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ABSTRACT

It has been previously shown that the DHX36 gene
product, G4R1/RHAU, tightly binds tetramolecular
G4-DNA with high affinity and resolves these struc-
tures into single strands. Here, we test the ability of
G4R1/RHAU to bind and unwind unimolecular
G4-DNA. Gel mobility shift assays were used to
measure the binding affinity of G4R1/RHAU for uni-
molecular G4-DNA-formed sequences from the Zic1
gene and the c-Myc promoter. Extremely tight
binding produced apparent Ky’s of 6, 3 and 4pM
for two Zic1 G4-DNAs and a c-Myc G4-DNA, re-
spectively. The low enzyme concentrations required
for measuring these Ky ’s limit the precision of their
determination to upper boundary estimates. Similar
tight binding was not observed in control non-G4
forming DNA sequences or in single-stranded DNA
having guanine-rich runs capable of forming tetra-
molecular G4-DNA. Using a peptide nucleic acid
(PNA) trap assay, we show that G4R1/RHAU cata-
lyzes unwinding of unimolecular Zic1 G4-DNA into
an unstructured state capable of hybridizing to a
complementary PNA. Binding was independent
of adenosine triphosphate (ATP), but the PNA trap
assay showed that unwinding of G4-DNA was ATP
dependent. Competition studies indicated that uni-
molecular Zic1 and c-Myc G4-DNA structures inhibit
G4R1/RHAU-catalyzed resolution of tetramolecular
G4-DNA. This report provides evidence that G4R1/
RHAU tightly binds and unwinds unimolecular
G4-DNA structures.

INTRODUCTION

The nucleic acid base guanine has the capacity to base pair
with itself, enabling the formation of alternative nucleic
acid structures that differ from the canonical Watson—
Crick base paired double helix. G4-DNAs (also termed
G quadruplex DNAs) have guanines that form
Hoogsteen-bonded quartets that coordinately bind a
single monovalent cation at the O6 position of each
guanine of the quartet (Figure 1A). Guanine quartets
form the fundamental building block of G4-nucleic acids
(1). Nucleic acid sequences with four appropriately spaced
runs of usually three or more guanine bases can form
structures of stacked guanine quartet subunits, although
in some cases, e.g. the G15D thrombin aptamer (2), as few
as four runs of two guanine bases can form this structure.
Nucleic acid structures containing stacked guanine
quartets demonstrate unusual thermal stability (3).
Although all G4-DNAs have the common stacked
guanine quartet motif, they are heterogeneous with
regard to the number of individual nucleic acid strands
involved and the paired direction of the phosphodiester
backbones of the four strands of the structure. Stable
G4-nucleic acids may contain intra- and/or interstrand
hydrogen bonds along with parallel and/or antiparallel
strand orientations. Sequence, concentration of strands,
and the ionic environment all influence the type of
G4-nucleic acid structures formed (4-6). Some sequences
(especially fully intramolecular G4-DNA) can form poly-
morphic structures that are stable under physiological
conditions, and, in general, intramolecular G4-DNA
must be characterized empirically because ab initio know-
ledge has not developed sufficiently to predict structures
from sequence and solution conditions alone (7).
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Figure 1. CD analysis indicates the presence of G4-DNA in two oligonucleotides (Poly A Zicl DNA 47-mer and c-Myc DNA 51-mer) and the
absence of G4-DNA in a third oligonucleotide (Scrambled Zicl DNA 47-mer). (A) Depiction of guanine quartet structure with each guanine
participating in four hydrogen bonds and a potassium cation coordinately bound (purple). (B-D) Schematic depiction of (B) a tetramolecular,
parallel G4-DNA structure, (C) a unimolecular antiparallel G4-DNA structure, and (D) a unimolecular parallel G4-DNA structure. (E) CD
spectrum of Poly A Zicl DNA 47-mer in 50mM KCI (blue trace 25°C, red trace 37°C, green trace 95°C). (F) Melting curve of Poly A Zicl
DNA 47-mer; molar ellipticity at 263 nm versus temperature in 50 mM KCI (blue trace) or 50 mM LiCl (red trace). (G) CD spectrum of c-Myc DNA
SI-mer in 50mM KCI (blue trace 25°C, red trace 37°C, green trace 95°C). (H) Melting curve of c-Myc DNA 51-mer; molar ellipticity at 263 nm
versus temperature in S0 mM KCI (blue trace) or S0 mM LiCl (red trace). (I) CD spectrum of Scrambled Zicl DNA 47-mer in S0 mM KCl (blue trace
25°C, red trace 37°C, green trace 95°C). (J) Melting curve of scrambled Zicl DNA 47-mer; molar ellipticity at 263 nm versus temperature in 50 mM

KCI (blue trace) or 50mM LiCl (red trace).

The stacked G-quartet structure was first solved in
guanylic acid by Gellert ef al. (1), and this binding motif
was first recognized to form in DNA by Sen and Gilbert
(8) working in vitro with DNA oligonucleotide sequences
from the immunoglobin switch region. Four separate
guanine-rich oligodeoxyribonucleotides formed a parallel,
intermolecular, tetramolecular G4-DNA (Figure 1B). Sen
and Gilbert (8) proposed such structures could form in

the synaptonemal complex of meiotic cells. Although
tetramolecular G4-DNA structures are highly thermally
stable, they have large kinetic barriers of formation,
requiring high concentrations of single-stranded DNA
and long periods of time for formation (9). While spe-
cialized cellular regions could form tetramolecular G4-
DNA, the most common G4-DNA structure predicted
to form in cells is the fully intramolecular, unimolecular



G4-DNA species. Unimolecular G4-DNA formation was
first observed by Williamson ez al. (10) in oligodeoxyri-
bonucleotide sequences of the Oxytrichia 3’ telomeric
single-stranded overhang. Unimolecular G4-DNA struc-
tures have both thermal stability and low first-order
kinetic barriers of formation (11). Furthermore, unimol-
ecular G4-DNA is commonly stabilized best by a K"
containing ionic environment (3,12,13), as found in mam-
malian nuclei. Many of these structures can also be
stabilized in an equimolar Na* environment, albeit to a
lesser extent as evidenced by a lowered T,,. Two bio-
informatics studies have suggested a canonical sequence
predicting unimolecular G4-DNA formation that requires
four runs of at least three tandem Gs with three loop
regions (Ns) in between the G runs; the canonical
putative quadruplex sequence (PQS) is summarized in
the formula: d(G3,5N1,6G3,5N1,6G3,5N1,6G3,5) (14,15)
These two studies found approximately 375000 PQS in
the human genome using distinctly different sequence
search approaches (14,15). These determinations are
probably underestimates of the true number of PQS in
the human genome, since stable DNA aptamers, e.g. the
thrombin aptamer (2), have been found with four
guanine runs of as few as two tandem guanines.

The most direct evidence of the presence of G4-nucleic
acid structures in vivo comes from studies of unimolecular
and bimolecular G4-DNA structures (16,17). Commonly,
telomere sequences have a 3’ overhang that remains single
stranded, and most telomere sequences meet the canonical
sequence requirements to form intramolecular G4-DNA
structures. Specific antibodies to G4-DNA were observed
to bind to telomeres of the macronuclear chromosomes of
the ciliate Stylonychia lemnae. This work included import-
ant controls to address the issue of whether the antibody
was inducing G4-DNA structures (18,19). A carbazole
derivative dye exhibited a G4-DNA binding-dependent
fluorescence emission wavelength shift when staining the
telomeres of human mitotic chromosomes, suggesting the
presence of antiparallel unimolecular G4-DNA (20). An
inducible gene containing the immunoglobin Sp and Sy3
switch regions cloned into an Escherichia coli plasmid
produced G4-DNA structures within the non-template
strand of the D-loop created upon transcription induction
(21). Furthermore, a number of DNA sequences have
been shown in vitro to readily form unimolecular
G4-DNA structures under physiological salt conditions.
These PQS are located within key control regions of im-
portant genes, including the aforementioned immuno-
globin switch region (8), the d(pCGG) repeats of the
fragile X mental retardation gene (22) and the promoter
regions of a number of proliferation-associated genes such
as c-Myc (23.,24), PDGF-A (25), RET (26), the diabetes
susceptibility locus (27) and the human insulin gene (28).
Also, within transcribed regions of genes, unimolecular
PQS have been found in 5-UTRs of genes such as Zicl
and NRAS (29,30), and also near intron splicing and poly
(A) addition sites of genes (31,32). Although there is
interest in the consequences of G4-RNA formation within
these gene transcripts (29,30), it is also important to note
that the non-template strand of these transcribed genes is
capable of forming G4-DNA, which becomes more

Nucleic Acids Research, 2011, Vol.39, No. 16 7163

probable as transcription increases. Such transcription-
associated G4-DNA formation has been observed in the
non-template strand of transcribed sequences of
immunoglobin Sp and Sy3 switch regions in a constructed
plasmid (21).

Considering that the melting temperature of most
G4-DNAs that conform to the PQS sequence are pre-
dicted to be above 41°C under physiological salt condi-
tions, it has been hypothesized by a number of researchers
that, once G4-DNAs form in vivo, they must be resolved
by enzymes that specifically recognize and unwind such
structures. In this regard, we identified the first human
tetramolecular G4-DNA resolving activity from cell
lysates and began to characterize the nucleoside
triphosphate (NTP) utilization requirement of this
activity (33). Subsequently, a number of genes related to
genomic instability syndromes have been demonstrated to
code for enzymes possessing G4-DNA unwinding activity
in vitro, including the RecQ homologs BLM (34) and
WRN (22) and the FANCJ protein (35). However,
further purification, mass spectrometric identification
and recombinant expression studies revealed that the
original G4-DNA resolving activity that we observed in
human cell lysates did not reside in one of the above men-
tioned proteins; rather, it resided in the DHX36 gene
product G4R1/RHAU (36). Furthermore, G4R1/RHAU
was observed to be responsible for the major
tetramolecular G4-DNA resolving activity in HeLa cells
(36,37), which conformed to the expectations of isolating a
major activity through a biochemical approach rather
than a genetic one.

