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ABSTRACT
G-quadruplexes (G4s) are four-stranded structures formed by guanine-rich DNA
or RNA sequences in which the strands can be orientated in parallel, antiparallel, or
mixed parallel/antiparallel orientations. It has been previously shown that the DHX36
gene product, G4-Resolvase1 (G4R1), binds parallel tetramolecular G4-DNA with high
affinity and resolves these structures into single strands. Here we show that G4R1
specifically binds to a parallel, unimolecular G4-DNA with remarkable affinity, with Kd
values in the low pM range; the tightest reported binding affinity for any known G4binding protein. Using a novel peptide nucleic acid (PNA) trap assay, we show that G4R1
catalyzes unwinding of unimolecular G4-DNA into an unstructured state. Additionally,
we provide strong evidence for the presence of unimolecular G4-structures in the
promoter of the Yin Yang 1 (YY1) gene and demonstrate that these structures have an
inhibitory effect on reporter assay expression. We also discovered that G4R1 directly
binds and unwinds G4-structures in the YY1 promoter, subsequently enhancing reporter
expression. Consistently, ectopically expressed G4R1 increased endogenous YY1 levels
and gene array analysis consisting of 258 patient breast cancer samples indicated a
significant, positive correlation between G4R1 and YY1 expression. We went on to
demonstrate that G4R1 tightly binds to mixed parallel/antiparallel and antiparallel
unimolecular telomeric G4-DNA. Furthermore, we show specific requirements of G4R1
for tight binding to telomeric DNA which are: 1) presence of G4-structure in the
sequence and 2) a guanine-containing 3’-tail. Overall findings from this dissertation
strongly suggest that G4R1 tightly and specifically binds to an exceptional array of G4structures and could potentially serve as a “pan” G4-resolver in the cell. Indeed this
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finding could have significant genomic impact, as >375,000 G4-forming motifs exist in
the genome and G4-structures have been shown to play prominent regulatory roles in
transcription, translation, replication, immunoglobin switching, and telomere biology.

xii

INTRODUCTION
G-qaudruplex Structures: Formation, Localization, and Biological Function
G-quadruplexes or G-quartets (G4) are nucleic acid structures formed within the
guanine-rich regions. Guanine nucleic acids can self-associate via Hoogsteen-bonds to
form G-quartets. G-quartets are additionally stabilized by coordinate bonding with
monovalent cations within the central cavity (1,2). When a minimum of four runs of two
(3) or more guanines are appropriately spaced, they have the potential to vertically stack
onto higher order G4-structures [Reviewed in (4)].
G4-structures are pleomorphic; they form intermolecular structures between two
(bimolecular) or four (tetramolecular) guanine-rich nucleic acid strands (5). In addition,
DNA/RNA hybrid and other bimolecular structures have been reported between telomere
DNA and noncoding telomere RNA sequences (TERRA RNA) (6).Moreover, G4structures can form intramolecular (unimolecular) structures within the guanine-rich
nucleic acid strands, commonly known as “fold-back” or “snap-back” structures.
Approximately 375,000 G4-motifs in the human genome are unimolecular; in addition to
this and because of their rapid formation rate, the unimolecular G4-motifs are considered
to be more biologically relevant compared with that of intramolecular structures (7,8).
G4-motifs are evolutionarily conserved (9) and enriched in gene coding regions.
Upstream of 40% of all gene promoters posess G4-motifs (10). The degree of enrichment
of G4-motifs in a gene has been suggested to be associated with its function. For
example, proto-oncogenes and genes involved in development have a significantly high
number of G4-motifs compared with that of tumor suppressor genes (11).
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G4-structures are unusually stable and have been implicated in a variety of
cellular processes, including immunoglobulin switching (2) and d(pCGG) repeat
expansion in the fragile X mental retardation gene (12). In addition, G4-structures
regulate the promoter activity of c-Myc (13,14), PDGF-A (15), the diabetes susceptibility
locus RET (16), the catalytic subunit of telomerase gene hTERT (17), the human insulin
gene (18), and the Yin Yang 1 gene YY1 (19). Furthermore, G4-structures in untranslated
regions (UTRs) regulate mRNA translation of genes such as Zic1 (20), YY1(19), and
NRAS (21). G4-structures located at chromosome ends inhibit telomerase extension
(22,23). Based on their high thermal stability and biological significance, it has been
hypothesized that the in vivo G4-structure formation would require enzymatic unwinding.

G4R1 Tightly Binds and Unwinds G4-strucutres
A search for the major G4-resolvase stemmed from the earlier study that
identified a hot spot for H2O2/Fe-mediated mutations in the G-rich region of the tRNA
SupF gene. (24). Subsequent analysis of the mutational hotspot Z33 demonstrated that it
could form a thermally stable tetramolecular G4-structure under physiological conditions
in vitro.
Identification of thermally stable G4-structures at physiological conditions led
Akman et al. to search for proteins that can effectively resolve these structures (25).
Several human proteins with specificity for G4-DNA (26-30) were known, but the major
human protein responsible for unwinding G4-structures was unclearly characterize
Akman et al. identified the G4-DNA metabolizing activity in human placental tissue
lysates, upon incubating the lysates with Z33 tetramolecular G4-DNA in presence of
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dNTPs (25). The protein extracts did not exhibit any DNA-duplex helicase or
topoisomerase activity (25), providing additional evidence that a G4-resolvase activity in
placental tissues lysates is responsible for unwinding the bulky G4-DNA.
Follow-up work determined the genetic identity of the observed G4-resolving
activity. At that time, several members of the RecQ family of DNA helicases unwind
tetramolecular G4-DNA to single-stranded DNA (31,32). In addition, several other
proteins were identified as G4-binders (29,33), but the identity of the major protein with
NTP-dependent resolvase activity, originally observed in placental cells (25) remains
unknown. The Akman and Vaughn groups screened the human cell lysates for G4-DNA
binding proteins using affinity chromatography. This approach used an unbiased and
comprehensive search for the major G4-DNA binding proteins. Biotinylated
tetramolecular G4-DNA (Z33) was bound to strepavidin beads and incubated with HeLa
whole cell lysates. The beads were washed with high salt buffers, to remove nonspecific
binding and enrich tight binders. To elute the proteins that bind and catalytically resolve
G4-DNA, ATP and Mg2+ were added to the buffer. The eluted proteins were identified by
mass spectrometry. The major mass spec peak was determined to be a DExH/D helicase,
the product of the DHX36 gene; this was named as G4-Resolvase1 (G4R1) (aliases:
RHAU, DHX36). The G4R1 demonstrated a weak activity toward double stranded DNA;
an approximate 30-fold more recombinant enzyme was needed compare with that of G4DNA, suggesting that G4R1 is highly specific for G4-DNA over duplex-DNA (34).
Recombinant G4R1 was cloned and purified from E.coli. The purified protein
demonstrated robust activity toward tetramolecular G4-DNA. The immundepletion
experiments determined that G4R1 resolves approximately 70% of the total G4-DNA in
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HeLa cells. Proteins such as ReqQ or other DeXH-family proteins with in vitro resolving
activity may likely be associated with processing the remaining 30% of G4-DNA.
Subsequent studies with G4R1 demonstrated its unique DNA and RNA specificities, with
a preference for G4-RNA (35). Fractionation of HeLa cell lysates showed that G4R1 is
localized to both the cytoplasm and nucleus, with more abundant expression in the
nucleus, supporting a dual role in DNA and RNA pathways (36,37). G4R1 exhibits
robust affinity and activity toward parallel, antiparallel, and mixed unimolecular G4DNA structures, with highest reported Kd among all G4-binding proteins [(38) and
Smaldino et al. unpublished, See Chapters 1-3].
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Figure 1: Domain organization of G4R1 protein.
The 15 amino acid region at the N-terminal of G4R1, known as the RHAU
specific motif (RSM), is essential for binding to G4-RNA (Figure 1) (39). The RSM
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region is conserved across the higher order eukaryotes, including humans, mice, chicken,
frogs, zebrafish, fruit flies, blood flukes, placozoa, and choanoflagellates. The N-terminal
residues, 1–105 are indispensible for binding and resolving G4-RNA; however, the Nterminus alone is insufficient for G4-RNA resolving activity (39). The helicase core
domain contains the catalytic core residues responsible for ATP-hydrolysis and provides
G4R1 with additional affinity for RNA through nonspecific interactions with the RNA
phosphate backbone (39). Taken together the data suggest that the RSM domain
recognizes G4-RNA substrates and positions them in close proximity to the helicase core
domain for further resolution.
G4R1 belongs to the DExH/D family of ATP-hydrolytic RNA helicases: these
family of proteins are classified based on the conserved helicase motif, which posess the
catalytic core for ATP hydrolysis (Figure 1). The DExH/D family proteins play a key role
in several aspects of RNA metabolism: unwind the double-stranded RNA, modulate
RNA-protein complex dynamics, regulate transcription and translation, and in RNA
splicing,export, and biogenesis (40,41).

G4R1 and mRNA Decay
In addition to its resolvase activity, G4R1 was also known to play a role in mRNA
deadenylation and decay (36). G4R1 was identified as a component of protein complex
purified from the AU-rich elements of urokinase plasminogen activator mRNA
(AREuPA), and thus termed as the RNA-helicase for AU-rich sequences (RHAU) (36).
AREs, located at 3′ UTR of RNA, are cis-acting and negative regulators of mRNA
stability, particularly in unstable mRNAs of cytokines, transcription factors,
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protooncogenes, and growth factor genes (42). siRNA knockdown of G4R1 in HeLa cells
resulted an increase in AREuPA mRNA stability; whereas, overexpression has the
opposite effect. Deadenylation and degradation of mRNA were mediated through the
recruitment of G4R1 to the PARN and the exosome complex, respectively. Interestingly,
the degradation of AREuPA depends on the ATPase helicase activity of G4R1, whereas,
the interaction of G4R1 with the exosome complex was RNA-independent (36). This data
suggest that G4R1 does not interact directly with mRNA, in a stable or in a transient
manner, and the interaction between G4R1 and the exosomes is protein, and not RNAmediated. This is further confirmed through gel mobility shift assays with G4R1 and
AREUPA mRNA, which did not show any detectable direct binding (36).
Together, studies indicate that G4R1 increases deadenylation and subsequent
degradation of the plasminogen urokinase mRNA; this process is dependent on the
presence of an ARE in mRNA and the ATPase activity of G4R1. The specific class of
mRNAs regulated by G4R1 are still unclear. Although G4R1 is involved in the decay of
uPA mRNA, which contains a putative RE-sequence, the uPAR gene mRNA with the
ARE sequence was unaffected by G4R1 knockdown or overexpression (36), suggesting
G4R1 may also be involved in other regulatory roles apart from RNA decay, such as
genome-wide transcription regulation.

G4R1 as a Transcriptional Regulator
Subsequent studies demostrated that the regulatory role of G4R1 is not unique to
ARE mRNA, but is involved in global RNA pathways (37). Microarray analysis was
used to study global steady-state RNA levels in G4R1 siRNA knockdown HeLa cells.
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Atleast 125 mRNAs were affected by 2-fold change, and approximate 900 additional
genes were affected by at least 1.5-fold. In both the cases, distribution between up or
downregulated mRNAs was approximately 50% each. Global gene steady-state and halflife microarray analysis suggested that G4R1 did not affect gene expression through
mRNA decay, and may likely be through through some other transcription-mediated
mechanism (37). G4R1 has also been shown to affect steady-state levels of the human
telomerase RNA (hTR) (43) (See G4R1 and Telomere/telomerase Biology Section).
Upon transcription termination, DExH/D box helicases, p68, and its dimer partner
p72, which are known to regulate transcription, localize to the nucleolar cap (44,45).
Similarly, termination of transcription by actinomyosin D localizes G4R1 to the nucleolar
cap, where it interacts with p68 and p72 (37), suggesting a potential role in transcription.
G4R1 localization to the nucleolar cap is directly adjacent to compact, heterochromatin
DNA, and does not colocalize with heterochromatin DNA marker, H3-K9 trimethylation.
This data suggest a role for G4R1 in RNA or noncompact DNA. Since unwinding of the
duplex DNA is essential for G4-structure formation, G4-DNA structures are common in
noncompact DNA. Interestingly, when a mutant of G4R1 that lacks catalytic activity was
expressed in Hela cells, it was predominantly localized to cytoplasm and the localization
was not affected by actinomyosin D treatment (37), suggesting that the catalytically
active G4R1 regulates cellular localization during transcription.
Coimmunoprecipitation assays revealed a physical interaction between G4R1 and
histone deacetylase, HDAC1 (37,46), suggesting its possible involvement in
transcription. Lee et al. recently reported that, G4R1 associates with MS-275 response
element in the tissue-nonspecific alkaline phosphatase promoter (TNAP) (46). MS-275,
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an HDAC-inhibitor with antitumor activity (47) is also a potential therapeutic for bone
resorption (46). TNAP, a a commonly used marker for early osteoblast differentiation
(46) plays a role in bone mineralization (48) by providing free inorganic phosphate for
bone formation (49). G4R1 induces MS-275 of the TNAP promoter, and therefore, acts
as a transcriptional activator(46).
The TNAP promoter sequence usedd in the current study to identify the TNAP
transcription regulators has a potential to form a tetramolecular or bimolecular G4structure; however, the double-stranded sequence limits G4-structure formation because
it has to compete with the complimentary Watson–Crick base pairing. However, this
study did not address if G4R1 can directly bind to the sequence or its association was
mediated by protein-protein interactions. Mutations that distrupt the guanine tract on
either strand decreased the association of G4R1 with the sequence (46), suggesting G4R1
can directly interact with this sequence via G4-interactions.
A study using the Yin Yang1 (YY1) gene promoter reported that, G4R1 acts as a
transcriptional activator through direct resolution of inhibitory G4-structures within the
G-rich YY1 promoter sequence. This data is an important link between G4R1’s exquisite
G4-binding/resolving activities (25,35,38,39,43,50,51) and gene transcription effects
(19,36,37,46) (See Chapter 2 for full manuscript).

