 10 mM EDTA at pH 8.5 (Kleinschmidt 1968). DNA was
lifted onto copper grids coated with 2% parlodion in amylac-
etate (Electron Microscopy Sciences), stained with uranyl ac-
etate, shadowed with evaporated platinum/palladium, and fur-
ther stabilized with evaporated carbon. DNA was visualized
using a JEOL 1010 transmission electron microscope at 40 kV.
Images were captured using a Gatan ultrascan camera and ac-
quired using Gatan Digital Micrograph software. DNA lengths
were measured using NIH Image 1.62 software.

Dimethylsulfate footprinting

Footprinting with DMS (Sigma-Aldrich) was carried out as de-
scribed (Eversole and Maizels 2000), except that 50 mM KCl was
included in all buffers. Transcribed DNAs were treated with
RNase A prior to addition of DMS. Following the removal of
DMS, DNA was heated at 65°C for 20 min in water, and treated
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with RNase H (17 U/mL) and PstI (NEB) for 30 min at 37°C in
NEB3 buffer, and then with BstXI (NEB) at 55°C for 1 h to excise
the insert. DNA was precipitated with ammonium acetate and
then ethanol, washed three times, dried, and then cleaved with
piperidine. DNA was electrotransferred to Hybond N+ nylon
membrane (Amersham Pharmacia Biotech), cross-linked using
the autocross-link option on a Stratalinker 2400 (Stratagene),
and hybridized with 3*P-labeled oligonucleotide probes comple-
mentary to unique sequences immediately 5’ (HMD35, TG
CAGCCCGACCCCTAGT) or 3’ (HMD33, GCCGCCACCGC
GAGATCTCC) of the G-rich insert at 60°C for 4 h in 0.34 M
Na,HPO,, 0.16 M NaH,PO,, 1 mM EDTA (pH 8.0), 7% SDS,
and 5 pg/mL BSA. Membranes were washed and scanned by
PhosphorImager, and signals quantified using Imagequant Soft-
ware (Amersham Pharmacia Biotech). DMS accessibility was
determined by first normalizing signals from each G-run to the
adjacent lone G, and then calculating the ratio of the normal-
ized signals at each G-run in the transcribed and untranscribed
samples.
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