G4R1/RHAU is the protein product of the DHX36
gene, a member of the DEAH box family (36). It is a
115kDa protein containing a highly conserved helicase
core that contains sequence motifs, e.g. the Walker A
and Walker B box motifs, in common with RecQ heli-
cases. Full-length recombinant G4R1/RHAU has been
shown to bind tightly to tetramolecular G4-DNA and
G4-RNA with Ky’s of 77 = 6 pM and 39 + 6 pM, respect-
ively, and to efficiently unwind these tetramolecular struc-
tures into monomers in the presence of adenosine
triphosphate (ATP) (37). G4R1/RHAU requires an un-
structured loading region of at least seven bases 3’ of the
G4-DNA  structure for efficient resolution  of
tetramolecular molecules; no such extension of nucleotides
were required at the 5'-end of the G4-DNA structure for
unwinding (S. Creacy, S. Akman and J. Vaughn, unpub-
lished results). These results suggest that the enzyme loads
on the 3’-end of tetramolecular G4-DNA structures and
translocates in the 3’ to 5’ direction. Recent deletion
studies have shown that about a 100 amino acid
N-terminal region of the protein is responsible for most
of its binding affinity to tetramolecular G4 structures (38).
However, our previous work did not address the question
of whether G4R1/RHAU can bind and unwind the single-
stranded molecules of unimolecular G4-DNA, which are
the G4-DNA structures most expected to commonly form
in cells. In this study, we assessed the binding and reso-
lution activity of full-length recombinant human G4R1/
RHAU upon unimolecular G4-DNA structure, and found
that G4R1/RHAU binds tightly to this structure.
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Moreover, G4R1/RHAU catalyzes unwinding of unimol-
ecular G4-DNA into an unstructured form capable of hy-
bridization with a Watson—Crick complementary peptide
nucleic acid (PNA).

MATERIALS AND METHODS
Circular dichroism spectropolarimetry

Circular dichroism (CD) experiments were performed on
an AVIV Model 202 CD spectrometer equipped with a
thermoelectrically controlled cell holder. A 1 pM solutions
of G4-DNA were prepared in 10mM Tris-HCI, pH 7.5,
I mM EDTA + 0-50mM KCI or LiCl. Quartz cells with
1 cm path length were used for all experiments. CD spectra
were recorded in the UV (200-350 nm) regions with 1 nm
increments with an averaging time of 2 s. Thermal stability
of G4-DNA was assessed by recording molar ellipticity at
263 nm as a function of temperature. The temperature was
raised in 2°C increments; stirred samples were allowed to
equilibrate for each temperature setting for 30s. Molar
ellipticity data were collected in the temperature range
25-98°C.

G4-DNA formation and quantification

Oligonucleotides [unlabeled or 5" 5,6-carboxytetramethyl-
rhodamine (TAMRA)-labeled] were purchased from
either Oligos Etc. or Integrated DNA Technologies.
Tetramolecular G4-DNA was formed from oligonucleo-
tide Z33 (Table 1) by a previously described procedure
(33) that results in over 99% conversion of monomer to
tetramolecular G4-DNA. Unimolecular G4-DNA was
formed in various oligonucleotides (Table 1) by dissolving
them at a concentration of 0.5mM in 10 mm Tris—HCI,
I mM EDTA, pH 7.5. Oligonucleotide solutions were ali-
quoted into polymerase chain reaction (PCR) tubes and
incubated in a thermocycler (Eppendorf epGradient S) at
98°C for 10 min, then held at 80°C. Immediately the tubes
were opened and KCl was added to a final concentration
of 25mM. The tubes were reclosed and allowed to come
slowly to room temperature. Aliquots were combined and
stored at 4°C for 2-3 days. Tetramolecular G4-nucleic
acids formed from 5-TAMRA-labeled oligonucleotides
were further purified by electrophoresis on a 10% poly-
acrylamide gel and band excision. Electrophoretic bands
containing G4-DNA were recovered by electroelution in
a Schleicher and Schuell Elutrap with 1 x TBE (89 mM
Tris-Borate, pH 8.3, 2.5mM EDTA) buffer additionally

Table 1. DNA oligonucleotides used in this work

containing 3mM KCI. The Elutrap was run with buffer
recirculation. 5-TAMRA-labeled G4 nucleic acids were
aliquoted and stored at —20°C or lower.

G4-DNA concentrations were determined by absorb-
ance of 260 nm light using a Smart Spec 3000 UV spec-
trophotometer (Bio-Rad). The molar extinction coefficient
for each oligonucleotide was determined by the instru-
mental software after inputting the base composition of
each.

5/-[**PJ-end labeling of G4 nucleic acids

[*°P]-end-labeled G4 oligonucleotides were obtained by
incubating unlabeled oligonucleotides previously treated
to form G4-DNA as described above, with T4 polynucleo-
tide kinase (Promega Corporation) and [y->*P] ATP for
0.5h at 37°C, according to the manufacturer’s instruc-
tions. 5'-[*’P] end-labeled oligonucleotides were purified
with a MicroSpin G25 column (GE Healthcare) equili-
brated with TEK (10 mM Tris, I mM EDTA and 50 mM
KCI) buffer and stored at —20°C.

Gel mobility shift assay and apparent K; determination
for G4R1/RHAU-oligonucleotide complexes

We have previously described the isolation of recombinant
G4R1/RHAU from Rosetta 2 cells (36, 37). It should be
noted that we have found that the addition of 0.02%
B-lactalbumin protein as a stabilizer is important for iso-
lation of enzyme of high-specific activity. However,
because B-lactalbumin carrier is the dominant protein in
preparations of G4R1, it was necessary to quantify
G4R1 with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie blue
staining instead of using solution quantification tech-
niques. Purified recombinant G4R1/RHAU was quantified
in the following protocol: 15ul of purified recombinant
G4R1/RHAU was loaded on a standard 5% stacking/
12% resolving SDS—polyacrylamide gel and the loading
was compared to known amounts of standard; 0.0625,
0.125, 0.250, 0.500 and 0.750pug of Promega Broad
Range Molecular weight markers per band (cat no
V849A). The gels were stained with ProtoBlue Safe
Colloidal Coomassie G-250 stain (National Diagnostics,
EC-722) per manufacturer’s instructions, destained and
scanned on an Epson Perfection 2450 Photo scanner with
Epson SilverFast TWAIN. Densitometric measurements
of bands representing recombinant G4R1/RHAU and
three proteins in the marker that were of similar size

Oligo name Sequence (5'-3")

Poly A Zicl DNA (47-mer)
c-Myc DNA (51-mer)
Scrambled Zicl DNA (47-mer)
Poly T Zicl DNA (47-mer)
(HHN)11 DNA (33-mer)
PolyA DNA (47-mer)

Poly T DNA (47-mer)

PNA (11-mer)

Z33 DNA (33-mer)

5'-AAA AAA AAA AGG GT GGG GGG GCG GGG GAG GCC GGG GAA AAA AAA AA-3
5-GGC CGC TTA TGG GGA GGG TGG GGA GGG TGG GGA AGG TGG GGA GGA GAC TCA-3
5'-AGA AGA GAG AGA GTG AGA GAG ACG AGA GAG GCC GAG AAG AGA GAG AG-¥
S-TTT TTT TTT TGG GTG GGG GGG GCG GGG GAG GCC GGG GTT TTT TTT TT-¥

5“-HHN HHN HHN HHN HHN HHN HHN HHN HHN HHN HHN-3'

5'-AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AA-3
S-TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TT-3'

H2N-CCC CCC CCA CCC-Lys-COOH

5'-AAA GTG ATG GTG GTG GGG GAA GGA TTT TCG AAC-3




(150, 100 and 75kDa) were then made using Fuji
Multiguage software. Linear regression analysis of the
three standard proteins’ titration series gave similar
curves. The concentration of rG4R1/RHAU was then
extrapolated from the titration series, yielding a final con-
centration of 223 £ 18nM (n =9). To determine the
accuracy of the Promega Broad Range Molecular Weight
Markers (V849A) that were used to quantify rG4R1 via
Coomassie staining, bovine serum albumin (BSA)
(Pierce, # 23209) and [-galactosidase (Sigma, # 5635-
1KU) were precisely quantified via spectrophotometry at
280 nm using extinction coefficients. BSA and B-galactosi-
dase were chosen because their histidine, arginine and
aromatic amino acid contents are similar to rG4R1. 150
and 300 ng aliquots of each protein (as determined spectro-
photometrically) were loaded and run on a typical 5%
stacking/12% resolving polyacrylamide gel next to a titra-
tion of the Promega Broad Range Molecular Weight
markers (31.3, 62.5, 125, 250, 500ng); these titrations
were done in triplicate. Gels were then stained with
Coomassie R-250 (50mg/100ml of 50:10:40 v/v metha-
nol:acetic acid:H,0) and then destained with 30:10:60 v/v
methanol:acetic acid:H,O. The three proteins that were
originally used to determine rG4R1 concentration via
Coomassie staining (75, 100, 150 kDa bands of Promega
# V849A) were used to generate three standard curves
(n=9). Amounts of BSA and p-galactosidase were
extrapolated and compared to the amounts that were
loaded based upon the spectrophotometrically determined
values, respectively. We observed that the two methods
(spectrophotometric versus in-gel Coomassie determin-
ation of protein concentration) differ by 20-49%
(<2-fold, data not shown). The apparent Ky of G4R1/
RHAU bound to unimolecular G4-DNA was estimated
by GMSA.

Recombinant G4R1/RHAU at concentrations of 2—-300
pM was incubated with 1 pM 5'-[**Plend-labeled G4-DNA
in K-Res (100mM KCI, 10mM NaCl, 3mM MgCl,,
50mM Tris acetate, pH 7.8, 70mM glycine, 0.012%
bovine a-lactalbumin, 10% glycerol) buffer with 10 mM
EDTA at 37°C for 30 min. Binding mixtures were then
loaded and analyzed by 10% non-denaturing PAGE.
Electrophoresis was performed at 70 V for 15h in a cold
room (7°C). Gels were imaged on a Typhoon 9210 Imager
(GE Healthcare). Band densities were analyzed using
Multi Gauge (Fuji) software and statistical analysis was
performed with MS Excel. The apparent Ky value was
estimated from each model as the concentration of
enzyme at which 50% of target DNA substrate was
bound for three separate experiments for each DNA. In
selected experiments in which data were obtained at
closely spaced 0.5-1 pM intervals over a broad range of
DNA substrate concentrations, the data were fitted to a
saturable single site binding model:

_ Bmax[Substrate]

B=
K4+[Substrate]

(1)
Here B,y is the fractional degree of saturation of receptor
with ligand at large excess, and Ky is the equilibrium
affinity constant expressed in molarity. Nonlinear
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regression analysis (SigmaPlot 11.0, Systat, San Jose,
CA, USA) yielded B.x, Kq and the standard deviation
of these fitted parameters. A linear regression analytic fit
of 1/[Bound Substrate] as a function of 1/[G4R1/RHAU]
was also performed.

kg determination

A 1500 pul solution of 1 pM 5-[**P]-Poly A Zicl 47-mer
G4-DNA and 200pM G4R1/RHAU was incubated at
37°C for 30min under standard GMSA conditions
(described above). Following incubation, a 200 ul sample
of the binding mixture was removed and placed at —80°C
to be used as a positive binding control. At this point,
20uM unlabeled Poly A Zicl 47-mer G4-DNA was
added to the binding mixture and maintained at 37°C.
At 0, 1, 2, 24, 48 and 72 h following the addition of un-
labeled competitor, 200 pl samples of the binding mix were
removed and placed at —80°C. As a negative control a
reaction in which 20nM of unlabeled Poly A Zicl
47-mer G4-DNA was added to 1 pM 5-[**P] end-
labeled-Poly A Zicl 47mer G4-DNA prior to incubation
with G4R1/RHAU was included to demonstrate that
20nM of unlabeled Poly A Zicl 47-mer G4-DNA is suf-
ficient to block detection of binding of 5-[**P] end-
labeled-Poly A Zicl 47mer G4-DNA to G4R1/RHAU.
Following the completion of the 72 h time point, binding
mixtures were simultaneously thawed and analyzed by
10% non-denaturing PAGE. Electrophoresis was per-
formed at 70V for 15h in a cold room (7°C). Gels were
imaged on a Typhoon 9210 Imager (GE Healthcare).
Band densities were analyzed using Multi Gauge (Fuji)
software.