G4R1 and mRNA Splicing
G4R1 has been shown to localize to the RNA splicing sites in the nucleus(37,52).
Immunohistochemical staining of GFP-tagged G4R1 demonstrated predominantly
nuclear localization, exluding the nucleolus and colocalized with nuclear speckles, with
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the RNA splicing factor SC35, suggesting a role for G4R1 in mRNA splicing. Pastor and
Pagani (52) identified G4R1 during RNA affinity pulldown assays using a sequence from
the intronic splicing enhancer element (ISE) from the Ataxia Telangiectasia Mutated
(ATM) gene. The ISE element of ATM regulates “cryptic exon activation,” in which
aberrant exon(s) are included in the fully spliced mRNA (53). G4R1 specifically binds to
wild-type ISE RNA, but not the mutant ISE. Neither wild-type nor mutant sequences
contained putative G4-sequence; however, direct binding to ISE was not analyzed in this
study. Surprisingly, overexpression or siRNA knockdown of G4R1 did not affect splicing
of ATM mRNA (52). Therefore, the role of G4R1 in splicing is so far unclear. It is likely
that upon G4R1 knockdown, other proteins may compensate its effect on splicing, but
future work is needed to adress these questions.

G4R1 and Translation
To identify the endogenous RNAs associated with G4R1, RIP-chip (RNA
immunoprecipitation coupled to microarray analysis) was performed in HeLa cells using
G4R1 antibodies (50). More than 9000 of the 19089 genes on the microarray chip were
expressed in cells overexpressing G4R1. Of the approximately 9000 genes, 106 were
found to be specifically and significantly enriched (P < 0.01) for G4R1 compared with
the total input RNA. Ten of these were randomly chosen and confirmed by RT-PCR. Of
the 106 enriched genes, more than half of the RNAs contained canonical G4-motifs,
supporting previous reports on G4R1’s exceptional affinity for G4-structures
(34,35,38,39). Interestingly, aproximately 75% of G4-forming RNAs signficantly
enriched with G4R1 are located at 5′ and 3′ UTR regions of mRNA. G4-structures in the
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UTRs have been shown to affect translation, thus suggesting G4R1 might play a
translational role by binding and unwinding these structures. However, results from our
studies [(19), Nagamine et al. unpublished, Akman and Vaughn unpublished] did not
show a conclusive evidence toward the role of G4R1 on translation of genes containing
UTR G4-structures. Thus, it is likely that G4R1 acts on RNA during RNA metabolism,
and do not effect the translation.

G4R1 and Cellular Stress Response
During times of cellular stress such as heat shock, oxidative stress, ischemia or
infection, mRNA translation is shifted away from housekeeping genes to the stress
response and repair genes (54,55). During this event, untranslated mRNA is sequestered
into stress granules (SGs) in the cytoplasm, where RNP remodeling and fate of the
mRNA occurs. A number of genes involved in ARE-binding associate with SG’s (56,57).
Since G4R1 regulates ARE-mediated RNA decay (36), its potential involvement in stress
response was explored. G4R1 was shown to be recruited to SGs under various forms of
cellular stress, via a direct interaction with RNA. The N-terminal domain of G4R1, which
contains the RSM, the RNA binding domain, has been shown to be both necessary and
sufficient for this recruitment (Figure 1) (54). Additionally, the catalytically inactive
mutant accumulated to high levels in SGs compared with the wild-type, suggesting that
retention and release of G4R1 in SGs is dependent on ATP hydrolysis of RNA.
Nagamine et al. hypothesized that G4R1 releases mRNA’s from stress granules and
shuttle them to processing bodies such as exosomes, in an ATP-dependent manner (54).
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Considering G4R1’s affinity for G4- DNA and G4-RNA structures
(19,34,35,38,43,50,51), it is possible that recruitment to SGs requires interaction with
G4-containing RNA’s. Interestingly, genes involved in proliferation, cell survival, and
development are often enriched with G4-sequences; on the other hand, genes involved in
growth arrest, such as tumor suppressers, have significantly less G4-structures (8,10,11).
Therefore, it is likely that at times of cellular stress, G4-structures “mark” growthpromoting mRNAs and sequester them in to SGs, for binding to G4-binding proteins to
facilitate localization and retention. Experimental evidence is needed to support this
hypothesis.

G4R1 and Telomere/Telomerase Biology
Telomeres are specialized nucleic acid-protein structures that “cap” the ends of
chromosomes, and protect against chromosomal end joining, recombination, and
degradation (58,59). Human telomeric DNA consist of 1-15 kilobases of double-stranded
tracts of d[pTTAGGG]n repeats along with a 50-200 nt single-stranded G-rich 3′
overhang at the end of each chromosome (60,61). The 3′ end of telomeric DNA cannot be
replicated completely by conventional DNA polymerases, resulting in progressively
shorter telomeres upon each replication. Therefore, somatic cells undergo only a limited
number of divisions before the telomere become short and lose its function, ultimately
leading to senescence or apoptosis (58,59,62). The RNP reverse transcriptase, known as
the telomerase, prevents and maintains the replication of telomere. Telomerase is
overexpressed in almost 85% of cancers, and is undetectable in most normal adult tissues
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(63), making telomerase and telomere biology the target of intense focus of research for
the development of cancer therapies (60,64).
Cancer cells express telomerase and typically have shortened telomere lengths;
this is perhaps paradoxical. However, cancer cell telomere length remains constant and
do not erode (65,66). This suggests that a homeostasis between positive and negative
regulation of telomere length is important for cancer cells to maintain indefinite
replication. In this regard, telomere binding proteins have been implicated in negative
regulation of telomere length (67-69).
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Telomerase is an RNA-dependent DNA polymerase, which adds
deoxyribonucleotides to the single-stranded 3′ overhang of telomeres (70). The core
components of the telomerase holoenzyme consist of a reverse transcriptase subunit
(hTERT) and a template-containing RNA (hTR), with the complimentary telomeric
repeat. Together, hTERT and hTR are sufficient to reconstitute telomerase activity in
vitro (71,72). The hTR component of telomerase is structurally conserved across many
organisms, and contains a Watson–Crick helical domain, termed the P1- helix, at the 5′ of
the template sequence. The P1- helix serves as a template boundary element for
telomerase by limiting reverse transcription of the telomere to the 11-nucleotide template
sequence (73).

P1 Helix
G
C U
UGGC UCGCCCCUCCCGGG
UACCGUGGUGGGGAGGGCCCGGG
3’
UU
UG
GG
U
U
A
G
U
G
G4-forming
GUCAAUCCCAAUCUG
GC
U
guanine tracts GU
5’ GG

Figure 2: Telomerase RNA (hTR) structure (G4-structure is not shown; G4forming tracts are highlighted in red).
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Interestingly, the 5′ end of hTR contains a G-rich region suitable for G4-structure
formation (74,75) (Figure 1). The hTR G4-structure is thought to play a role in P1-helix
formation (74), protein recruitment and/or hTR metabolism (43,50,51,75). G4-structure at
the 3′ end of telomere are the most well studied among G4-structures and studies showed
their in vivo existence (23). G4-structures within the telomeric (dTTAGGG)n repeat are
known to inhibit telomerase activity (76,77). With G4R1’s high affinity and specificity
for G4-structures, and with G4-structures being prominent at both the telomere and hTR
sequences, it is not surprising that G4R1 has recently been implicated in a series of
studies supporting its significance in telomerase and telomere biology [(43,50,51) and
Smaldino et al. unpublished see Chapter 3].
In vitro mobility shifts assays demonstrated that G4R1 can directly bind hTR, and
this interaction was dependent on G4-structure (50,51). Furthermore, G4R1 was shown to
catalytically unwind the unimolecular hTR G4-structures (51). Using RIP-chip analysis
with G4R1 antibodies, hTR, the highly enriched RNA, was found to be associated with
G4R1 in cells (50). Consistent with this result, hTR-immunopurification experiments
identified G4R1 along with hTR (51,78). The N-terminal of G4R1 is necessary and
sufficient to interact with hTR (78).
Mutations or deletions in the hTR 5′ G4- sequence showed a significant reduction
in binding of G4R1 to the telomerase in cells (50,51,78), suggesting that G4R1 associates
with telomerase via hTR G4-binding interaction. Nagamine et al. showed that G4R1
immunoprecipitated samples exhibit approximately 25% of the total telomerase acitivity
in cells, suggesting the in vivo association of G4R1 with the fully assembled telomerase
(50). However, Collins and Sexton detected negligible telomerase activity assoicated with
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G4R1(43), and suggested that G4R1 is involved in early hTR biogenesis, but not with the
mature telomerase holoenzyme. It is likely that the G4R1 associated telomerase activity
reported in both the above mentioned studies are underestimates because it is known that
in presence of ATP, G4R1 resolves the G4-structures, resulting in reduced affinity
towards hTR (19,50). Gel mobility shift assays further confirmed this, and showed a
substantial reduction in G4R1/hTR complex under resolving conditions (+ATP, +Mg2+).
Mutations in the G-runs at the 5′ end of hTR that inhibit G4-formation resulted in
markedly reduced mature hTR formation and telomerase activity and elongation (43).
The effect on telomerase activity and telomere elongation are likely due to the reduced
hTR levels, since this is the rate-limiting factor for telomerase activity (78,79). However,
Nagamine et al. with the same mutations found no changes in hTR expression levels and
telomerase holoenzyme protein assembly (50).
McKenna et al. substantiated and expanded on these contradictory studies
(43,50). The results of their study revealed that G4R1 interacts with G4 -RNA structures
of hTR via the RSM domain, and G4R1’s association with telomerase depends on this
hTR-G4 interaction (51). Furthermore, they demonstrated a transient but significant
decease in telomere length following siRNA knockdown of G4R1, suggesting G4R1 as a
positive regulator of telomere length (51).

G4R1 as a Cytoplasmic Microbial DNA and RNA Sensor
Recent reports have shownt that G4R1 functions as a microbial DNA and RNA
sensor (80,81). G4R1 was initially identified via DNA affinity chromotography using an
unmethylated CpG dinucleotide, CpG-A (ODN 2216). Unmethylated CpG dinucleotides
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are 20-fold more frequent in bacterial genome compared with human genome, and
therefore, can easily be recognized by human sentinel proteins in the cytoplasm, to elicit
an innate immune response against microbial infections. CpG-A, a well-known ligand for
toll-like receptor-9 (TLR9), exhibits a strong interferon immune response in human
plasmacytoid dendritic immune cells (pDC) (82,83). (84,85). Mice deficient in TLR9
have defects in interferon-alpha response upon challenge with CpG A (85).
In pDC cells, G4R1 is localized to cytosol, and it binds specifically to CpG-A, but
not CpG-B DNA via its DEAH-box domain. CpG-A but not CpG-B, self-anneals into a
virus-sized nanoparticle (20-100nm) via G4-interactions. The G4-nanoparticle formation
is facilitated by duplex structure in a palindromic sequence of CpGA, flanked by Grepeats on both the ends (84). Duplex formation is thought to bring the G-repeats in close
proximity for Hoogsteen bonding interactions with each other or with other CpG-A
molecules to form an intermolecular G4-structure. Interestingly, the G4-structure of CpGA was found to be an essential factor to generate strong interferon response (84). This is
consistent with the data from Lui et al. that suggested G4R1 to be essential for interferon
response to CpG A, but not CpG B (81). Taken together, the existing data infers that
G4R1 elicits an interferon response to unmethylated CpG DNA in bacteria by binding to
G4-structures.
G4R1 has been shown to directly bind MyD88 through the C-terminal HA2
domain. This interaction with MyD88 is essential for interferon production and
localization of IRF-7 to the nucleus, where the immune response is further amplified.
Furthermore, G4R1 was also found to be essential for mounting interferon immune
response in pDCs infected with DNA- (HSV) or RNA- (influenza A) viruses (35).
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Knockdown of TLR9 abrogated this effect suggesting G4R1 mediates the interferon
response through the TLR9 pathway. Taken together, this data suggests that G4R1
together with MyD88 and TLR9 sense foreign nucleic acid molecules in the cytosol, and
signals it to TLR9 pathway to trigger interferon immune response.
It is unclear at this point whether G4R1 recognizes G4-structures in HSV and
influenza A genome to mount interferon response. For instance, the G/C content in the
genome of some HSV strains is as high as 70.4% (86), suggesting a high potential for
G4-structure formation. However, human RNA viruses such as influenza A have low
abundance of CpG dinucleotides, and are thought to have been selected out of their
genome to mimic the human host genome (87). This data raises several questions: did
G4-structures in microbes originally evolve to camouflage themselves from host immune
surveillance? did proteins such as G4R1 in host cells evolve to remove this veil of
camouflage by binding and unwinding these structures?
A follow-up study by Liu et al. (80) further supported the role for G4R1 in viral
immune cytokine response in dendritic immune cells. Interestingly, G4R1 was identified
as a poly I:C binding protein, via RNA-affinity chromatography. Poly I:C, a synthetic
RNA, induces type-I interferon response in a variety of cell types through various
pathways involving TLR3, RIG-1, and MDA5. Poly I:C is thought to function as a viral
RNA mimic to induce the interferon production (80). G4R1 was found to be in complex
with DDX1, DDX21, and the TLR3-adaptor molecule TRIF in murine dendritic cells.
siRNA knockdown of G4R1 led to loss of approximately 80% of the cytokine response to
short (0.2-1 kb) and long (1.5-8 kb) poly I:C. Similar to the earlier study, knockdown of
G4R1 also ablate type-I interferon production in response to influenza A virus and
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reovirus; however, it had little effect on the interferon production in response to
uncapped, 5′-triphosphate RNA (RIG1-ligand) or poly dA:T (80). The G4R1 has been
shown to associate with DDX1–DDX21–TRIF complex both in presence and absence of
polyI:C, suggesting that this complex exist in both resting and immune stimulated
conditions. However, it has been shown that when stimulated with poly I:C, the complex
translocates to the mitochondria and activates the IFN response transduction pathways
independent of TLR3, RIG1, and MDA, suggesting a novel viral nucleic acid sensing
mechanism. It is speculated that the constitutive expression and localization of the
complex makes it to function as the “first responder” to viral RNA (80).
Interestingly, G4R1 failed to directly bind poly I:C; however, DDX1 associates
with RNA along with G4R1 and DDX21, thus linking DDX1/polyI:C to TRIF. It is
unclear whether the G4-helicase or ATPase acitivities of G4R1 effect this complex;
however, inosine, despite its N-7 position being occupied, has been reported to form G4structures via coordinate bonds in presence of monovalent cations (88,89). Therefore, it is
likely that unwinding of polyI:C leads to the formation of higher order structures, which
can bind to G4R1. However, binding of G4R1 to inosine G-tetrads has not been tested,
and thus it is unclear whether G4R1 exhibits affinity for such a structure. Since guanine is
derived from inosine during purine biosynthesis it would be interesting to test if G4R1
has a similar immune effect in response to a poly G:C RNA infection. Poly G:C would
have a great potential to form quadruplex structures in the cell, if the G:C duplex is
unwound.

G4R1 in Embryogenesis and Hematopoiesis
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A recent study by Nagamine et al. using mouse models has demonstrated an
important role for G4R1 in embryogenesis and hematopoiesis (90). Their work was based
on an earlier global gene expression study that reported elevated G4R1 expression in
bone marrow and lymphoid cells, including B-cells, T-cells, dendritic cells, and natural
killer cells (91). A germline deletion of G4R1 was embryonically lethal, the embryos
died around 7 days postcoitus (dpc), demonstrating an essential role for G4R1 in
embryogenesis (90). To subvert the embryonic lethality of the G4R1 knockout, a
conditional, hematopoetic G4R1 knockout mouse was developed with G4R1 sequence
flanked with loxP Cre-recombinase sites (floxxed) at exon 8. These mice were then
crossed with mice expressing Cre only in early hematopoietic lineages via the vaviCre
promoter, causing Cre-mediated deletion of exon 8 only in hematopoietic tissue (90).
Deletion of exon 8 introduces a frameshift mutation, which results in a termination codon
that leads to total loss of the mRNA via nonsense-mediated decay pathways (92).
Mice with G4R-ablated in their hematopoetic lineages demonstrate the following
phenotypes: Overall discoloration (pale color) of pups, and kidneys and liver, anemia
with reduced red blood cell count (RBCs) and reduced hemoglobin, thymic hypoplasia,
splenomegaly, and hepatomegaly. Bone marrow transplant experiments demonstrated
that anemia is an intrinsic effect of G4R1-ablation in hematopoietic cells and is not an
extrinsic microenvironment effect. In addition to anemia, G4R1-hematopoetic knockout
mice showed a partial differentiation block at the ProE stage of erythropoiesis; the
earliest stage of erythrocyte maturation. Furthermore, it was demonstrated that G4R1
knockout reduces the differentiation capacity of hematopoetic stem cells (HSC). The
overall defects in HSC differentiation were shown to be due to a defect in cell cycle
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progression causing reduced proliferation of HSCs. Finally, gene microarray analysis was
performed on G4R1-ablated ProE cells. Differentially expressed genes were further
screened for putative G4-sequences: 30% of the genes expressed in ProE cells contained
putative G4-sequences, and in G4R1-ablated cells, a 37% of all the genes expressed
contained G4-motifs. The list of deregulated genes were further analyzed based on their
cellular localization and function; approximate 73% are nuclear-localized and cell cycle
related genes with G4-motifs in their promoter regions (90). Taken together this data
suggest that the hematopoetic differentiation defect observed in G4R1-ablated cells was
due to a deregulation in cell cycle genes with G4-promoter sequences.
Promoter G4-structures have been reported to inhibit transcription (14). Since
G4R1 can bind and and resolve G4-structures efficiently (34,35,38), it is likely that G4R1
could block the inhibition and promotes transcription through catalytic unwinding of G4structures. Indeed, G4R1 has previously been shown to enhance YY1gene expression
through direct interaction with a promoter G4-structure (19) (See Chapter 2 for full
manuscript). Therefore, the defects in embryogenesis and differentiation in G4R1-abalted
mice (90), are likely due to a robust increase in promoter G4-structures of the genes
involved in embryogenesis and hematopoiesis.

G4R1 in miRNA Localization and Neuronal Growth
Recent work by Wei et al. (93) has suggested a novel role for G4R1 in dendritic
localization of precursor-microRNA-134 (miR-134) in hippocampal neurons.
Localization of specific microRNAs, including miR-134 to the dendrites of neurons is
known to control protein expression and synapstic plasticity (94,95). The loop sequence

20

of pre-miR-134 was shown to be critical for dendritic localization (93). G4R1 was
identified as a pre-miR-134 binding protein in RNA-affinity purification. Subsequen gel
mobility shift assays revealed that full length G4R1 directly bind to and inhibit Dicercleavage of pre-mir-134 (93). G4R1 knockdown in rat hippocampal neurons by siRNA
led to a significant reduction in pre-miR-134 localization on dendrites and subsequent
increase in dendritic miR-134 target genes along with an increase in the volume and
morphogenesis of dendritic spines (93). Taken together this data suggest that G4R1
negatively regulates dendritic spine morphogenesis by localizing miR-134 to the
dendrites (93). Therefore, this data not only suggest a novel and direct role for G4R1 in
microRNA localization and processing, but also propose an additional role for G4R1 in
development, specifically in hippocampal dendrite growth and plasticity. The role of
ATPase and G4-resolvase activities of G4R1, and the potential for G4-structure
formation in miR-134 were not analyzed in this study; however, lack of a putative G4motif in miR-134, suggests a G4-structure independent RNA specificity for G4R1, noted
previously for RNA (unpublished).

Conclusion
G4R1 is a multifunctional protein that regulates several key cellular processes
involving DNA and RNA: global transcription (19,37,90), telomerase biology (43,50,51),
cellular stress responses (54), interferon responses to bacterial and viral nucleic acids
(80,81), embryogenesis and development (90). In DNA dependent processes, G4R1 acts
predominantly on G4-structures with significantly low affinity for unstructured or duplex
DNA (35,38). Interestingly, the interaction of G4R1 with RNA is not only limited G4-
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structures: G4R1 has been shown to associate with both the G4-RNA structures and RNA
sequences independent of G4-structures (54,80) (Akman and Vaughn unpublished). The
major reported biological functions for G4R1 include transcription and telomerase
regulation (Figure 3).
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Figure 3: “Swiss Army knife-like” functions of G4R1.
The DHX9 gene product, RNA Helicase A (DNA Helicase II), is closely related
to G4R1 (96). Similar to G4R1, DHX9 exhibits dual substrate affinity and helicase
activity for both DNA and RNA (97). Similar to G4R1, DHX9 recognizes and unwinds
noncanonical nucleic acid structures, and DHX9 knockout mice have also been shown to
be emrbyonically lethal (98). However, unlike G4R1, DHX9 prefers triplex structures (HDNA), the hotspots for mutations. Based on this substrate specificity, DHX9 has been
considered to relieve the genome of H-DNA during replication and maintain genomic
stability (99). G4-DNA structures are also thought to be hotspots for mutations during
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replication (100), so it will be interesting to further analyze the potential role for G4R1 in
maitnaining genomic stability during replication.
Despite G4R1’s key role in global gene transcription (36,54,90), regulation of
transcription through direct interaction with promoter G4-structures had not been studied
so far. Furthermore, G4R1 has been extensively studied with regards to its involvement
with telomerase RNA and in telomerase biology. Its dual RNA/DNA specificity could
also suggests its affinity for telomere DNA; however, a direct interaction with the
telomere had not been reported. Finally, specific binding requirements needed to bind
G4-DNA structures were unknown prior to the current work. The following chapters will
expand on current studies and for the first time show G4R1’s remarkable affinity for
unimolecular G4-DNA and its ability to catalytically unwind these structures. In addition,
we show a functional significance of this affinity in transcription regulation of the YY1
gene. Finally, we demonstrate for the first time G4R1’s ability to directly bind telomeric
G4-DNA.
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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 structures into single
strands. Here, we test the ability of G4R1/RHAU to bind and unwind unimolecular G4DNA. 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 Kd’s of 6, 3 and 4 pM for
two Zic1 G4-DNAs and a c-Myc G4-DNA, respectively. The low enzyme concentrations
required for measuring these Kd’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 catalyzes 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 G4DNA was ATP dependent. Competition studies indicated that uni-molecular Zic1 and cMyc G4-DNA structures inhibit G4R1/RHAU-catalyzed resolution of tetramolecular G4DNA. This report provides evidence that G4R1/ RHAU tightly binds and unwinds
unimolecular G4-DNA structures.
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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 intraand/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 Zic1
DNA 47-mer and c-Myc DNA 51-mer) and the absence of G4-DNA in a third oligonucleotide
(Scrambled Zic1 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 Zic1 DNA 47-mer in 50 mM KCl (blue trace 25_C, red trace 37_C, green
trace 95_C). (F) Melting curve of Poly A Zic1 DNA 47-mer; molar ellipticity at 263 nm versus
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temperature in 50 mM KCl (blue trace) or 50 mM LiCl (red trace). (G) CD spectrum of c-Myc
DNA 51-mer in 50 mM KCl (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 50 mM KCl (blue
trace) or 50 mM LiCl (red trace). (I) CD spectrum of Scrambled Zic1 DNA 47-mer in 50 mM
KCl (blue trace 25_C, red trace 37_C, green trace 95_C). (J) Melting curve of scrambled Zic1
DNA 47-mer; molar ellipticity at 263 nm versus temperature in 50 mM KCl (blue trace) or 50
mM LiCl (red trace).

The stacked G-quartet structure was first solved in guanylic acid by Gellert et 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 inthe 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 specialized cellular regions could form
tetramolecular G4-DNA, the most common G4-DNA structure predicted to form in cells
is the fully intramolecular, unimolecularG4-DNA species. Unimolecular G4-DNA
formation was first observed by Williamson et al. (10) in oligodeoxyribonucleotide
sequences of the Oxytrichia 3’ telomeric single-stranded overhang. Unimolecular G4DNA structures have both thermal stability and low first-order kinetic barriers of
formation (11). Furthermore, unimolecular G4-DNA is commonly stabilized best by a K+
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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 Tm. 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 375 000 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 30 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 G4DNA (20). An inducible gene containing the immunoglobin Sm and Sg3 switch regions
cloned into an Escherichia coli plasmid produced G4-DNA structures within the non-
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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 G4DNA 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 Zic1 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 probable as transcription increases. Such transcription-associated G4DNA formation has been observed in the non-template strand of transcribed sequences of
immunoglobin Sm and Sg3 switch regions in a constructed plasmid (21).
Considering that the melting temperature of most G4-DNAs that conform to the
PQS sequence are predicted 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
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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 mentioned
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 115 kDa 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 Kd’s of 77 ± 6 pM and 39 ± 6 pM,
respectively, and to efficiently unwind these tetramolecular structures into monomers in
the presence of adenosine triphosphate (ATP) (37). G4R1/RHAU requires an unstructured loading region of at least seven bases 30 of the G4-DNA structure for efficient
resolution of tetramolecular molecules; no such extension of nucleotides were required at
the 50-end of the G4-DNA structure for unwinding (S. Creacy, S. Akman and J. Vaughn,
unpublished results). These results suggest that the enzyme loads on the 30-end of
tetramolecular G4-DNA structures and translocates in the 30 to 5 0 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
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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 resolution activity of full-length recombinant human G4R1/ RHAU upon
unimolecular G4-DNA structure, and found that G4R1/RHAU binds tightly to this
structure. Moreover, G4R1/RHAU catalyzes unwinding of unimolecular G4-DNA into an
unstructured form capable of hybridization 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 mM solutions of G4-DNA were prepared in 10 mM Tris–HCl,
pH 7.5, 1 mM EDTA ± 0–50 mM KCl 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 30 s. Molar ellipticity data were collected in the temperature
range 25–98_C.