Dimethyl sulfate treatment of poly A Zicl DNA

Poly A Zicl DNA 47-mer oligonucleotide was treated
with dimethyl sulfate using a slight modification of the
method of Maxam and Gilbert (39). A Total of 250 pM
poly A Zicl DNA 47-mer was added to a 50 ul reaction
volume containing 50 mM sodium cacodylate, pH 8.0,
ImM EDTA. Samples were chilled on ice for 5Smin
followed by heating at 95°C for 5min, after which 2 pul
(1:4 ethanol v/v) dimethyl sulfate was added and
incubated at 37°C for 30 min.

PNA hybridization and PNA trap assay

Electrophoretic mobility standards for the two isomers
of Poly A Zicl DNA 47-mer G4-DNA (Figure 5 and
Supplementary Figure S4, Bands 1 and 2) and the Poly
A Zicl DNA 47-mer:PNA hybrid (Figure 5 and
Supplementary Figure S4, Band 3) were prepared by
adding 100pM or 1nM 5-[*P]-labeled Poly A Zicl
DNA 47-mer G4-DNA to K-RES buffer, 10mM ATP
and 0, 10, 100,500 nM, or 10 uM PNA (with Watson—
Crick complementarity to the internal Poly A Zicl DNA
47-mer PQS) in a 30 pl final volume. Solutions were held
at 98°C for 10 min and then cooled to room temperature.
In order to assess G4R1/RHAU-catalyzed unwinding of
unimolecular G4-DNA by trapping of the open product
with a complementary PNA, 100 pM or 1nM 5-[**P]-
labeled Poly A Zicl DNA 47-mer G4-DNA was added
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to RES buffer, 10 mM ATP [or adenosine 5'-(B, y-imido)-
triphosphate (AMP-PNP) in selected experiments], 10 nM
complementary PNA and a dilution series of active recom-
binant G4R1/RHAU enzyme that included 0, 28.5, 463
fM, 1.85, 115 and 7.40 pM, each in a 30 ul final volume.
An identical series of reactions were prepared in which
recombinant G4R1/RHAU was held at 98°C for 10 min
prior to the reaction to destroy the catalytic activity of the
enzyme, or wild-type enzyme was replaced with mutant
G4R1/RHAU containing an E—A substitution at
amino acid position 335 in the Walker B box
that abolishes ATPase activity (40), to serve as nega-
tive controls. Additionally, a set of 30l reactions was
made containing 1nM of 5-[*’P]-labeled Poly A Zicl
DNA 47-mer G4-DNA in K-RES buffer, 10mM ATP,
in the absence of complementary PNA and an identical
dilution series of active recombinant G4R1/RHAU as
described above. All reactions were incubated at 37°C
for 30 min, dropped to 4°C and stopped by adding 5 pl
of 0.5M EDTA and mixing. Reactions were then
directly loaded (monitored visually by Schlieren lines)
alongside of a set of electrophoretic mobility stand-
ards (prepared as described above) and analyzed on a
10% non-denaturing PAGE TBE gel with 10% glycerol.
Gels were imaged on a Typhoon 9210 Imager (GE
Healthcare).

G4-DNA inhibition assay

Tetramolecular G4-DNA  resolving activity — was
determined as previously described (33) but with K-RES
buffer. 2nM of 5-TAMRA-labeled tetramolecular
G4-DNA and 1 U of recombinant G4R1/RHAU were
included per 50-pl reaction. Unlabeled inhibitor unimol-
ecular G4-DNA oligonucleotides, including c-Myc 51-mer
and Poly A Zicl DNA 47-mer (Table 1), were added to
some reactions in a 0- to128-fold molar excess of inhibitor
to labeled tetramolecular G4-DNA substrate. Reactions
were allowed to proceed at 37°C for 30 min, stopped by
addition of 5pl of 200mM EDTA, and analyzed by elec-
trophoresis through a 10% non-denaturing polyacryl-
amide TBE gel with 10% glycerol. Gels were scanned on
a Typhoon 9210 Imager (GE-Healthcare) and images were
analyzed using Multi Gauge version 3.0 imaging software
(Fuji). Statistical analysis was done in MS Excel 2003 and
standard deviations were calculated by the STDEV
function.

RESULTS

Circular dichroism spectropolarimetry was used to
determine unimolecular G4-DNA formation in
test DNA oligonucleotides

Our first goal in studying the interaction of G4R1/RHAU
with unimolecular G4-DNA was to form G4-DNA struc-
tures within DNA oligonucleotides of Zicl and c-Myc and
then to confirm and characterize the presence of these
G4-DNA structures. CD spectra, combined with melting
curve analysis in buffer containing S0mM K* or Li',
indicated the formation of G4-DNA.

The differential absorption of circularly polarized light
measured by CD is attributable to the presence of chiral
structure within the oligonucleotides and has been previ-
ously used to characterize G4-DNA in oligonucleotides
(41,42). Typically, unimolecular parallel G4-DNA struc-
tures (Figure 1D) produce a peak of molar ellipticity at
~260nm, while anti-parallel G4-DNA structures
(Figure 1C) produce a peak of ellipticity at 290 nm. The
Poly A Zicl DNA 47-mer and the c-Myc DNA 51-mer
both contain G-rich sequences that conform to the
formulae for formation of unimolecular G4-DNA
(14,15). Table 1 shows all sequences used in this study in
the order they are reported in the ‘Results’ section.
G4-DNA forming regions are bolded. CD spectra
indicate that both the Poly A Zicl DNA 47-mer and the
c-Myc Sl-mer (Figure 1E and G) show peaks of molar
ellipticity at ~260nm that are suggestive of parallel
G4-DNA structures in 50mM KCI at both 25°C (blue
trace) and 37°C (red trace). The thermal stability of
this CD signal is expected from G4-DNA, which is typic-
ally stable well above 37°C in KCI solution. However,
at 95°C (green trace in Figure 1E and G) the molar ellip-
ticity significantly diminishes at 260nm, as would be
expected for the destabilization of a chiral structure un-
folding at the higher temperature and thereby losing
its chirality. Note that the CD spectrum of the scrambled
Zicl 47-mer sequence (Figure 1I), which is an oligo-
nucleotide not expected to have G4-DNA, shows a
similar peak of ellipticity at 260 nm at 25°C (blue trace).
However, this structure was destabilized at both 37°C and
at 95°C, displaying a significantly diminished ellipticity at
260 nm for both temperatures (Figure 11, red trace and
green trace). The fact that this structure was not stable
at 37°C suggests it is unlikely to possess a stable
G4-DNA structure. This was further confirmed by
melting studies in the presence of K and Li", discussed
below.

A hallmark of G4-DNA is stabilization by K ions and
destabilization by Li* ions (3,4,7,13,43). Atomic modeling
has suggested that K™ coordinately bonds between two
stacked G-quartets as an ‘optimal fit’. However, the
most accepted explanation of the superior stabilization
of G4-DNA by K" is that it is energetically easier to de-
hydrate K" ions (44). Because of enhanced stability, G4
structures are predicted to have higher melting tempera-
tures in K™ solutions than in Li" solutions. We tested the
melting behavior of oligonucleotide structures by moni-
toring the changes in peak height of molar ellipticity at
263 nm in the presence of K and Li" with increasing tem-
perature (Figure 1F, H and J). Poly A Zicl DNA 47-mer
and the c-Myc Sl-mer exhibited the characteristic CD
spectral changes for unimolecular G4-DNA structures in
the presence of both cations, as expected. The T,,s,
defined as the temperatures of 50% depression of the
263 nm ellipticity peak, were well above 60°C for the
G4-DNA structures of both oligonucleotides in K.
However, the T, in KCI was higher than the 7}, in LiCl
for each G4-DNA structure. The Poly A Zicl DNA 47-mer
exhibited a T,, in 50mM KCI of ~80°C (Figure 1F,
blue trace), while its 7, in 50mM LiCl was ~70°C
(Figure 1F, red trace). The c-Myc 51-mer DNA similarly



showed greater stabilization by K" (Figure 1H), although
its Ty, in both 50 mM KCI and LiCl was somewhat lower
than the Poly A Zicl DNA oligonucleotide in the
presence of the corresponding cation. The CD spectrum
of the scrambled Zicl 47-mer control (which has the
same nucleotide content but a different sequence order
as the Poly A Zicl DNA 47-mer) exhibited an ellipticity
peak at 263 nm; however, this signal was completely lost
by raising the temperature to 40°C. Furthermore, the
peak of ellipticity at 263 nm observed in the scrambled
Zicl 47-mer spectrum diminished by 50% at a lower tem-
perature in KCIl than in LiCl (Figure 1J), a behavior
which is inconsistent with G4-DNA  structure.
Therefore, these CD results indicate that G4-DNA was
formed in the Poly A Zicl DNA 47-mer oligonucleotide
and the c-Myc 51-mer oligonucleotide, but not in the
scrambled Zicl 47-mer control DNA.