G4-DNA formation and quantification: Oligonucleotides [unlabeled or 50 5,6carboxytetramethyl-rhodamine (TAMRA)-labeled] were purchased from either Oligos
Etc. or Integrated DNA Technologies. Tetramolecular G4-DNA was formed from
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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 0.5 mM in 10 mm Tris–HCl, 1 mM EDTA, pH 7.5. Oligonucleotide solutions were aliquoted 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 25 mM. 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 50-TAMRAlabeled oligonucleotides were further purified by electrophoresis on a 10% polyacrylamide gel and band excision. Electrophoretic bands containing G4-DNA were
recovered by electroelution in a Schleicher and Schuell Elutrap with 1 _ TBE (89 mM
Tris-Borate, pH 8.3, 2.5 mM EDTA) buffer additionally containing 3 mM KCl. The
Elutrap was run with buffer recirculation. 50-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 spectrophotometer (Bio-Rad).
The molar extinction coefficient for each oligonucleotide was determined by the
instrumental software after inputting the base composition of each.

5’-[32P]-end labeling of G4 nucleic acids: [32P]-end-labeled G4 oligonucleotides were
obtained by incubating unlabeled oligonucleotides previously treated to form G4-DNA as
described above, with T4 polynucleotide kinase (Promega Corporation) and [g-32P] ATP
for 0.5 h at 37_C, according to the manufacturer’s instructions. 50-[32P] end-labeled
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oligonucleotides were purified with a MicroSpin G25 column (GE Healthcare)
equilibrated with TEK (10 mM Tris, 1 mM EDTA and 50 mM KCl) buffer and stored at 20°C.
Table 1: DNA oligonucleotides used in this work
Oligo name

Sequence (5’–3’)

Poly A Zic1 DNA

5’-AAA AAA AAA AGG GT GGG GGG GCG GGG GAG

(47-mer)

GCC GGG GAA AAA AAA AA-3’

c-Myc DNA (51-

5’-GGC CGC TTA TGG GGA GGG TGG GGA GGG TGG

mer)

GGA AGG TGG GGA GGA GAC TCA-3’

Scrambled Zic1

5’-AGA AGA GAG AGA GTG AGA GAG ACG AGA GAG

DNA (47-mer)

GCC GAG AAG AGA GAG AG-3’

Poly T Zic1 DNA

5’-TTT TTT TTT TGG GTG GGG GGG GCG GGG GAG

(47-mer)

GCC GGG GTT TTT TTT TT-3’

(HHN)11 DNA (33-

5’-HHN HHN HHN HHN HHN HHN HHN HHN HHN HHN

mer)

HHN-3’

PolyA DNA (47-

5’-AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA

mer)

AAA AAA AAA AAA AAA AA-3’

Poly T DNA (47-

5’-TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT

mer)

TTT TTT TTT TTT TT-3’

PNA (11-mer)

H2N-CCC CCC CCA CCC-Lys-COOH
5’-AAA GTG ATG GTG GTG GGG GAA GGA TTT TCG

Z33 DNA (33-mer)

AAC-3’
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Gel mobility shift assay and apparent Kd determination for G4R1/RHAUoligonucleotide 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: 15 ml 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
0.750 mg 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 (150, 100 and 75 kDa) 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 ± 18 nM (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 b-galactosidase (Sigma, # 5635-1KU) were
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precisely quantified via spectrophotometry at 280 nm using extinction coefficients. BSA
and beta- galactosidase 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 titration of the Promega Broad Range Molecular
Weight markers (31.3, 62.5, 125, 250, 500 ng); these titrations were done in triplicate.
Gels were then stained with Coomassie R-250 (50 mg/100 ml of 50:10:40 v/v
methanol:acetic acid:H2O) and then destained with 30:10:60 v/v methanol:acetic
acid:H2O. 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 b-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 determination of protein
concentration) differ by 20–49% (<2-fold, data not shown). The apparent Kd 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 50-[32P]end-labeled G4-DNA in K-Res (100 mM KCl, 10 mM NaCl, 3 mM MgCl2,
50 mM Tris acetate, pH 7.8, 70 mM 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 15 h 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
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statistical analysis was performed with MS Excel. The apparent Kd 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:
B= Bmax [Substrate]/Kd+[Substrate]
Here Bmax is the fractional degree of saturation of receptor with ligand at large
excess, and Kd is the equilibrium affinity constant expressed in molarity. Nonlinear
regression analysis (SigmaPlot 11.0, Systat, San Jose, CA, USA) yielded Bmax, Kd 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.

koff determination: A 1500 ml solution of 1 pM 50-[32P]-Poly A Zic1 47-mer G4-DNA
and 200 pM G4R1/RHAU was incubated at 37_C for 30 min under standard GMSA
conditions (described above). Following incubation, a 200 ml sample of the binding
mixture was removed and placed at _80_C to be used as a positive binding control. At
this point, 20 mM unlabeled Poly A Zic1 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 unlabeled competitor, 200 ml samples of the binding mix were removed and placed at
_80_C. As a negative control a reaction in which 20 nM of unlabeled Poly A Zic1 47-mer
G4-DNA was added to 1 pM 5’-[32P] end-labeled-Poly A Zic1 47mer G4-DNA prior to
incubation with G4R1/RHAU was included to demonstrate that 20 nM of unlabeled Poly
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A Zic1 47-mer G4-DNA is sufficient to block detection of binding of 5’-[32P] endlabeled-Poly A Zic1 47mer G4-DNA to G4R1/RHAU. Following the completion of the
72 h time point, binding mixtures were simultaneously thawed and analyzed by 10% nondenaturing PAGE. Electrophoresis was per-formed at 70 V for 15 h 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 Zic1 DNA: Poly A Zic1 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 Zic1 DNA 47-mer was
added to a 50 ml reaction volume containing 50 mM sodium cacodylate, pH 8.0, 1 mM
EDTA. Samples were chilled on ice for 5 min followed by heating at 95°C for 5 min,
after which 2 ml (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 Zic1 DNA 47-mer G4-DNA (Figure 5 and Supplementary Figure S4,
Bands 1 and 2) and the Poly A Zic1 DNA 47-mer:PNA hybrid (Figure 5 and
Supplementary Figure S4, Band 3) were prepared by adding 100 pM or 1 nM 5’-[32P]labeled Poly A Zic1 DNA 47-mer G4-DNA to K-RES buffer, 10 mM ATP and 0, 10,
100,500 nM, or 10 mM PNA (with Watson– Crick complementarity to the internal Poly
A Zic1 DNA 47-mer PQS) in a 30 ml final volume. Solutions were held at 98°C for 10
min and then cooled to room temperature. In order to assess G4R1/RHAU-catalyzed
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unwinding of unimolecular G4-DNA by trapping of the open product with a
complementary PNA, 100 pM or 1 nM 5’-[32P]-labeled Poly A Zic1 DNA 47-mer G4DNA was added to RES buffer, 10 mM ATP [or adenosine 5’-(b, g-imido)-triphosphate
(AMP-PNP) in selected experiments], 10 nM complementary PNA and a dilution series
of active recombinant G4R1/RHAU enzyme that included 0, 28.5, 463 fM, 1.85, 115 and
7.40 pM, each in a 30 ml 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 negative controls.
Additionally, a set of 30 ml reactions was made containing 1 nM of 50-[32P]-labeled Poly
A Zic1 DNA 47-mer G4-DNA in K-RES buffer, 10 mM 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 ml of 0.5 M 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. 2 nM of 50-TAMRA-labeled tetramolecular G4-DNA and 1 U of
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recombinant G4R1/RHAU were included per 50-ml reaction. Unlabeled inhibitor unimolecular G4-DNA oligonucleotides, including c-Myc 51-mer and Poly A Zic1 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 5 ml of 200 mM EDTA, and analyzed by electrophoresis
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 Zic1 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 50 mM 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 previously used
to characterize G4-DNA in oligonucleotides (41,42). Typically, unimolecular parallel
G4-DNA structures (Figure 1D) produce a peak of molar ellipticity at _260 nm, while
anti-parallel G4-DNA structures (Figure 1C) produce a peak of ellipticity at 290 nm. The
Poly A Zic1 DNA 47-mer and the c-Myc DNA 51-mer both contain G-rich sequences
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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
Zic1 DNA 47-mer and the c-Myc 51-mer (Figure 1E and G) show peaks of molar
ellipticity at _260 nm that are suggestive of parallel G4-DNA structures in 50 mM KCl 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 typically stable well above 37_C in KCl solution.
However, at 95_C (green trace in Figure 1E and G) the molar ellipticity significantly
diminishes at 260 nm, 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 Zic1 47-mer sequence (Figure 1I), which is an oligonucleotide 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
1I, 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 temperatures in K+ solutions than in Li+ solutions. We tested the melting
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behavior of oligonucleotide structures by monitoring the changes in peak height of molar
ellipticity at 263 nm in the presence of K+ and Li+ with increasing temperature (Figure
1F, H and J). Poly A Zic1 DNA 47-mer and the c-Myc 51-mer exhibited the
characteristic CD spectral changes for unimolecular G4-DNA structures in the presence
of both cations, as expected. The Tm’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 Tm in KCl was higher than the Tm in LiCl for each
G4-DNA structure. The Poly A Zic1 DNA 47-mer exhibited a Tm in 50 mM KCl of
80°C (Figure 1F, blue trace), while its Tm in 50 mM LiCl was 70°C (Figure 1F, red
trace). The c-Myc 51mer DNA similarly showed greater stabilization by K+ (Figure 1H),
although its Tm in both 50 mM KCl and LiCl was somewhat lower than the Poly A Zic1
DNA oligonucleotide in the presence of the corresponding cation. The CD spectrum of
the scrambled Zic1 47-mer control (which has the same nucleotide content but a different
sequence order as the Poly A Zic1 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 Zic1 47-mer spectrum
diminished by 50% at a lower temperature in KCl 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 Zic1 DNA 47-mer oligonucleotide and the c-Myc 51mer oligonucleotide, but not in the scrambled Zic1 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
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oligonucleotides with canonical G4-DNA sequences conforming to the unimolecular G4DNA 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 Tm) at a significantly higher temperature in 50 mM KCl-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 interpreted 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 Zic1 DNA 47-mer and c-Myc 51-mer oligonucleotides anneal into parallel 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 Zic1 DNA 47-mer was intraor inter-molecular. A 1 nM Poly A Zic1 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
Zic1 DNA 37-mer has an identical G4-DNA-forming sequence to Poly A Zic1 DNA 47mer; the only difference between these two oligonucleotides is that the core sequence in
Poly A Zic1 DNA 37-mer is flanked only on the 50-end by d(pA)10, whereas Poly A Zic1
DNA 47-mer is flanked on both ends. Non-denaturing PAGE after annealing the mixed
oligonucleotides revealed only bands whose electrophoretic mobility corresponded to that
of Poly A Zic1 37-mer G4-DNA and Poly A Zic1 47-mer G4-DNA (Supplementary
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Figure S1). No bands of intermediate electrophoretic mobility indica-tive of
intermolecular G4-DNA structure formation between oligonucleotides of different
lengths were observed. Thus, under our annealing conditions, poly A Zic DNA forms an
intramolecular G4-DNA structure exclusively. G4R1/RHAU binds unimolecular G4DNA with an apparent Kd 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 G4R1/RHAU resolution buffer inhibits unwinding of, but not binding to,
tetramolecular G4-nucleic acid structures, allowing us to determine an apparent Kd for
binding tetramolecular G4-DNA (37). This same approach was used to determine
apparent Kd’s for unimolecular G4-DNA-containing oligonucleotides and non-G4-DNAcontaining control oligonucleotides. Binding reactions were performed by incubating
increasing concentrations of recombinant full-length human G4R1/RHAU enzyme with a
fixed con-centration of 50-[32P]- end-labeled oligonucleotides. A fine titration of
increasing concentrations of the DNA oligo-nucleotide Poly A Zic1 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 Zic1 47-mer DNA, Poly T Zic1 47-mer DNA and c-Myc 51mer DNA), each of which possess unimolecular G4-DNA by CD criteria; each of these
oligonucleotides binds G4R1/RHAU at remarkably low enzyme concentrations.
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We initially studied binding of G4R1/RHAU to an oligonucleotide (termed Poly
A Zic1 DNA 47-mer) with d(pA)10 tails attached to both the 50 and 30of a 27-mer
sequence present in the 50 untranslated region of the coding sequence of the transcription
factor Zic1 (Table 1). The d(pA)10 tails were added as unstructured ends that might
maximize performance of the enzyme. Nearly 80% of the 1 pM Poly A Zic1 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 Kd for the Poly A Zic1 G4-DNA:G4R1/RHAU inter-action, a fine
titration was performed and the concentration of G4R1/RHAU was raised in 0.5–1 pM
increments in the binding reactions (Figure 2B). The percent bound Poly A Zic1 G4DNA 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 hyperbolic, saturable, single
site binding model. Kd for the Poly A Zic1 DNA:G4R1/RHAU interaction was 5.7 ± 0.2
pM.
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Figure 2. Equilibrium binding GMSAs of purified recombinant G4R1/RHAU incubated with
unimolecular G4-DNA-containing oligonucleotides yield apparent Kd values in the low picomolar
range. (A, B, E, F, I and J) are representative (of three repetitions) phosphorimages of nondenaturing gel electropherograms of GMSAs; the top triangles indicate the direction of increasing
G4R1/RHAU concentration. GMSA of 1 pM 50-[32P]-labeled (A) unimolecular Poly A Zic1 47mer G4-DNA, (E) unimolecular Poly T Zic1 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 50-[32P]labeled unimolecular (B) Poly A Zic 47-mer G4-DNA, (F) Poly T Zic1 47-mer G4-DNA, (J) cMyc 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 Zic1 47-mer G4-DNA, Poly T Zic1
47-mer G4-DNA, and c-Myc 51-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.
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To determine if the d(pA)10 sequence influenced the low apparent Kd observed,
we replaced the d(pA)10 tails with d(pT)10 tails of the same length and repeated the
GMSA. At a concentration of 10 pM of G4R1/RHAU >80% of 1 pM of Poly T Zic1 G4DNA 47-mer DNA bound the enzyme (Figure 2E, lane 4). The bound Poly T Zic1 G4DNA-enzyme complex appeared as a main single band with a faster electrophoretic
mobility than the Poly A Zic1 G4-DNA 47-mer-enzyme complex (compare Figure 2A
and E). In addition to the main band of Poly T Zic1 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 Kd for the Poly T Zic1 G4-DNA:G4R1/ RHAU interaction of 2.4 ±
0.2 pM (Figure 2G and H). Binding of the G4-DNA-containing c-Myc 51-mer of
complete native sequence (without 30- or 50-unstructured sequence tags) to G4R1/RHAU
was also evaluated by GMSA. Similar to the Zic1 G4-DNA oligonucleotides, >50% of 1
pM c-Myc G4-DNA 51-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 Kd 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
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a remarkably tight and similar dissoci-ation constant for each of the G4-DNA-containing
oligonucleotides.