The temperature and cation dependence of the CD
spectra of a number of other oligonucleotides that were
used in G4R1/RHAU binding studies (Figure 3) were
similarly assessed (data not shown). In all cases, only
single-stranded DNA oligonucleotides with canonical
G4-DNA sequences conforming to the unimolecular
G4-DNA formulae (14,15) met the criteria of: (i) exhibit-
ing a positive peak of ellipticity at 263 nm; (ii) displaying a
CD spectrum that was stable above 37°C but which
destabilized at near 95°C; and (iii) exhibiting a 50%
decrease in signal of ellipticity at 263 nm (defined as a
T.) at a significantly higher temperature in 50 mM KCI-
than in 50 mM LiCl-containing buffer. Oligonucleotides
that failed to meet these criteria and also failed to
exhibit a positive peak of ellipticity at 290 nm were inter-
preted as not forming true unimolecular G4-DNA struc-
ture. All putative non-G4-DNA-forming control
sequences used in these studies exhibited CD spectra
that failed to meet these 3-fold criteria for the presence
of G4-DNA structure.

Although the CD spectra and cation-dependent thermal
stability studies indicate that the Poly A Zicl DNA 47-mer
and c-Myc 51-mer oligonucleotides anneal into par-
allel stranded G4-DNA structures, these studies do not
distinguish intramolecular from intermolecular
G4-DNA. In this regard, stoichiometry studies were per-
formed to determine whether the G4-DNA structure
formed by Poly A Zicl DNA 47-mer was intra- or inter-
molecular. A 1nM Poly A Zicl DNA 47-mer was mixed
with equimolar poly A Zic 1 DNA 37-mer prior to
forming G4-DNA by our standard annealing protocol.
Poly A Zicl DNA 37-mer has an identical G4-DNA-
forming sequence to Poly A Zicl DNA 47-mer; the only
difference between these two oligonucleotides is that
the core sequence in Poly A Zicl DNA 37-mer is
flanked only on the 5-end by d(pA),o, whereas Poly A
Zicl DNA 47-mer is flanked on both ends. Non-
denaturing PAGE after annealing the mixed oligonucleo-
tides revealed only bands whose electrophoretic mobility
corresponded to that of Poly A Zicl 37-mer G4-DNA and
Poly A Zicl 47-mer G4-DNA (Supplementary Figure S1).
No bands of intermediate electrophoretic mobility indica-
tive of intermolecular G4-DNA structure formation
between oligonucleotides of different lengths were
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observed. Thus, under our annealing conditions, poly A
Zic DNA forms an intramolecular G4-DNA structure
exclusively.

G4R1/RHAU binds unimolecular G4-DNA with an
apparent Ky in the picomolar range while non-G4-
containing DNA does not display tight binding

The ability of G4R1/RHAU to bind unimolecular
G4-DNA was ascertained by the gel mobility shift assay
(GMSA). In previous studies, we observed that the
addition of EDTA to the G4RI/RHAU resolution
buffer inhibits unwinding of, but not binding to,
tetramolecular G4-nucleic acid structures, allowing us to
determine an apparent Ky for binding tetramolecular
G4-DNA (37). This same approach was used to determine
apparent Ky's for unimolecular G4-DNA-containing
oligonucleotides and non-G4-DNA-containing control
oligonucleotides. Binding reactions were performed by
incubating increasing concentrations of recombinant
full-length human G4R1/RHAU enzyme with a fixed con-
centration of 5'-[**P]- end-labeled oligonucleotides. A fine
titration of increasing concentrations of the DNA oligo-
nucleotide Poly A Zicl DNA 47-mer with a fixed concen-
tration of G4R1/RHAU indicated that 70% of G4R1/
RHAU molecules possessed DNA binding activity
(Supplementary Figure S2; a single site binding model
was assumed). Figure 2A, E and I shows representative
GMSAs of three DNA oligonucleotides (Poly A Zicl
47-mer DNA, Poly T Zicl 47-mer DNA and c-Myc
51-mer DNA), each of which possess unimolecular
G4-DNA by CD criteria; each of these oligonucleotides
binds G4R1/RHAU at remarkably low enzyme
concentrations.

We initially studied binding of G4R1/RHAU to an
oligonucleotide (termed Poly A Zicl DNA 47-mer) with
d(pA) tails attached to both the 5 and 3’of a 27-mer
sequence present in the 5 untranslated region of the
coding sequence of the transcription factor Zicl
(Table 1). The d(pA);, tails were added as unstructured
ends that might maximize performance of the enzyme.
Nearly 80% of the 1 pM Poly A Zicl G4-DNA 47-mer
was bound at a G4R1/RHAU concentration of 10 pM
(Figure 2A, lane 4). The bound complexes formed a
broad band of electrophoretic mobility in the higher
molecular weight region of the gel, demonstrating
retarded migration. In order to determine the apparent
K4 for the Poly A Zicl G4-DNA:G4R1/RHAU inter-
action, a fine titration was performed and the concentra-
tion of G4R1/RHAU was raised in 0.5-1 pM increments
in the binding reactions (Figure 2B). The percent bound
Poly A Zicl G4-DNA as a function of G4R1/RHAU con-
centration was fit directly using Equation (1) (Figure 2C)
and via a double reciprocal plot (Figure 2D) to a
hyberbolic, saturable, single site binding model. Ky for
the Poly A Zicl DNA:G4R1/RHAU interaction was
5.7+ 0.2 pM.

To determine if the d(pA);o sequence influenced the low
apparent Ky observed, we replaced the d(pA);q tails with
d(pT) tails of the same length and repeated the GMSA.
At a concentration of 10 pM of G4R1/RHAU >80% of 1
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Figure 2. Equilibrium binding GMSAs of purified recombinant G4R1/RHAU incubated with unimolecular G4-DNA-containing oligonucleotides
yield apparent Ky values in the low picomolar range. (A, B, E, F, I and J) are representative (of three repetitions) phosphorimages of non-denaturing
gel electropherograms of GMSAs; the top triangles indicate the direction of increasing G4R1/RHAU concentration. GMSA of 1 pM 5'-[**P-labeled
(A) unimolecular Poly A Zicl 47-mer G4-DNA, (E) unimolecular Poly T Zicl 47-mer G4-DNA, (I) c-Myc 51-mer G4-DNA incubated with a broad
range of concentrations of G4R1/RHAU (lane 1, 0 pM; lane 2, 1 pM; lane 3, 5 pM; lane 4, 10 pM; lane 5, 20 pM; lane 6, 40 pM; lane 7, 80 pM).
GMSA of 1| pM 5'-[**P]-labeled unimolecular (B) Poly A Zic 47-mer G4-DNA, (F) Poly T Zicl 47-mer G4-DNA, (J) c-Myc 51-mer G4-DNA
incubated with concentrations of G4R1/RHAU that were increased in small (0.5-1 pM) increments between (B) lanes 1-12, (F) lanes 1-10, or (J)
lanes 1-6, followed by larger increments up to 80 pM. Binding data for Poly A Zicl 47-mer G4-DNA, Poly T Zicl 47-mer G4-DNA, and c-Myc
SI-mer G4-DNA were directly fit by non-linear regression to a hyperbolic equation (Panels C, G and K, respectively) and to a double reciprocal
linear equation by linear regression (Panels D, H and L, respectively). Error bars are Mean + SD, n = 3 independent experiments.

pM of Poly T Zicl G4-DNA 47-mer DNA bound the
enzyme (Figure 2E, lane 4). The bound Poly T Zicl
G4-DNA-enzyme complex appeared as a main single
band with a faster electrophoretic mobility than the Poly
A Zicl G4-DNA 47-mer-enzyme complex (compare
Figure 2A and E). In addition to the main band of Poly
T Zicl G4-DNA:G4R1/RHAU complex, slower mobility
molecular complexes were also observed in the upper most
regions of the gel. Careful titration of the G4R1/RHAU
concentration in the binding reactions (Figure 2F)
demonstrated a Ky for the Poly T Zicl G4-DNA:G4R1/
RHAU interaction of 2.4 + 0.2 pM (Figure 2G and H).
Binding of the G4-DNA-containing c-Myc S1-mer of
complete native sequence (without 3’- or 5-unstructured
sequence tags) to G4R1/RHAU was also evaluated by
GMSA. Similar to the Zicl G4-DNA oligonucleotides,
>50% of 1 pM c-Myc G4-DNA S1-mer was shifted in
the presence of 10 pM G4R1/RHAU (Figure 2I, lane 3).

The bound complexes appeared as two main band regions
in the gel, with the most prominent complex observed with
the slowest mobility band near the loading origin of the
gel, suggesting possible self-association of G4-DNA:
G4R1/RHAU bound complexes. Careful titration of the
G4R1/RHAU concentration in the binding reactions
(Figure 2J) demonstrated a K4 for the c-Myc 51-mer
G4-DNA:G4R1/RHAU interaction of 4.4 + 0.6 pM
(Figure 2K and L). Overall, GMSA results indicate the
enzyme possesses a remarkably tight and similar dissoci-
ation constant for each of the G4-DNA-containing
oligonucleotides.