Figure 3. Equilibrium binding GMSAs of purified recombinant G4R1/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 50-[32P]-labeled d(pHHN)11 randomized DNA oligonucleotide incubated with
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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 50-[32P]-labeled Scrambled Zic1
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’-[32P]-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 Zic1 47-mer
G4-DNA incubated in the absence of G4R1/RHAU; lane 7, Poly A Zic1 DNA 47-mer G4-DNA
incubated with 50 pM G4R1/RHAU). (D) 1 pM 5’-[32P]-labeled Poly T single-stranded DNA
oligonucleotide incubated with increasing amounts of G4R1/RHAU (lanes 1–7, 0–300 pM; lane
8, Poly A Zic1 DNA 47-mer G4-DNA incubated with 30 pM G4R1/RHAU; lane 9, Poly A DNA
Zic1 47-mer G4-DNA incubated in the absence of G4R1/RHAU). (E) 10 pM 50-[32P]-labeled
unstructured single-stranded Z33 oligonucleotide (lanes 1–7) or a mixture of unstructured and
tetramolecular G4-DNA-structured Z33 (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 5 and 12, 100 pM; lanes 6 and 13, 150 pM; lanes 7 and 14, 300 pM). (F) koff
determination for a unimolecular G4-DNA bound to G4R1/RHAU. 1 pM 5’-[32P]-labeled Poly A
Zic1 47-mer G4-DNA was bound to 200 pM G4R1/RHAU. Lane 1, 1 pM 5’-[32P]-labeled Poly A
Zic147-mer G4-DNA in the absence of G4R1/RHAU; lane 2, 20 nM unlabeled Poly A Zic1 47mer G4-DNA was added to G4R1/RHAU prior to the addition of 1 pM 5’-[32P]-labeled Poly A
Zic1 47-mer G4-DNA; lane 3, 1 pM 5’-[32P]-labeled Poly A Zic1 47-mer G4-DNA was added to
G4R1/RHAU in the absence of unlabeled Poly A Zic1 47-mer G4-DNA; lanes 4–8, 1 pM 5’[32P]-labeled Poly A Zic1 47-mer G4-DNA was first added to G4R1/RHAU, then at t = 0, 20 nM
unlabeled Poly A Zic1 47-mer G4-DNA was added and aliquots removed for GMSA at the times
indicated. Half-life of binding was calculated to be 67 ± 9 h.
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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 50-[32P]-end-labeled control
oligonucleotides (Figure 3A–D), each of which did not contain G4-DNA structure by the
CD criteria discussed above (Figure 1I 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 Zic1 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 Kd),
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 Kd for the bound
complex is more than _50-fold higher than the apparent Kd’s observed for G4R1/RHAUunimolecular 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 structure, 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 concentrations of G4R1/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
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1–7). In contrast, G4-DNA-formed Z33 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 Zic1 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 Zic1 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 Kd 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 Zic1 47-mer G4-DNA from
a complex with G4R1/RHAU was determined by incubating a complex containing 1 pM
5’-[32P]-labeled Poly A Zic1 G4-DNA bound to 200 pM G4R1/RHAU at 37_C in the
presence of 20 nM unlabeled Poly A Zic1 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 [32P]-labeled G4-DNA. A nonlinear regression
analysis of loss of binding with time produced a t1/2 of binding of 67 ± 9 h.
These data indicate a koff of 2.9 _ 10_6/s. Given that the GMSA data displayed in
Figure 2 indicates a Kd for the Poly A Zic1 G4-DNA:G4R1/RHAU interaction of ~5 pM,
the predicted kon is 5.2 x 105/M/s is reasonable for a diffusion based event. This
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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 Zic1 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 oligonucleotides 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 Zic1 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 sequences
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 G4forming DNA oligo-nucleotides in a non-G4 state (45,46).
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Figure 4. Equilibrium binding GMSA of purified recombinant G4R1/ RHAU incubated with
Poly A Zic1 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-DNAforming 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 direction of increased G4R1/RHAU concentration. Electrophoretic mobility standards for the two Poly
A Zic1 47-mer G4-DNA isomers and the DNA:PNA hybrid were created by incubating 1 nM 50[32P]-labeled Poly A Zic1 DNA 47-mer DNA in K-RES buffer (with MgCl2 and ATP) with 0 nM
PNA (lane 1, showing fastest mobility G4-DNA isomer), 10 nM PNA (lane 2, showing the
slower mobility G4-DNA isomer) and the PNA:DNA duplex, or 500 nM PNA (lane 3, showing

64

PNA:DNA duplex); lanes 4–12, 1 pM 50-[32P]-labeled PNA:Poly A Zic1 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 50-[32P]-labeled Poly A Zic1 47-mer G4-DNA in the absence of either
complementary PNA or G4R1/RHAU; lane 14, 1 pM 50-[32P]-labeled Poly Zic1 DNA 47-mer
G4-DNA incubated with 30 pM G4R1/RHAU in the absence of complementary PNA.

A 12-mer PNA sequence, 50-NH2-CCCCCCCCACCC-lysine that is
complementary to positions 11–23 d(pGGGT GGGGGGGG) on the Poly A Zic1 DNA
47-mer sequence was tested for its ability to inhibit the formation of G4-DNA by the
Poly A Zic1 DNA oligonucleotide. Figure 4C, lane 1 shows the mobility following a
boiling and cooling cycle of monomeric Poly A Zic1 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 Zic1 47-mer
that may be a structural isomer of unimolecular Poly A Zic1 G4-DNA stabilized by the
presence of the PNA, while the upper band (denoted as Band 3 in Supplementary Figures
S4 and S5) is a PNA:DNA hybrid that does not possess G4 structure. Band 2 exhibited
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
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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, upper right spectra). This
behavior is expected from a hybrid containing PNA, but not from a G4-DNA structure.
The 263 nm peak of molar ellipticity of the upper band did exhibit temperature
dependence in the presence of either LiCl or KCl; 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 slower mobility smear was also observed, which we speculate 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 Zic1 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 G4R1/RHAU with a PNA:Poly A Zic1 47-mer DNA hybrid.
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PNA hybridization inhibits G4-DNA formation, which in turn, prevents G4R1/RHAU
binding if the enzyme indeed recognizes G4-DNA structure. 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 Zic1 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 Zic1 DNA 47-mer has a substantially poorer affinity for G4R1/RHAU when
hybridized with PNA. The result is consistent with G4R1/ RHAU recognizing the G4DNA structure in the Poly A Zic1 DNA 47-mer. It should be noted that the phosphorimage contrast in Figure 4C, lanes 4–14 was enhanced to better detect additional bands
due to gel mobility shifts. Additional controls (Supplementary Figure S6) demonstrated
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 structure 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 Zic1 DNA 47-mer upon heat
de-stabilization of the G4-DNA structure. Hybridization occurred within the G4-DNA
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forming region of the oligo-nucleotide, producing a PNA:DNA hybrid devoid of G4DNA structure as determined by CD (Supplementary Figure S5). This finding led us to
consider whether active G4R1/RHAU in the presence of ATP could destabilize Poly A
Zic1 G4-DNA (i.e. open by unwinding the
G4-DNA structure) at 37_C in 30 min and allow significant PNA hybridization, as
is accomplished by long term incubation of the Poly A Zic1 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
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Figure 5. A G4R1/RHAU resolution assay of Poly A Zic1 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 50-[32P]-labeled Poly A Zic1 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 5 min (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 1 nM 50-[32P]-labeled Poly A Zic1 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 1 nM 50-[32P]-labeled Poly
A Zic1 DNA 47-mer incubated with increasing concentrations of PNA in the absence of
G4R1/RHAU and presence of 10 mM ATP.

G4 structure as well. Our PNA trap assay was largely modeled upon a previous study that
assayed the kinetics of the folding and unfolding of telomere DNA oligonucleotide in the
presence of a complementary PNA trap (45). Kinetic considerations (7) indicate that if
G4R1/RHAU unwound Poly A Zic1 DNA 47-mer G4-DNA structure under
physiological conditions and then released the unstructured product, the oligonucleotide
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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 base-complementary
PNA were present during the 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 enzymatic PNA:DNA hybrid
trap assay demonstrated G4R1/RHAU-catalyzed unwinding of Poly A Zic1 DNA 47-mer
G4-DNA (Figure 5C). Total of 100 pM Poly A Zic1 DNA oligonucleotide was incubated
at 98_C with 0, 10, 100 nM, or 10 mM of complementary PNA, respectively. After a 10
min incubation the material was cooled to room temperature, then analyzed
electrophoretically (Figure 5C, lanes 1–4). In the absence of PNA, two bands that
represent two structural isomers of Poly A Zic1 DNA 47-mer were observed (Figure 5C,
lane 1). In the presence of 10–100 nM complementary PNA, the slower mobility G4DNA containing structural isomer of Poly A Zic1 DNA 47-mer is present, but not the
faster mobility isomer (Figure 5C, lanes 2 and 3) suggesting that the PNA stabilizes one
structural isomer of Poly A Zic1 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 10 nm to 10 mM (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 Zic1 DNA 47-mer was found in the PNA:DNA
hybrid band in the presence of 10 mM PNA (Figure 5C, lane 4); there was also a smear
of even slower mobility species observed in the presence of 10 mM 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
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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 Zic1 G4-DNA that is resolved
by active G4R1/RHAU.
When Poly A Zic1 G4-DNA 47-mer was incubated in the presence of
G4R1/RHAU in resolution buffer containing 100 mM KCl and 10 mM ATP, but without
complementary PNA, only substrate Poly A Zic1 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 Zic1 G4DNA in the presence of EDTA discussed earlier (compare Figure 5C, lanes 5–8 with
Figure 2A). The addition of 10 nM complementary PNA under identical conditions
changed the products observed after G4R1/RHAU-Poly A Zic1 G4-DNA 47-mer
incubation (Figure 5C, lanes 15–20). In the presence of complementary PNA, but without
G4R1/RHAU, Poly A Zic1 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 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
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intact G4R1/RHAU, the Poly A Zic1 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 Zic1 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 Zic1 DNA 47-mer with
formation of a PNA:DNA duplex in the presence of G4R1/RHAU required catalytic
activity of G4R1/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 1 nM 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 10
mM AMP-PNP, the non-hydrolyable ATP analog, was substituted for ATP
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(Supplementary Figure S7). These data confirm that formation of PNA:DNA duplex in
the presence of G4R1/RHAU, indicative of G4-DNA unwinding, requires G4R1/RHAU
ATPase activity.

Figure 6. G4R1/RHAU-catalyzed resolution of 50-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
Zic1 47-mer G4-DNA, (C) c-Myc 51-mer G4-DNA, or (E) tetramolecular Z33 G4-DNA added to
G4R1/RHAU-catalyzed resolving reactions of 50-TAMRA-labeled tetramolecular Z33 G4-DNA
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substrate. Lane 1 of panels A, C and E: 2 nM 50-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: 2 nM 50-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 50-TAMRA-labeled tetramolecular Z33 G4-DNA substrate by unlabeled (B) Poly A
Zic1 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 Zic1
DNA 47-mer G4-DNA:Z33 tetramer G4-DNA molar ratio, at a 0.06:1 unimolecular c-Myc DNA
51-mer:Z33 tetramer G4-DNA molar ratio, and at a 1:1 unlabeled Z33 tetramer G4-DNA:labeled
Z33 tetramer G4-DNA molar ratio.Competition studies indicate that unimolecular G4-DNA
containing-oligonucleotides inhibit G4R1/RHAU-catalyzed resolution of tetramolecular G4DNA; the c-Myc oligonucleotide is an effective competitor at competitor:substrate molar ratios
<<1.

Inhibition of the resolution of 50-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 2 nM 50-TAMRA-labeled
tetramolecular G4-DNA substrate (Figure 6). Upon completion of the resolution reaction,
the extent of unwinding of the tetramolecular structure was analyzed was present in each
reaction to produce ~50% resolution 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
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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 0.2 pmol of tetramolecular Z33
quadruplex in 30 min at 37_C (36). Addition of increasing amounts of unlabeled
unimolecular G4-DNA-containing Poly A Zic1 DNA 47-mer (Figure 6A, lanes 3–12), cMyc 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 G4R1/RHAUcatalyzed tetramolecular G4-DNA resolution. The c-Myc 51-mer unimolecular G4-DNA
quadruplex inhibited the enzymatic resolution of tetramolecular G4-DNA substrate at
lower inhibitor: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 (([activity
measured with competitor at given molar ratio]/[activity measured without competitor]) _
100) as a function of the unlabeled competitor: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, 50 overhang duplex DNA and 30 overhang duplex DNA were required
to inhibit resolution of 50-TAMRA-labeled tetramolecular Z33 G4-DNA as effectively as
unlabeled tetramolecular G4-DNA (36). As expected, addition of unlabeled tetramolecular pZ33 G4-DNA inhibited resolution of 50-TAMRA-labeled tetramolecular Z33
G4-DNA by 50% at a 1:1 molar ratio of unlabeled:labeled DNA (Figure 6F). Poly A Zic1
47-mer DNA caused 50% inhibition of G4R1/RHAU-catalyzed resolution of tetramolecular G4-DNA at a 6:1 competitor:substrate molar ratio (see dotted line at abscissa
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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 Zic1
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)11 DNA to target tetramolecular G4-DNA
(attached to paramagnetic beads) (36). d(pHHN)11 DNA was chosen as a non-specific
blocking DNA because the sequence could not form intramolecular or intermolecular G4DNA 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 Kd 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
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 potential physiologic role(s) of this enzyme because the forma-tion of
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unimolecular G4-DNA has a low kinetic barrier of formation under intracellular
conditions, and unimolecular 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 G4DNA with remarkable tightness (Kd of 5.7 ± 0.2 pM for Poly A Zic1 47-mer and 4.4 ±
0.6 pM for c-Myc). These estimations of Kd have at least one fundamental caveat: the
accuracy of the estimates of Kd is dependent upon accurate protein quantification 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 Kd 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 Kd’s can be diminished due to significant amounts of
protein being bound to DNA during binding reactions, thus limiting the precision of the
Kd determinations to upper boundary estimates in these cases. However, despite these
qualifications, the conclusion stands that G4R1/RHAU binds G4-DNA with remarkably
tight binding affinity. In addition, a determination of the t1/2 of binding at 67 ± 7 h made
in this study is protein concentration independent and further affirms the low Kd and tight
binding results found for G4R1/RHAU interaction with unimolecular G4-DNA.
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To our knowledge, these are the lowest Kd’s reported for a protein binding to G4-DNA.
The next lowest Kd’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 ortholog
mXRN1p of the yeast Xrn1 or Kem1 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 Zic1 DNA 47-mer by a PNA 12-mer whose base
sequence was complementary to the PQS of the oligonucleotide abolished the tight
affinity for G4R1/RHAU observed when the oligonucleotide possesses 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 Zic1
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
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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 1 pmol of unimolecular G4-DNA by 0.5 pmol of enzyme
in a 30 ml reaction volume. In comparison to these previously reported techniques for
assessing resolution 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 Mg2+, PNA can impede binding of G4-DNA to G4R1/RHAU (data not
shown), possibly slowing the kinetics of the unwinding reaction. Blocking of the G4DNA:G4R1/RHAU binding interaction does not occur in the absence of free Mg2+ 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 specificity for G4-DNA structures versus Watson–Crick duplex
DNA. G4R1/RHAU also displays a much tighter binding affinity for unimolecular G4DNA (Kd in the low pM range) than does RPA (Kd in the low mM range) (52), or BLM
(Kd of _4 nM for binding of tetramolecular G4 DNA (55). The SPR technique could not
accurately report a Kd for G4-DNA binding by T antigen; however, the working
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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 Mg2+ 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 competitive binding
model of inhibition. However, the poor inhibition of resolution of tetramolecular G4DNA substrate by Poly A Zic1 G4-DNA, relative to the _10-fold lower Kd 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 Zic1 G4-DNA is weak despite its tighter binding to
G4R1/RHAU is currently unknown; however, a possibility that may be considered
(among many) is that the efficiency 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 Zic1 G4-DNA is being catalytically unwound by and released as
single-stranded DNA from G4R1/RHAU at a faster rate than is the tetramolecular G4DNA, thereby making Poly A Zic1 DNA a less efficient inhibitor. In contrast, G4R1/
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RHAU may unwind c-Myc more slowly, in which case the enzyme spends a greater
residence time engaged cata-lytically to the c-Myc 51-mer, making it a better competitor.
G4R1/RHAU is the protein product of the DHX36 gene, a member of the DEAHbox 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 II), which is also known as DHX9 or RNA helicase A.
NDH II appears to have roles in both DNA and RNA metabolism (56). A number of lines
of evidence have already suggested that G4R1/RHAU is involved with RNA processing.
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, preliminary experiments
with RNA in our laboratory have suggested that, although G4R1/RHAU does not tightly
bind RNA non-specifically, it does recognize other sequences or structural motifs in
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RNA in addition to tightly binding to G4-RNA. These preliminary observations suggest a
significantly 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 extraordinarily 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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SUPMLEMENTARY DATA

Supplementary Figure 1. Stoichiometric mixing study indicates that poly A Zic1 DNA
47mer anneals exclusively into a unimolecular G4-DNA structure. 1 nM 5’-[32P]labeled PolyA Zic1 37mer and 47mer (sequences as shown) were annealed under
conditions that induce G4DNA formation either alone (lanes 12), with equimolar amount
s of either unlabeled
oligonucleotide (lanes 3, or together (lane 7). Annealed products were determined by no
n-denaturing polyacrylamide gel electrophoresis.
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Supplementary Figure 2. Titration of a fixed amount of G4R1/RHAU with increasing
amounts of G4-DNA indicates 70% active protein. (A.) Non-denaturing electropherogram of
titration of a fixed concentration of G4R1/RHAU (250 pM) with increasing concentrations of
Poly A Zic1 47mer G4-DNA (lanes 1-10 ; control lane 11 had no G4R1/RHAU and 10 pM 5’[32P]-labeled Poly A Zic1 47mer). The amount of radioactivity per sample was kept constant by
mixing 10 pM 5’-[32P]-labeled Poly A Zic1 47mer with sufficient unlabeled G4-DNA to achieve
the appropriate Poly A Zic1 47mer G4-DNA concentration. (B) The percent bound and unbound
Poly A Zic1 47mer G4-DNA derived from the electropherogram shown in (A) is displayed
graphically. The experimental data fit well to a quadratic equilibrium binding equation, assuming
70% active G4R1/RHAU with a Kd of the binding interaction of 5pM; the predicted percent
binding of 250 pM and 300 pM G4-DNA was 66% and 56 %, respectively, with experimentally
determined binding percentages of 67% and 57%, respectively.
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Supplementary Figure 3. GMSA of dimethyl sulfate-treated Poly A Zic1 47mer incubated
with G4R1/RHAU. 1 nM dimethyl sulfate-treated 5’-[32P]-labeled Poly A Zic1 47mer was
annealed under conditions that induce G4-DNA formation in non-dimethyl sulfate treated
oligonucleotides, then incubated with increasing concentrations of purified recombinant
G4R1/RHAU (lane 1, 0 pM; lane 2, 2.5 pM; lane 3, 5 pM; lane 4, 7.5 pM; lane 5, 10 pM; lane 6,
40 pM; lane 7, 80 pM). Lanes 8 and 9 show non-dimethyl sulfate-treated Poly A Zic1 47mer
annealed into a G4-DNA structure incubated in the absence (lane8) or presence of 80 pM
G4R1/RHAU (lane 9). Shown is a representative (of 3 repetitions) non-denaturing
electropherogram.
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Supplementary Figure 4. Nondenaturing gel electrophoresis determines the conditions and
characteristics for producing pure Band 2 and Band 3 from 5-[32P]-labeled Poly A Zic1
DNA 47mer incubated with a complementary PNA. (A) Nondenaturing gel electropherogram
of a titration of increasing concentrations of an 11mer PNA incubated with 1 nM 5’-[32P]-Poly A Zic1
47mer DNA in RES buffer containing 50mM KCl at 98°C for 10 min, followed by cooling to room
temperature (lane 1, 0 nM; lane 2, 0.3 nM; lane 3, 0.6 nM; lane 4, 1.25 nM; lane 5, 2.5
nM; lane 6, 5 nM; lane 7, 7.5 nM; lane 8, 10 nM; lane 9, 500 nM). Pure Band 2 was observed in lanes
4-8 (PNA: DNA molar ratios of 1.25-10:1); Band 3 was observed in lane 9 (PNA: DNA molar ratio of
500:1). (B) nondenaturing gel electropherogram of 1 nM 5’-[32P]-Poly A Zic1 47mer DNA incubated
with 2 nM PNA at 50 °C for 18 hours in RES buffer plus increasing concentrations of KCl. (lane 1,
6.25 mM, lane 2, 12.5 mM, lane 3, 25mM, lane 4, 50mM, lane 5, 75mM.). G4-DNA structures (Bands
1 and 2), but not the PNA: DNA hybrid (Band 3), are destabilized in the presence of low
concentrations of KCl
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Supplementary Figure 5. CD spectra of Bands 1, 2, and 3 at different temperatures in no
salt, LiCl or KCl indicates that Band 3 is a PNA: DNA hybrid. (A) CD spectra of pure Band
1produced by forming Poly A Zic1 DNA 47mer into G4-DNA were obtained in three different
salt conditions: upper spectra, no salt; middle spectra, 50 mM LiCl; lower spectra, 50 mM KCl.
Spectra were recorded at different temperatures as follows: 25 °C (dark blue), 37 °C (pink), 70 °C
(light blue) and 98 °C (green). (B) CD spectra of pure Band 2 or (C) pure Band 3 formed under
conditions discussed in Supplementary Figure 4 by incubation of Poly A Zic1 DNA 47mer with a
complementary PNA were obtained in three different salt conditions: upper spectra, no salt;
middle spectra, 50 mM LiCl; and lower spectra, 50 mM KCl. Spectra were recorded at different
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temperatures as follows: 25 °C (dark blue), 37 °C (pink), 75 °C (brown), and 98 °C (green)°C.
The PNA alone produced no peaks of molar ellipticity in its CD spectrum (data not shown)

Supplementary Figure 6. GMSA indicates that G4R1/RHAU does not tightly bind PNA: DNA
duplex formed without significant excess PNA. Lanes 1-3 of a non-denaturing gel
electropherogram show a titration of labeled Poly A Zic1 47mer G4-DNA incubated with
increasing molar ratios of a PNA with Watson-Crick complementarity to the G4-DNA-forming
sequence, but without G4R1/RHAU. Lanes 4-12 show PNA:DNA duplex created by annealing
equimolar PNA and 1nM 5’-[32P]-labeled Poly A Zic1 47mer DNA incubated in the presence of
increasing concentrations of G4R1/RHAU ranging from 1 pM (lane 4) to 300 pM (lane 12).
Lanes 13-15 show 1nM 5’-[32P]-labeled Poly A Zic1 47mer G4-DNA incubated without PNA in
the absence (lane 13) or presence (lanes 14 and 15) of 30 pM G4R1/RHAU. In lane 15, a 10fold molar excess of PNA was added concomitant with the addition of G4R1/RHAU.
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Supplementary Figure 7. A G4R1/RHAU resolution assay of Poly A Zic1 DNA 47mer G4DNA in the presence of a complementary PNA shows that G4R1/RHAU-catalyzed
unwinding of G4-DNA requires ATP hydrolysis. Shown is a phosphorimage of a
nondenaturing gel electropherogram of 1 nM 5′-[32P]-labeled Poly A Zic1 G4-DNA 47mer
incubated with 10 nM of a PNA with Watson-Crick complementarity to the G4-DNA-forming
sequence in the presence of increasing concentrations of G4R1/RHAU without ATP (lanes 1-6),
with 10 mM AMP-PNP (lanes 7-12), with 10 mM ATP (lanes 13-18). Lane 19 shows 5′-[32P]labeled Poly A Zic1 G4-DNA 47mer incubated without PNA or G4R1/RHAU. Lanes 20-22
show a titration of 5′-[32P]-labeled Poly A Zic1 G4-DNA 47mer incubated with increasing
concentrations of PNA, but without G4R1/RHAU.
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ABSTRACT
Yin Yang 1 (YY1) is a multifunctional protein with regulatory potential in tumorigenesis.
Ample studies demonstrated the activities of YY1 in regulating gene expression and
mediating differential protein modifications. However, the mechanisms underlying YY1
gene expression are relatively understudied. G-quadruplexes (G4s) are four-stranded
structures or motifs formed by guanine-rich DNA or RNA domains. The presence of G4
structures in a gene promoter or the 5’-UTR of its mRNA can markedly affect its
expression. In this report, we provide strong evidence showing the presence of G4
structures in the promoter and the 5’-UTR of YY1. In reporter assays, mutations in these
G4 structure forming sequences increased the expression of Gaussia luciferase (Gluc)
downstream of either YY1 promoter or 5’-UTR. We also discovered that G4 Resolvase 1
(G4R1) enhanced the Gluc expression mediated by the YY1 promoter, but not the YY1
5’-UTR. Consistently, G4R1 binds the G4 motif of the YY1 promoter in vitro and
ectopically expressed G4R1 increased endogenous YY1 levels. In addition, the analysis
of a gene array data consisting of the breast cancer samples of 258 patients also indicates
a significant, positive correlation between G4R1 and YY1 expression.
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INTRODUCTION
Yin Yang 1 (YY1) is a multifunctional protein that is essential to differential
epigenetic regulation of gene expression and protein modifications. As a ubiquitously
expressed protein, YY1 acts as a transcription factor to either activate or repress its target
genes depending on the context of its recruited cofactors (1-3). Structural and functional
studies indicate that YY1 uses distinct domains to bind to target promoters and recruit
transcriptional cofactors to modulate gene expression (4). Many YY1-interacting proteins
possess activities of regulating protein modifications. Therefore, YY1 potentially
mediates the modifications of a variety of histone and non-histone proteins to determine
the expression statuses of its target genes. Consistently, YY1 has been reported to
regulate many genes whose products play essential roles in cell proliferation and
differentiation (reviewed in (2-5)).
Many lines of evidence suggest a regulatory role of YY1 in cancer development.
YY1 is one of the polycomb group (PcG) proteins that are essential contributors to the
aberrant epigenetics in cancers (6). At the transcriptional level, YY1 regulates the
expression of many cancer-related genes, such as c-Myc, c-fos, erbb2, p53, Rb and cdc6
(7-12), as well as histones H3.2 and H4 (13,14). During apoptosis, YY1 colocalizes with
p53, binds to a subset of p53 DNA-target sites and regulates p53-dependent transcription
(15). At the posttranslational level, YY1 associates with many proteins with critical
regulatory functions, such as p300, HDAC1,2,3, Ezh1, Ezh2, PRMT1, p53, Mdm2,
p14ARF, Rb and mTOR (16-25). YY1 is essential to the histone methylation mediated by
Ezh2 (on H1-K26 and H3-K27) (20,26) and PRMT1 (on H4-R3) (21). We and others
demonstrated that YY1 negatively regulates p53 through enhancing Mdm2-mediated p53