In order to determine whether tight binding of G4R1/
RHAU is specific for oligodeoxyribonucleotides that
contain G4-DNA structures, we measured apparent
binding affinity of the enzyme for a number of 5-[**P]-
end-labeled control oligonucleotides (Figure 3A-D), each
of which did not contain G4-DNA structure by the CD
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Figure 3. Equilibrium binding GMSAs of purified recombinant G4RI1/RHAU incubated with oligonucleotides not containing unimolecular
G4-DNA shows that G4R1/RHAU does not tightly bind these substrates and suggests the enzyme has specificity for G4-DNA structures. (A-D)
Phosphorimages of representative (of three repetitions) nondenaturing gel electropherograms of GMSAs; the top triangles indicate the direction of
increasing G4R1/RHAU concentration. GMSA of (A) 1 pM 5-[**P]-labeled d(pHHN);; randomized DNA oligonucleotide incubated with increasing
amounts of G4R1/RHAU (lane 1, 0 pM; lane 2, 30 pM; lane 3, 50 pM; lane 4, 75 pM; lane 5, 100 pM; lane 6, 150 pM; lane 7, 300 pM). (B) 1 pM 5'-
[**P]-labeled Scrambled Zicl single-stranded DNA oligonucleotide incubated with increasing amounts of G4R1/RHAU (lane 1, 0 pM; lane 2, 30 pM;
lane 3, 50 pM; lane 4, 75 pM; lane 5, 100 pM; lane 6, 150 pM; lane 7, 300 pM). (C) 1 pM 5-[**P]-labeled Poly A single-stranded DNA
oligonucleotide incubated with increasing amounts of G4R1/RHAU (lanes 1-5, 0-300 pM; lane 6, Poly A DNA Zicl 47-mer G4-DNA incubated
in the absence of G4R1/RHAU; lane 7, Poly A Zicl DNA 47-mer G4-DNA incubated with 50 pM G4R1/RHAU). (D) 1 pM 5-[**P]-labeled Poly T
single-stranded DNA oligonucleotide incubated with increasing amounts of G4R1/RHAU (lanes 1-7, 0-300 pM; lane 8, Poly A Zicl DNA 47-mer
G4-DNA incubated with 30 pM G4R1/RHAU; lane 9, Poly A DNA Zicl 47-mer G4-DNA incubated in the absence of G4R1/RHAU). (E) 10 pM
5'-[**P]-labeled unstructured single-stranded Z33 oligonucleotide (lanes 1-7) or a mixture of unstructured and tetramolecular G4-DNA-structured
733 (lanes 8-14) incubated with increasing amounts of G4R1/RHAU (lanes 1 and 8, 0 pM; lanes 2 and 9, 30 pM; lanes 3 and 10, 50 pM; lanes 4 and
11, 75 pM; lanes S and 12, 100 pM; lanes 6 and 13, 150 pM; lanes 7 and 14, 300 pM). (F) ko determination for a unimolecular G4-DNA bound to
G4R1/RHAU. 1 pM 5-[**P]-labeled Poly A Zicl 47-mer G4-DNA was bound to 200 pM G4R1/RHAU. Lane 1, 1 pM 5-[**P]-labeled Poly A Zicl
47-mer G4-DNA in the absence of G4R1/RHAU; lane 2, 20nM unlabeled Poly A Zicl 47-mer G4-DNA was added to G4R1/RHAU prior to the
addition of 1 pM 5-[**P}-labeled Poly A Zicl 47-mer G4-DNA; lane 3, 1 pM 5-[*?P]-labeled Poly A Zicl 47-mer G4-DNA was added to G4R1/
RHAU in the absence of unlabeled Poly A Zicl 47-mer G4-DNA; lanes 4-8, 1 pM 5'-[*?P]-labeled Poly A Zicl 47-mer G4-DNA was first added to
G4R1/RHAU, then at # = 0, 20nM unlabeled Poly A Zicl 47-mer G4-DNA was added and aliquots removed for GMSA at the times indicated.
Half-life of binding was calculated to be 67 = 9h.
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criteria discussed above (Figure 11 and J and data not
shown). In all cases, G4R1/RHAU concentrations were
titrated up to 300 pM. In most cases there was little or
no detectable binding. Minimal binding of the scrambled
Zicl oligonucleotide by G4R1/RHAU was observed in
Figure 3B (lanes 4-7); however, the percentage of DNA
oligonucleotide bound never approached 50% (the con-
centration for an apparent Ky), even in the presence of
300 pM enzyme. Therefore, it is clear that if G4R1/
RHAU binds any of these non-G4-DNA-containing
oligonucleotides, the apparent K4 for the bound complex
is more than —50-fold higher than the apparent Kjy’s
observed for G4R1/RHAU-unimolecular G4-DNA
complexes.

The question remained, however, whether the tight
binding interaction of G4R1/RHAU with G4-DNA
sequence-containing oligonucleotides was based solely on
recognition and binding of G4-DNA structure, or would a
guanine-rich sequence, with or without G4-DNA struc-
ture, suffice to interact tightly with G4R1/RHAU? In
order to address this question, the 33-mer DNA oligo-
nucleotide Z33, which contains runs of d(pG) (Table 1)
that self-anneal into a parallel stranded tetramolecular G4
structure (36), was incubated with increasing concentra-
tions of G4RI1/RHAU in either an unstructured
single-stranded form, or in tetramolecular G4-DNA
form. Oligonucleotide Z33 did not bind G4R1/RHAU
when present in unstructured single stranded form
(Figure 3E, lanes 1-7). In contrast, G4-DNA-formed
733 tightly bound G4R1/RHAU, even in the presence
of molar excess of unstructured single-stranded Z33
(Figure 3E, lanes 8—14).

An additional test was performed to confirm that the
G4R1/RHAU binding interaction with d(pG) run-
containing DNA oligonucleotides requires G4-DNA
structure. Poly A Zicl DNA 47-mer was treated with di-
methyl sulfate in order to methylate guanine N7, thereby
preventing guanine quartet formation by Hoogsteen
bonding. Dimethyl sulfate treated Poly A Zicl DNA
47-mer did not bind G4R1/RHAU (Supplementary
Figure S3). Taken together, these data indicate that tight
G4R1/RHAU binding of oligonucleotides containing
d(pG) runs requires the presence of G4-DNA structure,
not simply a guanine-rich sequence.

Finally, it was determined whether the low Ky of the
G4-DNA:G4R1/RHAU binding interaction was a result
of slow release of bound G4-DNA, as is often the case for
tight protein:ligand interactions. Release of bound Poly A
Zicl 47-mer G4-DNA from a complex with G4R1/RHAU
was determined by incubating a complex containing 1 pM
5'-[**P]-labeled Poly A Zicl G4-DNA bound to 200 pM
G4R1/RHAU at 37°C in the presence of 20 nM unlabeled
Poly A Zicl G4-DNA . This is a 20 000-fold molar excess
of unlabeled to labeled G4-DNA and a 100-fold molar
excess of unlabeled G4-DNA to enzyme. Figure 3F, lane
2 shows that this added cold blocking material prevents
G4R1/RHAU from appreciably binding [**P]-labeled
G4-DNA. A nonlinear regression analysis of loss of
binding with time produced a ¢/, of binding of 67 + 9h.
These data indicate a ko of 2.9 x 10_6/5. Given that the
GMSA data displayed in Figure 2 indicates a K4 for the

Poly A Zicl G4-DNA:G4R1/RHAU interaction of ~5
pM, the predicted ko, is 5.2 x 10°/M/s is reasonable for
a diffusion based event. This experiment independently
confirms the tight binding of unimolecular G4-DNA by
G4R1/RHAU in a manner independent of quantification
of the concentration of G4R1/RHAU enzyme.

Hybridization of a complementary PNA to the Poly A
Zicl DNA 47-mer forms a complex that does not
contain G4-DNA structure and is not bound tightly

by G4R1/RHAU

The assertion that G4R1/RHAU binds directly to G4-
DNA structure within unimolecular DNA oligonucleo-
tides was further tested by specifically inhibiting the
formation of the G4 structure with minimal disruption of
the overall base accessibility of the oligonucleotide. Base
pair hybridization with a Watson—Crick complementary
PNA was used to inhibit G4-DNA formation of the Poly
A Zicl DNA 47-mer. PNAs are synthetic DNA mimics for
which N-(2-aminoethyl) glycine moieties replace the sugar
phosphate backbone of DNA. In a PNA the bases are
arranged on a backbone that typically has no negative
charge. Therefore, PNAs bind and base pair to target se-
quences with significantly greater stability than cognate
DNA oligonucleotides, and unlike DNA:DNA duplexes,
the stability of PNA:DNA duplexes remains high in low
salt conditions. Previously, PNAs have been experimentally
utilized for trapping putative G4-forming DNA oligo-
nucleotides in a non-G4 state (45,46).

A 12-mer PNA sequence, 5-NH,-CCCCCCCCACCC-
lysine that is complementary to positions 11-23 d(pGGGT
GGGGGGGG) on the Poly A Zicl DNA 47-mer
sequence was tested for its ability to inhibit the formation
of G4-DNA by the Poly A Zicl DNA oligonucleotide.
Figure 4C, lane 1 shows the mobility following a boiling
and cooling cycle of monomeric Poly A Zicl DNA 47-mer
upon non-denaturing gel electrophoresis. The addition of
PNA at a 10:1 PNA:DNA molar ratio prior to a boiling
and cooling cycle (Figure 4C, lane 2) caused the appear-
ance of two new bands of slower electrophoretic mobility.
CD spectroscopy of these two new bands which were
purified electrophoretically (Supplementary Figures S4
and S5), as well as stoichiometric analysis (data not
shown) indicated that the lower of the two new bands
(denoted as Band 2 in Supplementary Figures S4
and S5) is a unimolecular form of Poly A Zicl 47-mer
that may be a structural isomer of unimolecular Poly A
Zicl G4-DNA stabilized by the presence of the PNA,
while the wupper band (denoted as Band 3 in
Supplementary Figures S4 and S5) is a PNA:DNA
hybrid that does not possess G4 structure. Band 2 ex-
hibited stabilization by increasing KCl concentration
(Supplementary Figure S4B), which is characteristic of
G4-DNA. The lack of G4 structure and the presence of
the PNA:DNA hybrid was confirmed by its CD spectral
behavior under no salt conditions; the molar ellipticity at
263 nm of the PNA:DNA hybrid was not destabilized by
increasing temperature in the no salt condition, as
expected for a PNA:DNA hybrid that maintains stability
under low salts conditions (Supplementary Figure S5,
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Figure 4. Equilibrium binding GMSA of purified recombinant G4R1/
RHAU incubated with Poly A Zicl DNA 47-mer hybridized to a
Watson-Crick complementary PNA shows little binding by the
enzyme when G4-DNA structure is inhibited from forming. (A)
Schematic drawing of G4R1/RHAU binding an oligonucleotide con-
taining a G4-DNA structure. (B) Schematic drawing showing that hy-
bridization of a complementary PNA to the G4-DNA-forming
sequence inhibits high affinity binding by G4R1/RHAU. The GMSA
shown in (C) suggests that schematics (A) and (B) are correct. (C)
Phosphorimage of a representative (of three repetitions) nondenaturing
gel electropherogram of a GMSA; the top triangle indicates the direc-
tion of increased G4R1/RHAU concentration. Electrophoretic mobility
standards for the two Poly A Zicl 47-mer G4-DNA isomers and the
DNA:PNA hybrid were created by incubating 1nM 5-[**P]-labeled
Poly A Zicl DNA 47-mer DNA in K-RES buffer (with MgCl, and
ATP) with 0nM PNA (lane 1, showing fastest mobility G4-DNA
isomer), 10nM PNA (lane 2, showing the slower mobility G4-DNA
isomer) and the PNA:DNA duplex, or 500nM PNA (lane 3, showing
PNA:DNA duplex); lanes 4-12, 1 pM 5-[**P]-labeled PNA:Poly A Zicl
DNA duplex was incubated with increasing concentrations of G4R1/
RHAU (lane 4, 0 pM; lane 5, 5 pM; lane 6, 10 pM; lane 7, 15 pM; lane
8, 30 pM; lane 9, 50 pM; lane 10, 100 pM; lane 11, 150 pM; lane 12,
300 pM); lane 13, 1 pM 5'-[**PJ-labeled Poly A Zicl 47-mer G4-DNA
in the absence of either complementary PNA or G4R1/RHAU; lane 14,
1 pM 5-[**P]-labeled Poly Zicl DNA 47-mer G4-DNA incubated with
30 pM G4R1/RHAU in the absence of complementary PNA.

upper right spectra). This behavior is expected from a
hybrid containing PNA, but not from a G4-DNA struc-
ture. The 263 nm peak of molar ellipticity of the upper
band did exhibit temperature dependence in the presence
of either LiCl or KCI; this temperature dependence may
be due to a destabilization caused by salt shielding of a
charged lysine at the carboxyl terminal of the PNA.
Only the upper, non-G4 PNA:DNA hybrid band was
observed after a 500:1 PNA:DNA molar ratio was taken
through a boiling and cooling cycle (Figure 4C, lane 3). A
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slower mobility smear was also observed, which we specu-
late may represent a second, less stable PNA:DNA hybrid
in which the PNA is Watson—Crick paired with the second
longest d(pG) run in the Poly A Zicl DNA 47-mer.