ubiquitination and degradation (22,27-29). YY1 also blocks p300-mediated p53
acetylation (27) and inhibits p53-activated transcription (15). Actually, blocking p53
acetylation can both decrease its transcriptional activity (30-32) and facilitate Mdm2mediated p53 ubiquitination and degradation (33). Therefore, the activities of YY1 in
enhancing p53 ubiquitination and inhibiting p53 acetylation converge to the same
consequence: antagonizing p53. These multiple functions and unique properties endow
YY1 with a pivotal role in epigenetic regulation, including genomic imprinting and
chromatin remodeling. Consistently, YY1 is highly expressed in human breast cancer (9),
prostate carcinoma (34), acute myeloid leukemia (35), osteosarcoma (36,37) and cervical
cancer (38).
Very limited research has been carried out to investigate the mechanisms
underlying how YY1 is regulated. YY1 gene expression can be stimulated by different
growth stimuli, including insulin-like growth factor-1, fibroblast growth factor-2 and
morphine. Factors that inhibit YY1 expression include prohibitin, microRNA-29,
DETANONOate (a nitric oxide donor) and naloxone (see review (3)). YY1 may also selfregulate its own expression through binding to the intron 1 (39).
G-quadruplex (G4) is a four-stranded secondary structure of DNA or RNA
stabilized by Hoogsteen hydrogen bonding of guanine quartets and the stacking of these
planar quartets. A genome-wide survey of the evolutionary conservation of DNA motifs
indicated that G4 DNA motifs are significantly conserved (40). Increasing evidence
suggests an important role of G4 DNA structures in regulating gene expression (41).
Interestingly, G4 DNA structures are more enriched in promoters than other regions of
genomic DNA, especially in genes involved in development, survival and proliferation.
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Recent studies implicate a role for G4 DNA in tumorigenesis. The telomeric Grich DNA overhang forms G4 structures that inhibit the activity of telomerase required
for the proliferation of most cancer cells (42). The majority of proto-oncogenes possess
G-rich promoters, while promoters of tumor suppressors are diminished of closely linked
G-runs, relative to the genomic average (43). Consistently, G4 DNA structures have been
demonstrated to regulate the expression of a number of well-characterized oncogenes,
such as c-Myc, K-RAS, Bcl-2 and hTERT. Actually, the six critical cellular and
microenvironmental processes that are aberrantly regulated in oncogenic transformation,
as summarized by Hanahan and Weinberg (44), are all modulated by genes that are
regulated by G4 structures (40).

Several DNA and RNA helicases with the catalytic activity to unwind or resolve G4
DNA or G4 RNA structures have been identified, including BLM, WRN, FANCJ, G4R1
(or G4R1/RHAU, DHX36), RNA helicase II (DHX9) and SV40 large T-antigen (45-47).
These G4 DNA or RNA resolvases can unwind the four-stranded G4 structures to a
single-stranded form in an ATP-dependent fashion (48,49). Among them, G4R1
possesses tetramolecular and intramolecular quadruplex G4 DNA and G4 RNA resolving
activity (50-52). Importantly, G4R1 has been observed to be increasingly expressed in
cancers (unpublished data from Akman group), suggesting its regulatory role in
promoting the expression of oncogenes.
Based on previous studies of YY1 in differential cancer-related processes, we
concluded that YY1 likely plays an oncogenic or proliferative role in tumorigenesis (3).
A previous study indicated that the promoter of mouse YY1 is G/C rich (53). Therefore,
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we analyzed the primary sequences at the upstream of the human YY1 coding region, and
observed the presence of multiple G- or C-rich strings. In this report, we demonstrate that
G4 structures are formed by the oligonucleotides whose sequences are found in the
promoter and 5’-untranslated region (UTR) regions of YY1. The alteration of these
sequences affects the expression of a reporter gene. G4R1 promotes the expression driven
by the YY1 promoter, but not that mediated by the YY1 5’-UTR. Consistently, ectopic
G4R1 increases the endogenous YY1 levels and G4R1 expression positively correlates
with YY1 in the samples from 258 breast cancer patients. Overall, our data reveal the
presence of G4 structures in the YY1 promoter and 5’-UTR, and suggest that G4R1 may
modulate YY1 expression by resolving G4 DNA structure in the YY1 promoter.

MATERIALS AND METHODS
Cell culture and transient transfection
HeLa and 293T cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum. Lipofectamine 2000 was used in transient
transfection. The HeLa cells expressing doxycycline-inducible G4R1 shRNA were
reported previously (54) and the induction was achieved by adding a final concentration
of 1.5 µg/ml doxycycline in the medium.

Antibodies and oligonucleotides
YY1 antibody (H-10), histone H3 antibody (FL-136) and non-specific mouse IgG
(sc-2343) were purchased from Santa Cruz Biotechnology. Mouse monoclonal
G4R1/RHAU antibody (12F33) was generated against a peptide corresponding to the
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amino acids 991-1007 of G4R1, as previously described (55). β-actin antibody was from
Chemicon International Inc. DNA oligonucleotides or primers were synthesized by
Bioneer Inc. and Integrated DNA Technologies (IDT), while the RNA oligonucleotides
were made by the Biomolecular Resource Laboratory, Wake Forest University School of
Medicine. The annealing condition for G4 structure formation followed a published
procedure (52) with modifications (Supplementary Figure 1).

DNA vector construction
To generate reporter constructs driven by the YY1 promoter, the -1,703 to -1
(with the transcription start site designated as +1; this applies to all following
descriptions) of the YY1 promoter region was amplified by PCR using AccuPrime Pfx
DNA polymerase (Invitrogen) with primers F1: “cctg gaattc att ggt gtt tat ggg gaa gta
tca” and R1: “ctag tctaga ctc gat tct cct ctc ggc caa tc” (F: forward; R: reverse). The
template was the clone RP11-459E8 containing YY1 gene purchased from the BACPAC
Resources Center (Oakland, CA). The PCR fragment was digested by EcoRI and XbaI
(underlined in the primer sequences) and inserted into EcoRI and NheI digested pGluc
Basic (New England BioLabs Inc.), of which the multiple cloning site has been modified.
To mutate the G4 structure-forming sequence between -409 and -347 in the negative
strand of the YY1 promoter, we synthesized two primers F2: “ccgtg gcatgc gcc tca acc
tcg ctc ccg gcc ggc ccc tc” and R2: “ccgtg gcatgc gcg gcc cgg ggg ccg cgc ggg gag”
containing a created SphI sites (underlined) that facilitated the DNA subcloning and
altered the guanines essential to the predicted G4 structure formation. They were
respectively used with the first two primers (F1 with R2; F2 with R1) to amplify the YY1
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promoter as two PCR fragments that were then digested by the corresponding restriction
enzymes and subcloned simultaneously into the modified pGluc Basic vector. As a result,
the mutated form of the YY1 promoter containing an altered G4 structure-forming
sequence was generated.

To study the contribution of the G4 structure forming sequence in the YY1 5’UTR to Gluc expression, we amplified the YY1 5’-UTR using primers F3: “cacg acgcgt
agg gcg aac ggg cga gtg gca g” and R3: “cgag ggatcc ggc tga ggg ctc cgc cgc cac g” with
the RP11-459E8 plasmid as a template. After the digestion of MluI and BamHI
(underlined), the fragment was inserted between the PGK promoter and Gluc cDNA of a
reporter construct. To mutate the G4 structure-forming sequence in the YY1 5’-UTR, we
synthesized two additional primers F4: “cgga ggtacc cgg gga agc ccc gcc gcc gcc” and
R4: “cgga ggtacc tcg cct cgg tgc gcc cgc gcc” that both contain a created KpnI sites to
facilitate the subcloning and mutate the guanines essential to the predicted G4 structure
formation. The PCR reactions using these primers F3 with R4 and F4 with R3 amplified
the YY1 5’-UTR into two fragments, which were then simultaneously subcloned into the
pPGK-Gluc vector. The sequences of all wild type and mutated reporter constructs
described here were confirmed by DNA sequencing.

Circular dichroism (CD) study
To anneal G-quadruplexes, 20 μl of 100 pmol/μl DNA or RNA oligonucleotides
was mixed with 180 μl of TE buffer (10 mM Tris∙HCl, 0.1 mM EDTA, pH 7.5) and
annealed as described in Supplementary Figure 1. These annealed oligonucleotides were
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diluted to 4 μM in the TE buffer supplied with 50 mM KCl. CD spectra were recorded on
a spectropolarimeter (Aviv Model 202 Circular Dichroism Spectrometer, equipped with a
thermoelectrically controlled cell holder) using a quartz cell of 0.5 mm optical path
length, and over a wavelength range from 200 to 350 nm at 25℃. For melting temperature
scan, we used a temperature range from 20 to 95℃ with a constant wavelength of 262 nm.
The CD spectra were presented with the subtraction of the signal contributed by the
buffer.

5’-32P-End labeling of G4 nucleic Acids
To produce a 5’-32P-labeled G4 oligonucleotide, an aliquot (<1/10 of the final
volume for the labeling reaction) of the annealed G4 oligonucleotide was incubated with
T4 polynucleotide kinase (Promega Corp.) and -32P-ATP for 30 min at 37 ºC, according
to the manufacturer’s instructions. The 5’-32P-labeled G4 oligonucleotides were purified
with a MicroSpin G25 column (GE Healthcare) equilibrated with TEK buffer (10 mM
Tris, 1 mM EDTA and 50 mM KCl) and stored at -20 ºC.

Dimethyl sulphate (DMS) footprinting
DMS footprinting was carried out following a modified version of previously
published protocols (56,57). A purified 5’-32P-labeled oligonucleotide was annealed in
the absence and presence of 100 mM KCl or 100 mM LiCl, and 1 µg/µl of sonicated
salmon sperm DNA. DMS (Sigma) dissolved in ethanol (DMS:ethanol, 4/1, vol/vol) was
added to the oligonucleotide solution (0.7 µl to a total volume of 49 µl) and incubated at
room temperature for 3 min. The reaction was stopped by adding 2 volumes of the stop
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solution (1.5 M sodium acetate, pH 7.0, 1.0 M β-mercaptoethanol and 0.5 µg/µl tRNA).
The DNA was precipitated with 4 volumes of ethanol and resuspended in 1.0 M
piperidine (Sigma). After cleavage at 95 ºC for 30 min, the DNA was precipitated by
adding 20 µg of glycogen (Invitrogen), 1/9 volume of 3 M sodium acetate (pH 5.2) and 2
volumes of ethanol. For the Maxam-Gilbert chemical G+A sequencing reaction, an
oligonucleotide was treated by formic acid and piperidine following a standard protocol
(58). The samples were resuspended in 90% formamide and 20 mM EDTA, denatured at
95 ºC for 3 min and run for 2-3 h on an 18% denaturing polyacrylamide gel (Bio-Rad) in
1×TBE and 8.0 M urea. After the electrophoresis, the gel was fixed in a solution
containing 50% methanol and 10% polyethylene glycol 400, and dried at 80 ºC for 3 h
followed by autoradiography.