A 10:1 PNA:DNA molar ratio incubated at 55°C for
6 h produced only electrophoretic Band 3 (Figure 4C, lane
4) that was confirmed by CD to represent a PNA:DNA
hybrid due to CD signal behavior in the no salt conditions
(Supplementary  Figure S5). This non-G4 PNA:
DNA hybrid was assessed for G4R1/RHAU binding.
Figure 4A shows an idealized schematic of G4R1/
RHAU recognizing a G4-DNA site and showing the
protein binding to that site, thereby forming a protein—
nucleic acid complex that retards the electrophoretic
mobility of the nucleic acid. We believe this mechanism
explains the observed binding with G4R1/RHAU:G4-
DNA-containing oligonucleotide complexes (Figure 2).
Figure 4B illustrates the expected outcome regarding the
interaction of G4RI1/RHAU with a PNA:Poly A Zicl
47-mer DNA hybrid. PNA hybridization inhibits G4-
DNA formation, which in turn, prevents G4R1/RHAU
binding if the enzyme indeed recognizes G4-DNA struc-
ture. Consistent with this predicted outcome, titration of
G4R1/RHAU concentrations of up to 300 pM with 1 pM
PNA:DNA hybrid did not demonstrate any detectable
enzyme-hybrid complex formation, as evidenced by
GMSA (Figure 4C, lanes 5-12). In contrast, a comparison
of G4 structure-containing Poly A Zicl DNA 47-mer
monomer electrophoresed in the absence (Figure 4C,
lane 13) or presence (Figure 4C, lane 14) of 30 pM of
G4R1/RHAU clearly demonstrates a slow mobility band
in the presence of G4R1/RHAU indicative of a bound
enzyme:G4-containing monomer complex. These results
demonstrate that the Poly A Zicl DNA 47-mer has a sub-
stantially poorer affinity for G4AR1/RHAU when hybrid-
ized with PNA. The result is consistent with G4R1/
RHAU recognizing the G4-DNA structure in the Poly A
Zicl DNA 47-mer. It should be noted that the phosphor-
image contrast in Figure 4C, lanes 4-14 was enhanced to
better detect additional bands due to gel mobility shifts.
Additional controls (Supplementary Figure S6) demon-
strated that excess unlabeled PNA does not block
G4R1/RHAU binding to G4-DNA and that PNA:DNA
hybrids do not bind G4R1/RHAU when produced without
excess unlabeled PNA. Therefore, when G4-DNA struc-
ture is lost the enzyme does not bind.

A PNA trap assay shows that G4R1/RHAU unwinds G4-
DNA structure, enabling it to hybridize to a
complementary PNA

In the experiments presented above, a complementary
PNA was shown to hybridize to the G4-DNA-forming
sequence of the Poly A Zicl DNA 47-mer upon heat de-
stabilization of the G4-DNA structure. Hybridization
occurred within the G4-DNA forming region of the oligo-
nucleotide, producing a PNA:DNA hybrid devoid of G4-
DNA structure as determined by CD (Supplementary
Figure S5). This finding led us to consider whether
active G4R1/RHAU in the presence of ATP could desta-
bilize Poly A Zicl G4-DNA (i.e. open by unwinding the
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G4-DNA structure) at 37°C in 30 min and allow signifi-
cant PNA hybridization, as is accomplished by long term
incubation of the Poly A Zicl DNA 47-mer with PNA at
55° C or by heating (95°C) and cooling cycles in high
concentrations of PNA (Figure 4C, lane 3). Observation
of a PNA:DNA hybrid in the presence of enzyme would
indicate that, not only does G4R1/RHAU bind
G4-DNA-containing oligonucleotides, but the enzyme
opens the unimolecular G4 structure as well. Our PNA

that assayed the kinetics of the folding and unfolding of
telomere DNA oligonucleotide in the presence of a com-
plementary PNA trap (45). Kinetic considerations (7)
indicate that if G4R1/RHAU unwound Poly A Zicl
DNA 47-mer G4-DNA structure under physiological con-
ditions and then released the unstructured product, the
oligonucleotide would likely snap back within seconds
into a G4-DNA structure, producing the futile cycle as
diagramed in Figure 5A. However, if a molar excess of

trap assay was largely modeled upon a previous study base-complementary PNA were present during the

A Futile Cycle: _o_ “ B PNA Trap: 5—6_ “
¥ o+ 3y +
G4 Zicl DNA G4 Zicl DNA
- PNA -
s 5 S,COOH'L‘ ||||.|||u||"“H2 - s ¥
Unwound Zicl DNA Unwound Zic1 DNA
Heat (95°C) B T R I T
ATP (10mM) - - - -+ o+ + + + + + + + + + o+ + + + +
wt G4R1/RHAU (pM) - - - - 04674 115 1850 - 0.028 0.46 7.4 115 1850 - 0.028 0.46 7.4 115 1850
PNA (nM) - 10 100 10K - - - - 10 10 10 10 10 10 10 10 10 10 10 10

; G4R1/RHAU:DNA complex

— PNA:DNA duplex
~ Unimolecular Zicl
N « G4-DNA structures
Lane

D

ATP(10mM) + o+ + + o+ + - - - - - -+ + o+ o+ o+ + + + +
wt G4R1/RHAU(pPM) - - - - - - - 1 520 78311 - 1 5 2078 31 - - -
mut G4R1/RHAU (pM) - 1 5 2078 311 - - - - - - - - - - - . oL
PNA (nM) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 500 10 1

o~

— G4R1/RHAU:DNA complex
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4 . &« G4-DNA structures
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Figure 5. A G4R1/RHAU resolution assay of Poly A Zicl DNA 47-mer G4-DNA in the presence of a complementary PNA shows that G4R1/
RHAU unwinds the G4-DNA structure. (A) Schematic diagram illustrates the kinetic futile cycle problem of attempting to determine if G4R1/
RHAU unwinds the G4-DNA structure in the PQS-containing oligonucleotide. (B) Schematic diagram illustrating how the kinetic futile cycle
problem is solved with a PNA trap assay. (C) Phosphorimage of representative (of three repetitions) nondenaturing gel electropherogram of 100
pM 5-[**Pl-labeled Poly A Zicl DNA 47-mer incubated with increasing concentrations of a PNA with Watson-Crick complementarity to the
G4-DNA-forming sequence in the absence of ATP and G4R1/RHAU (lanes 1-4), with 10 mM ATP plus increasing concentrations of G4R1/RHAU,
but without PNA (lanes 5-8), with ATP and PNA plus increasing concentrations of G4R1/RHAU that had been pre-heated to 95°C for Smin (lanes
9-14), or with ATP and PNA plus increasing concentrations of active G4R1/RHAU (lanes 15-20). (D) Phosphorimage of representative (of three
repetitions) nondenaturing gel electropherogram of 1nM 5'-[**P]-labeled Poly A Zicl DNA 47-mer incubated with PNA and ATP plus increasing
concentrations of a G4R1/RHAU mutant that lacks ATPase activity (lanes 1-6), with PNA plus increasing concentrations of wild-type G4R1/
RHAU, but without ATP (lanes 7-12), or with PNA, ATP, and increasing concentrations of wild type G4R1/RHAU (lanes 13-18); lanes 19-21 are a
titration of 1nM 5-[**P]-labeled Poly A Zicl DNA 47-mer incubated with increasing concentrations of PNA in the absence of G4R1/RHAU and
presence of 10mM ATP.
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resolution reaction, the PNA could hybridize and trap the
opened structure oligonucleotide as a PNA:DNA hybrid
(Figure 5B).

Non-denaturing gel electrophoretic analysis of the en-
zymatic PNA:DNA hybrid trap assay demonstrated
G4R1/RHAU-catalyzed unwinding of Poly A Zicl
DNA 47-mer G4-DNA (Figure 5C). Total of 100 pM
Poly A Zicl DNA oligonucleotide was incubated at
98°C with 0, 10, 100nM, or 10puM of complementary
PNA, respectively. After a 10 min incubation the material
was cooled to room temperature, then analyzed electro-
phoretically (Figure 5C, lanes 1-4). In the absence of
PNA, two bands that represent two structural isomers of
Poly A Zicl DNA 47-mer were observed (Figure 5C, lane
1). In the presence of 10-100nM complementary PNA,
the slower mobility G4-DNA containing structural
isomer of Poly A Zicl DNA 47-mer is present, but not
the faster mobility isomer (Figure 5C, lanes 2 and 3) sug-
gesting that the PNA stabilizes one structural isomer of
Poly A Zicl DNA 47-mer without forming a stable
PNA:DNA hybrid. Increasing amounts of a third slower
mobility band was observed as the PNA concentration
increased from 10nm to 10uM (Figure 5C, lanes 2-4).
CD of a purified band of similar mobility suggested
this band was a PNA:DNA hybrid (Supplementary
Figure S5). Nearly all of the Poly A Zicl DNA 47-mer
was found in the PNA:DNA hybrid band in the presence
of 10 uM PNA (Figure 5C, lane 4); there was also a smear
of even slower mobility species observed in the presence
of 10pM PNA (Figure 5C, lane 4). We speculate that
this smear represents other less stable PNA:DNA
hybrids. A small amount of a slower migrating band
(present at approximately half way down the gel) was
also observed in all lanes of the electropherogram except
when catalytically active G4R1/RHAU and ATP were
present (Figure 5C, lanes 7 and 8, 18-20); it is possible
that this band represents a multimolecular Poly a Zicl
G4-DNA that is resolved by active G4R1/RHAU.

When Poly A Zicl G4-DNA 47-mer was incubated in
the presence of G4R1/RHAU in resolution buffer con-
taining 100 mM KCl and 10 mM ATP, but without com-
plementary PNA, only substrate Poly A Zicl 47-mer
G4-DNA (principally faster migrating G4-DNA isomer,
with a very small amount of slower mobility G4-DNA
isomer) and increasing amounts of slow mobility G4R1/
RHAU-oligonucleotide complexes were observed as the
enzyme concentration increased (Figure 5C. lanes 5-8).
This result was similar to the GMSAs of G4R1/RHAU
incubated with PolyA Zicl G4-DNA in the presence of
EDTA discussed earlier (compare Figure 5C, lanes 5-8
with Figure 2A). The addition of 10nM complementary
PNA under identical conditions changed the products
observed after G4R1/RHAU-Poly A Zicl G4-DNA
47-mer incubation (Figure 5C, lanes 15-20). In the pres-
ence of complementary PNA, but without G4R1/RHAU,
Poly A Zicl DNA 47-mer only adopted a conformation
with the electrophoretic mobility of the upper G4-DNA
band (compare Figure 5C, lanes 9 and 15). However, as
increasing amounts of G4R1/RHAU were titrated into the
reaction (Figure 5C, lanes 16-20), the amount of the
G4-DNA band decreased, while the PNA:DNA duplex
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band increased in intensity. This observation suggests
that the complementary PNA hybridizes and traps the
DNA oligonucleotide in a PNA:DNA hybrid once the
G4-DNA structure has been resolved by G4R1/RHAU.
In order to assess whether formation of the PNA:DNA
hybrid was dependent upon the catalytic activity of intact
G4R1/RHAU, the Poly A Zicl 47-mer containing
G4-DNA was incubated with complementary PNA in
the presence of increasing concentrations of boiled
(denatured) G4R1/RHAU. In these reactions there was
no increase in the appearance of the PNA:DNA duplex
(Figure 5C, lanes 10-14), although a slow mobility smear
was observed at the highest G4R1/RHAU concentration
(Figure 5C, lane 14), suggesting the boiled enzyme was still
capable of some binding of DNA, albeit not as efficiently
as the native enzyme (Figure 5C, lanes 5-8). These results
indicate that G4R1/RHAU catalytically opens the G4
structure of the Poly A Zicl DNA 47-mer, allowing the
PNA to hybridize to the complementary sequence in the
DNA oligonucleotide; denatured G4R1/RHAU cannot
open the G4-DNA structure to allow PNA/DNA duplex
formation.

In order to further demonstrate that unwinding of Poly
A Zicl DNA 47-mer with formation of a PNA:DNA
duplex in the presence of G4R1/RHAU required catalytic
activity of G4RI1/RHAU, resolution reactions were
carried out in which wild-type G4R1/RHAU was
replaced by G4R1/RHAU containing a E— A substitution
mutation at amino acid position 335 in the Walker B box.
The ATPase activity of G4R1/RHAU is abolished by
this mutation (40). No PNA:DNA duplex band was
observed after incubation with mutant G4R1/RHAU
with 1nM G4-DNA (Figure 5D, lanes 2-6), although
slow mobility bound mutant G4R1/RHAU:G4-DNA
complexes were observed. In contrast, PNA:DNA
duplex formation was observed after incubation with
wild type G4R1/RHAU at concentrations identical to
those of mutant G4R1/RHAU (Figure 5D, lanes 14-18).
PNA:DNA duplex formation in the presence of wild-type
G4R1/RHAU was not observed if ATP was absent from
the reaction (Figure 5D, lanes 8-12), or if 10mM
AMP-PNP, the non-hydrolyable ATP analog, was substi-
tuted for ATP (Supplementary Figure S7). These data
confirm that formation of PNA:DNA duplex in the pres-
ence of G4R1/RHAU, indicative of G4-DNA unwinding,
requires G4R1/RHAU ATPase activity.

Competition studies indicate that unimolecular G4-DNA
containing-oligonucleotides inhibit G4R1/RHAU-catalyzed
resolution of tetramolecular G4-DNA; the c-Myc
oligonucleotide is an effective competitor at
competitor:substrate molar ratios <<1

Inhibition of the resolution of 5-TAMRA-labeled
tetramolecular G4-DNA Z33 oligonucleotide into single-
stranded DNA was assessed by titrating increasing molar
ratios of unlabeled unimolecular G4-DNA-containing
oligonucleotides into resolution reactions consisting of a
fixed amount of G4R1/RHAU and 2nM 5-TAMRA-
labeled tetramolecular G4-DNA substrate (Figure 6).
Upon completion of the resolution reaction, the extent
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Figure 6. G4R1/RHAU-catalyzed resolution of 5-TAMRA-labeled tetramolecular G4-DNA substrate is inhibited most efficiently by unlabeled
unimolecular c-Myc 51-mer G4-DNA. (A, C and E) Phosphorimage of representative (of three repetitions) nondenaturing gel electropherograms;
the top triangles indicate increasing concentrations of unlabeled (A) Poly A Zicl 47-mer G4-DNA, (C) c-Myc Sl-mer G4-DNA, or (E)
tetramolecular Z33 G4-DNA added to G4R1/RHAU-catalyzed resolving reactions of 5-TAMRA-labeled tetramolecular Z33 G4-DNA substrate.
Lane 1 of panels A, C and E: 2nM 5-TAMRA-labeled tetramolecular Z33 G4-DNA substrate in the absence of enzyme or unlabeled unimolecular
G4-DNA. Lanes 2-12 of panels A, C and E: 2nM 5-TAMRA-labeled tetramolecular Z33 G4-DNA substrate after incubation with 1 unit of G4R1/

RHAU plus increasing concentrations of unlabeled inhibitor G4-DNA.

(B, D and F) Graphic representation of concentration-dependent inhibition

of G4R1/RHAU-catalyzed resolution of 5-TAMRA-labeled tetramolecular Z33 G4-DNA substrate by unlabeled (B) Poly A Zicl 47-mer G4-DNA,
(D) c-Myc 51-mer G4-DNA, or (F) tetramolecular Z33 G4-DNA. Inhibition is represented by the percentage of maximal resolution (error bars are
Mean + SD, n = 3 independent experiments). Inhibition of 50% is observed at a 6.25:1 unimolecular Poly A Zicl DNA 47-mer G4-DNA:Z33
tetramer G4-DNA molar ratio, at a 0.06:1 unimolecular c-Myc DNA SI-mer:Z33 tetramer G4-DNA molar ratio, and at a 1:1 unlabeled Z33

tetramer G4-DNA:labeled Z33 tetramer G4-DNA molar ratio.

of unwinding of the tetramolecular structure was analyzed
by non-denaturing gel electrophoresis (Figure 6A, C and E).
The substrate target was preformed tetramolecular
G4-DNA of >95% purity (Figure 6A, lane 1; Figure
6C, lane 1; Figure 6E, lane 1). Sufficient G4R1/RHAU

was present in each reaction to produce ~50% resolution
of tetramer into monomer in the absence of competitor
(Figure 6A, lane 2; Figure 6C, lane 2; Figure 6E, lane 2),
corresponding to a G4R1/RHAU concentration of 7.5
pM. We have previously defined 1 U of enzyme to be



the amount of enzyme that can unfold 0.2pmol of
tetramolecular Z33 quadruplex in 30min at 37°C (36).
Addition of increasing amounts of unlabeled unimolecular
G4-DNA-containing Poly A Zicl DNA 47-mer (Figure
6A, lanes 3-12), c-Myc 51-mer (Figure 6C, lanes 3-12),
or tetramolecular pZ33 G4-DNA (Figure 6E, lanes 3—12)
caused a competitor concentration-dependent decrease in
the rate of G4RI1/RHAU-catalyzed tetramolecular
G4-DNA resolution. The ¢-Myc Sl-mer unimolecular
G4-DNA quadruplex inhibited the enzymatic resolution
of tetramolecular G4-DNA substrate at lower inhibi-
tor:substrate molar ratios than did the Poly A Zic DNA
47-mer (compare Figure 6C to A).

The data were analyzed graphically as the percent of
maximal activity ((Jactivity measured with competitor at
given molar ratio]/[activity measured without competi-
tor]) x 100) as a function of the unlabeled competi-
tor:labeled substrate molar ratio (Figure 6B, D and F).
We have previously used this assay to demonstrate that
300-fold molar excesses of Y form DNA, 5 overhang
duplex DNA and 3’ overhang duplex DNA were required
to inhibit resolution of 5-TAMRA-labeled tetramolecular
733 G4-DNA as effectively as unlabeled tetramolecular
G4-DNA (36). As expected, addition of unlabeled tetra-
molecular pZ33 G4-DNA inhibited resolution of
5-TAMRA-labeled tetramolecular Z33 G4-DNA by
50% at a 1:1 molar ratio of unlabeled:labeled DNA
(Figure 6F). Poly A Zicl 47-mer DNA caused 50% inhib-
ition of G4R1/RHAU-catalyzed resolution of tetra-
molecular G4-DNA at a 6:1 competitor:substrate molar
ratio (see dotted line at abscissa intercept in Figure 6B),
indicating that it is a much better inhibitor than Y form
DNA and duplex DNA from previous studies (36).
However, the c-Myc 51-mer caused 50% inhibition at a
0.06:1 unlabeled competitor:labeled substrate molar ratio,
indicating that it inhibits resolution of tetramolecular
G4-DNA ~100-fold better than the Poly A Zicl DNA
47-mer G4-DNA.

DISCUSSION

Previously our laboratory identified G4R1/RHAU as the
protein responsible for the majority of HeLa cell
tetramolecular G4-DNA resolving activity by using a
highly stringent affinity chromatography approach select-
ive for tetramolecular G4-DNA binding proteins (36).
Selection for specificity was achieved by utilizing over a
100-fold ratio of blocking single-stranded d(pHHN),
DNA to target tetramolecular G4-DNA (attached to
paramagnetic beads) (36). d(pHHN);; DNA was chosen
as a non-specific blocking DNA because the sequence
could not form intramolecular or intermolecular
G4-DNA structures. We expected the isolated protein
would bind tightly to tetramolecular G4-DNA. Indeed,
recombinant G4R1/RHAU was shown to bind tightly to
tetramolecular G4-DNA with a K4 of 77 £ 6 pM (37).
However, it remained unknown whether G4R1/RHAU
could bind and unwind unimolecular G4-DNA.
Although tetramolecular G4-DNA and unimolecular
G4-DNA share many structural commonalities, there are
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differences between the structures, such as DNA looping
found in unimolecular G4-DNA structures, which could
present steric interference to enzymatic recognition. In
addition, the issue of whether G4R1/RHAU recognizes
the unimolecular G4-DNA structure addresses the poten-
tial physiologic role(s) of this enzyme because the forma-
tion of unimolecular G4-DNA has a low kinetic barrier of
formation under intracellular conditions, and unimolecu-
lar G4-DNA is the most common G4-DNA structure
expected to form in vivo. Therefore, the current study
was essential to determine whether G4R1/RHAU could
specifically bind to unimolecular G4-DNA and open
that structure.

The results presented here indicate that G4R1/RHAU
binds unimolecular G4-DNA with remarkable tightness
(Kq of 57+0.2 pM for Poly A Zicl 47-mer and
4.4 + 0.6 pM for c-Myc). These estimations of Ky have
at least one fundamental caveat: the accuracy of the esti-
mates of Ky is dependent upon accurate protein quantifi-
cation through estimating Coomassie staining of G4R1/
RHAU protein against standards of known protein
quantities on an SDS gel. Comparison of mass estimation
of purified proteins, e¢.g. bovine serum albumin or E. coli
B-galactosidase, by ultraviolet light absorption spectros-
copy with estimates obtained by Coomasie staining of
these proteins in SDS gels indicate that the two methods
differ by 20%-49% (<2-fold, data not shown). Therefore,
the Ky estimate reported here could be off by as much as
2-fold due to the method of estimation of protein content.
Additionally, the modest free enzyme concentrations
required for measuring these low Ky’s can be diminished
due to significant amounts of protein being bound to
DNA during binding reactions, thus limiting the precision
of the Ky determinations to upper boundary estimates in
these cases. However, despite these qualifications, the con-
clusion stands that G4R1/RHAU binds G4-DNA with
remarkably tight binding affinity. In addition, a determin-
ation of the t;, of binding at 67 &+ 7h made in this study is
protein concentration independent and further affirms the
low K4 and tight binding results found for G4R1/RHAU
interaction with unimolecular G4-DNA.

To our knowledge, these are the lowest Ky’s reported
for a protein binding to G4-DNA. The next lowest K4’s in
the literature for protein binding to G4-DNA is 77 pM for
G4R1/RHAU binding to tetramolecular DNA (37) and 79
pM for the mouse otholog mXRNI1p of the yeast Xrnl or
Keml protein binding with tetramolecular DNA (47). The
affinity found between G4R1/RHAU and unimolecular
G4-DNA is tighter than that found in most antigen-
antibody binding interactions (48). The G4R1/RHAU
unimolecular G4-DNA binding interaction has substantial
ligand specificity, considering that control DNA sequences
not possessing G4-DNA structure bind G4R1/RHAU
with at least a 50-fold poorer magnitude of affinity.
Even DNA oligonucleotides with G-rich regions capable
of forming quadruplex DNA but not participating in a
G4-DNA structure, were not bound tightly by G4R1/
RHAU. Furthermore, inhibition of G4-DNA formation
within the PQS of Poly A Zicl DNA 47-mer by a PNA
12-mer whose base sequence was complementary to the
PQS of the oligonucleotide abolished the tight affinity
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for G4R1/RHAU observed when the oligonucleotide pos-
sesses G4-DNA structure. These observations indicate
that the presence of G4-DNA structure is required by
G4R1/RHAU binding and that the G4R1/RHAU
binding site within Poly A Zicl DNA 47-mer is localized
to within its unimolecular G4-DNA forming sequence.

G4R1/RHAU specifically unwinds G4-DNA, allowing
a complementary PNA to hybridize within the G4-
forming sequence. This ‘PNA trap’ approach has been
used previously to study the kinetics of unimolecular
G4-DNA opening and folding (46). This study represents
the first use of a PNA trap to demonstrate enzymatic un-
winding of unimolecular G4-DNA. However, at least
three other methods have been used to study unimolecular
G4-DNA unwinding by proteins; these approaches
include CD spectroscopy, fluorescence quenching and
surface plasmon resonance (SPR) (49-54). All of these
approaches are relatively insensitive in comparison to
the PNA trap method that can demonstrate resolution
of 1pmol of unimolecular G4-DNA by 0.5pmol of
enzyme in a 30pl reaction volume. In comparison to
these previously reported techniques for assessing reso-
lution of unimolecular G4-DNA, the PNA trap assay
retains the advantages of: (i) direct observation of the
resolved DNA; (ii) enhanced sensitivity of detection of
enzyme-catalyzed G4-DNA resolution; and (iii) the
ability to demonstrate complete unwinding events. One
disadvantage that we have observed with the PNA trap
is that, in the presence of Mg®", PNA can impede binding
of G4-DNA to G4R1/RHAU (data not shown), possibly
slowing the kinetics of the unwinding reaction. Blocking
of the G4-DNA:G4R1/RHAU binding interaction
does not occur in the absence of free Mg*" ions
(Supplementary Figure S6, lanes 14 and 15).

Comparison with other proteins such as RPA, BLM
and T-Ag (52-54) that have been characterized for
binding unimolecular G4-DNA highlights the unique
G4-DNA binding properties of G4R1/RHAU. First,
G4R1/RHAU shows significantly more specificity in
binding G4-DNA than unstructured single-stranded
DNA (Figure 3). In contrast, RPA (52) and T-Ag (54)
do not preferentially bind G4 versus unstructured
single-stranded DNA. With regard to BLM (52), there is
current debate whether this enzyme has a greater specifi-
city for G4-DNA structures versus Watson—Crick duplex
DNA. G4R1/RHAU also displays a much tighter binding
affinity for unimolecular G4-DNA (K4 in the low pM
range) than does RPA (Kj in the low uM range) (52), or
BLM (K4 of ~4nM for binding of tetramolecular G4
DNA (55). The SPR technique could not accurately
report a Ky for G4-DNA binding by T antigen; however,
the working concentration range for T antigen interaction
was in the low nanomolar range (54). It is also of interest
that G4R1/RHAU tightly binds unimolecular G4-DNA
structures without a requirement for divalent cations or
ATP. In contrast, RPA, BLM and T-Ag require divalent
cations for G4-DNA binding (52-54); T-Ag requires both
Mg?" and ATP (54). Although ATP is not required for G4
DNA binding by G4R1/RHAU, the PNA trap demon-
strates that ATP is required for G4R1/RHAU-catalyzed
G4-DNA resolution.

We tested two unimolecular-G4-DNA-containing oligo-
nucleotides to determine how well each oligonucleotide
could inhibit the ability of G4R1/RHAU to unwind a
tetramolecular G4-DNA substrate. The stoichiometric
ratio of c-Myc oligonucleotidecompetitor:G4R1/RHAU
concentration (50% inhibition at an inhibitor:substrate
molar ratio of 0.06:1) is consistent with a simple competi-
tive binding model of inhibition. However, the poor inhib-
ition of resolution of tetramolecular G4-DNA substrate
by Poly A Zicl G4-DNA, relative to the ~10-fold lower
K4 of G4R1/RHAU for unimolecular versus tetra-
molecular G4-DNA is not consistent with this model.
The explanation for why inhibition of G4R1/RHAU
catalyzed unwinding of tetramolecular G4-DNA by Poly
A Zicl G4-DNA is weak despite its tighter binding to
G4R1/RHAU is currently unknown; however, a possibil-
ity that may be considered (among many) is that the effi-
ciency of inhibition is influenced by the catalytic
unwinding rate of the G4-DNA. The unlabeled competing
unimolecular G4-DNAs are substrates competing for the
enzyme active sites with labeled tetramolecular G4-DNA
substrate. It is possible that Poly A Zicl G4-DNA is being
catalytically unwound by and released as single-stranded
DNA from G4R1/RHAU at a faster rate than is the
tetramolecular G4-DNA, thereby making Poly A Zicl
DNA a less efficient inhibitor. In contrast, G4R1/
RHAU may unwind c-Myc more slowly, in which case
the enzyme spends a greater residence time engaged cata-
lytically to the c-Myc Sl-mer, making it a better
competitor.

G4R1/RHAU is the protein product of the DHX36
gene, a member of the DEAH-box family of helicases
(36). Some members of the DEAH-box family of helicases
are known to have helicase activity on duplex RNA or
DNA substrates and in some cases both RNA and
DNA. The closest characterized enzyme homolog to
G4R1/RHAU is the nuclear DNA helicase II (NDH 11),
which is also known as DHX9 or RNA helicase A. NDH
IT appears to have roles in both DNA and RNA metab-
olism (56). A number of lines of evidence have already
suggested that G4R1/RHAU is involved with RNA pro-
cessing. G4R1/RHAU was originally identified by affinity
chromatography associated with mRNA of the AU-rich
element derived from the urokinase plasminogen activator
gene (40). G4R1/RHAU was shown to interact with
PARN, the exosome, and target RNAs to enhance
decay of ARE(uPA)-mRNAs (40). More recently is has
been shown that G4R1/RHAU also accumulates in stress
granules after arsenite stress, suggesting it is involved in
modulating changes in RNA metabolism in response to
stress (57). However, the majority of G4R1/RHAU-GFP
fusion protein is observed in the nucleus (58) suggesting
the potential of DNA interactions and the potential of
early transcript RNA processing interactions as roles for
the enzyme. It should be noted that RNA readily forms
unimolecular G4 structures; G4R1/RHAU may also have
a role in processing unimolecular G4-RNA in cells as well,
and we have previously shown that it can recognize and
unwind tetramolecular G4-RNA (37). However, prelimin-
ary experiments with RNA in our laboratory have sug-
gested that, although G4R1/RHAU does not tightly bind
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RNA non-specifically, it does recognize other sequences or
structural motifs in RNA in addition to tightly binding to
G4-RNA. These preliminary observations suggest a sig-
nificantly more complicated binding interaction with
RNA than DNA. These G4R1/RHAU-RNA binding
interactions are currently under further investigation in
our laboratory.

Our data suggest that it is most likely that G4R1/
RHAU interacts with both DNA and RNA in cells.
Although DNA interaction may be statistically less
common per protein binding event, it may still potentially
be of great biological importance. The amplifying nature
of control of G4-DNA promoters or the control of
telomere structures could have profound biological
effects. If the enzyme does not act upon DNA, one
would have to speculate the existence of special cellular
mechanisms to exclude interaction with DNA. This study
of G4R1/RHAU interactions with unimolecular G4-DNA
highlights the ability of this enzyme to recognize and
process the unimolecular G4-DNA structure. In the case
of binding to G4-DNA, G4R1/RHAU exhibits extraor-
dinarily tight binding affinity for G4-DNA, and the cap-
ability of directly destabilizing G4 structures, thereby
enabling the G4 forming nucleotide sequence to be avail-
able for Watson—Crick type duplex hybridization. The
data in this report open up a number of unimolecular
G4-DNA sequence-containing targets as potential sub-
strates for G4R1/RHAU. One can speculate that G4R1/
RHAU might have direct activity at substrates such as the
human telomere, G-rich promoters and G-rich
nontranscribed strands of active genes. These potential
targets of action suggest interesting future experiments
to test the biological actions of this enzyme.
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Supplementary Data are available at NAR Online.
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