In vitro DNase I footprinting of the YY1 promoter regions
As previously demonstrated by Sun, et al (59,60), the G4 structures and i-motifs
formed by G-rich and C-rich regions, respectively, are resistant to DNase I cleavage. The
experiments followed the procedure described by Sun (60). We first subcloned a
fragment (-1180 to -329) of the YY1 promoter into pGL3-Basic vector (Promega)
between HindIII and XhoI sites. The generated vector pGL3/YY1-short-prmt included
the G4 structure forming or the YP-3 sequence (-409 to -347). This plasmid (2 µg in 25
μl) was incubated at 37 °C overnight in 50 mM Tris-HCl, pH 7.6 in the absence or
presence of 100 mM KCl. The sample was then mixed with 2 μl of 0.1 U/μl DNase I and
incubated at ambient temperature for 2 min, immediately followed by DNA precipitation
and primer extension reaction using

32

P-labeled primer P1 (CTT TCT TTA TGT TTT

108

TGG CGT CTT) located downstream of the inserted YY1 promoter fragment and
Thermo Sequenase (Affymetrix Inc.). Meanwhile, the G-rich negative strand of the YY1
promoter fragment in the untreated plasmid was sequenced by the same primer using
Thermo Sequenase Cycle Sequencing Kit (Cat# 78500, Affymetrix Inc.) following the
procedure provided by the manufacturer. These samples were resolved by a 6%
denaturing polyacrylamide gel (Bio-Rad) in 1×TBE and 8.0 M urea at constant 55 watts
for 3 h. After the electrophoresis, the gel was dried at 80 ºC for 2 h followed by
autoradiography.

Electrophoretic Mobility Shift Assays (EMSAs)
Recombinant G4R1 purified as described previously (50) at concentrations of 10 120 pM was incubated with 1 pM of 5’-32P-labeled G4 nucleic acid in RES-EDTA buffer
(100 mM KCl, 10 mM NaCl, 3 mM MgCl2, 50 mM Tris acetate, pH 7.8, 70 mM glycine,
0.012% bovine α-lactalbumin, 10% glycerol, 10 mM EDTA) at 37 °C for 30 min.
Binding mixtures were then analyzed by 10% non-denaturing polyacrylamide gel.
Electrophoresis was performed at 70 volts for 10 h in a cold room. Gels were imaged on a
Typhoon 9210 Imager (GE Healthcare). The experiments determining the effect of ATP
on G4R1/YP-3 association were carried out as previously described (61). One pM of 5’32

P-labeled self-annealed YP-3 was incubated with different amounts (25, 75 and 300

pM) of G4R1 in the presence and absence of 5 mM ATP at 37 °C for 30 min. The
samples were analyzed on 10% non-denaturing polyacrylamide gel at 55 V for 18 h,
followed by the same imaging procedure described above.
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Reporter assay
293T cells cultured in 24-well plates were transfected with 200 ng of the reporter
constructs containing the YY1 promoter, 5’-UTR or their mutant forms with altered
sequences in the potential G4 structure-forming sequences, and 2 ng of a control plasmid
pCMV/SEAP (secreted alkaline phosphatase). To detect the effect of G4R1 on the YY1
promoter or 5’-UTR, 500 ng of G4R1 expression plasmid or empty vector was cotransfected with 200 ng of reporter plasmid and 2 ng of pCMV-SEAP plasmid. Aliquots
of medium from the transfected wells were collected 48 h post-transfection to measure
Gaussia luciferase (Gluc) activity then normalized against the SEAP activity in the same
sample, according to the procedure described by us (62). Each condition was tested in
triplicate and repeated over 3 times.

Chromatin immunoprecipitation (ChIP) assay
ChIP

assays

were

performed

as

previously

reported

(63).

Samples

immunoprecipitated by a control IgG, G4R1 antibody and histone H3 antibody were
analyzed with Real-Time PCR using the FastStart Universal SYBR Green Master (Roche
Diagnostics GmbH) and the primers F5: “ccc gaa gcc agg cga caa gaa c” and R5: “gtg
caa cag cca caa aac ccg”. The F5 and R5 are located at the upstream (-525) and
downstream (-208) of the potential G4R1 binding site, respectively, in the YY1 promoter.
As a control, we also designed two primers F6: “atg cta agg cca aaa aca acc agt g” and
R6: “tga aac gag att aca gag caa gat a” that are located in the YY1 exon 5 (+1700 and
+1948, respectively) and amplify a fragment with relatively low G/C contents (34.6% of
G/C; 17.3% of each).
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Microarray analysis of YY1 and G4R1 expression profiles
The Uppsala breast cancer cohort with the tumor samples from 258 breast cancer
patients (64) profiled on the Affymetrix U133A and U133B GeneChips were accessed
via the caArray website
(https://array.nci.nih.gov/caarray/project/details.action?project.experiment.publicIdentifie
r=mille-00271), accession id: mille-00271. The microarray data were MAS5.0
normalized by scaling the mean of each array to a target signal intensity of 500 and log
(base 2) transformed. Multiple correlated probe sets corresponding to YY1 and G4R1 (or
DHX36) were identified. Three YY1 probe sets (U133A: 213494_s_at, 201901_s_at and
200047_s_at) and 3 G4R1 probe sets (U133B: 223138_s_at, 223139_s_at and
223140_s_at) were averaged together to represent expression profiles of YY1 and G4R1,
respectively. The correlation of YY1 to G4R1 expression was evaluated by Pearson
correlation using SigmaPlot 11.0 software.

Statistical analysis
All data in reporter assays and qPCR are presented as mean ± SD. Comparisons
between two groups on a single parameter were conducted using Student's t-test.
Statistical analyses were performed using KaleidaGraph. The criterion for statistical
significance was set at p <0.05.
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RESULTS
The YY1 promoter and 5’-UTR are highly G/C-rich and contain potential G4 DNA
and G4 RNA structure-forming sequences, respectively
For a specific gene, G4 DNA structure can be formed by either the positive or the
negative strand of its promoter, while G4 RNA structure in the 5’-UTR will only be
present in the mRNA coded by the positive strand. Thus, the G/C content in a promoter
and G content in a 5’-UTR are essential determinants to the formation of G4 DNA and
G4 RNA motifs, respectively. A previous study by Seto’s group demonstrated that the
promoter region within 1,500 base pairs (bps) upstream of human YY1 transcription start
site did not show marked difference in reporter assays compared to the fragment up to 3,600 bps (65). Therefore, we first analyzed the G/C contents in different promoter
regions from the YY1 transcription start site (designated as +1) up to its 1,500 bps
upstream (-1,500), and the 5’-UTR of the YY1 mRNA. As shown in Figure 1A, the G/C
contents of the YY1 promoter increase monotonically as the analyzed region gets closer
to the transcription start site. Remarkably, the G/C content from -500 to -1 is more than
76.8%. The G/C content in the YY1 5’-UTR is 80.0%, with a G content of 44.4%,
markedly higher than the average of the four nucleotides. These analyses clearly indicate
that YY1 has great potential of containing G4 motifs in its promoter and 5’-UTR regions.
Since the G/C content from -1,000 to -1 in the YY1 promoter is more than 67.3%,
we chose to analyze this region for potential G4 DNA structure-forming sequences based
on the algorithm proposed in previous literature (66). As a result, we identified 4
elements (YP-1 to YP-4; YP: YY1 Promoter) that may form G4 DNA structures on either
the positive strand (YP-1) or negative strand (YP-2, -3 and -4) of the YY1 promoter (blue
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text in Figure 1B). The analyses of the YY1 5’-UTR also revealed 4 candidate sequences
(YU-1 to YU-4; YU: YY1 5’-UTR) for G4 RNA structure formation (red text in Figure
1B).
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Figure 1. Schematic primary structure and sequence of the YY1 promoter and 5’-UTR. A.
Primary structure and the G/C contents of the YY1 promoter and 5’-UTR. The percentages
of G/C contents in the 1,500 bps-YY1 promoter and the 5’-UTR, as well as the G content in the
5’-UTR, are indicated. The transcription start site is designated as “+1”. B. The DNA sequence
of the YY1 promoter (1,000 bps) and 5’-UTR. The G4 DNA candidates in the YY1 promoter,
either the positive or negative strands, are in blue text, while the G4 RNA candidates in the YY1
5’-UTR are in red text. The promoter is shown in capital letters, while the 5’-UTR is in lower
case. YP-1, -2, -3 and -4 in the YY1 Promoter (YP) and YU-1, -2, -3 and -4 in the YY1 5’-UTR
(YU) indicate the positions of the oligonucleotides shown in Figure 2A. The numbers in green
text indicate the positions of the first nucleotides in these candidate G4 structure-forming
sequences, which are identified by the dots beneath them. The underlined sequence in the YY1
5’-UTR is the overlapped region of YU-2 and YU-3. Neg: negative strand; Pos: positive strand.

Analyses of oligodeoxyribonucleotides derived from the YY1 promoter and 5’-UTR
by circular dichroism (CD) spectroscopy indicate the formation of G4 structures
To examine G4 DNA or RNA structure formation by the candidate sequences in
the

YY1

promoter

and

5’-UTR

shown

in

Figure

1B,

we

designed

oligodeoxyribonucleotides based on either their original or complementary sequences
(Figure 2A). For the candidates in the YY1 5’-UTR, we planned to use their sequences to
make oligodeoxyribonucleotides in this primary screening analysis based on the
structural similarity between G4 DNA and G4 RNA, and then confirm the presence of G4
RNA structure using the oligoribonucleotides. We individually annealed these
oligonucleotides as described in Supplementary Figure 1. As a control, we also
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synthesized a sequence located in the human c-Myc promoter that forms a wellcharacterized G4 DNA structure (c-Myc G4 DNA, Figure 2A) (67). These annealed
samples were then analyzed by CD spectroscopy.
In all CD studies, the annealed c-Myc G4 oligodeoxyribonucleotide displayed
peaks of positive molar ellipticity at 262 nm and negative molar ellipticity at 240 nm,
which is characteristic of a parallel G4 structure (68). Oligodeoxyribonucleotides YP-3
and YU-4 displayed peaks of positive molar ellipticity at 262 nm (closed triangles, Figure
2B), indicative of the presence of a parallel G4 structure in this in vitro condition.
However, a second peak of positive molar ellipticity at 295 nm was also observed with
both oligodeoxyribonucleotides, suggesting the presence of a G4 structure with antiparallel strands. To confirm that these signature peaks indicate G4 structure, we
synthesized two control oligodeoxyribonucleotides YP-3M and YU-4M, in which the
guanines with predicted roles in G4 structure formation of YP-3 and YU-4 were replaced
by adenines (Figure 2A). These mutated oligonucleotides exhibited altered CD spectra
with a single peak not coincident with either the 262 nm or 295 nm peaks observed with
the wild type oligodeoxyribonucleotides (open triangles, Figure 2B). These results
indicate that the oligodeoxyribonucleotides YP-3 and YU-4 form G4 structures with a
mixture of parallel and anti-parallel strands.
The spectra of the other three oligodeoxyribonucleotides YP-1, YP-2 and YP-4
whose sequences are found in the YY1 promoter gave no indication of G4 structure
(Figure 2B). Among the other three oligodeoxyribonucleotides whose sequences are
located in the YY1 5’-UTR, the CD spectra of YU-1 and YU-2, but not YU-3, were
similar to that of YU-4, although the peak heights of the YU-2 spectrum were

115

substantially

diminished

(Figure

2B),

suggesting

that

these

two

oligodeoxyribonucleotides can also form G4 structures with a mixture of parallel and
anti-parallel strands.

DMS footprinting assays of YY1 G4 DNA structures
The YP-3 oligonucleotide contains 7-9 separate G-runs (Figure 2A). To determine
whether YP-3 forms intramolecular or intermolecular structures, we carried out a
stoichiometry study. The labeled and unlabeled YP-3 and YP-3-10A (YP-3 with 10
adenines added to its 3’-end) were mixed in different combinations and annealed in the
presence of 50 mM KCl, followed by analysis in a 20% non-denaturing polyacrylamide
gel. When YP-3 and YP-3-10A were annealed individually, each of them exhibited a
major band (lanes 1 and 2, Supplementary Figure 2). When each of them was annealed in
the presence of the other oligonucleotide in either unlabeled or labeled status, its major
band did not show any shift and no noticeable extra band was detected (lanes 3-7). The
oligonucleotides without annealing treatment also showed two major bands migrating to
the same positions of their correspondingly annealed samples (lanes 8 and 9), suggesting
their instant and favorable transition to the G4-containing structures. Overall, the results
of this stoichiometry study strongly suggested that the YP-3 oligonucleotide forms
intramolecular, instead of intermolecular, structures.
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Figure 2. The Circular dichroism (CD) and DMS footprinting to determine the G4
structure of the oligodeoxyribonucleotides. A. The sequences of the oligonucleotides for the
candidate G4 structure-forming sequences located in the YY1 promoter and 5’-UTR. The
oligonucleotide sequences(*), their original sequences(§) when the potential G4 structures are
present in the negative strand (for YP-2, -3 and -4) and their positions are indicated. The guanines
that likely contribute to the G4 structure formation are underlined. YP-3M and YU-4M contain
the mutated nucleotides (underlined and in reversed cases from the other bases in the same
sequences) that are predicted to disrupt the potential G4 structures in YP-3 and YU-4,
respectively. The sequences of c-Myc G4 DNA (67) , Zic-1 G4 DNA (73) and rAGA G4 RNA
(50) have been previously reported. B. CD analyses of the oligodeoxyribonucleotides. The red
dashed lines pointed to by the closed arrow heads indicate the signature peaks of parallel G4
structures at 262 nm, while the blue dashed lines pointed to by the open arrow heads indicate the
peaks of molar ellipticity after the G4 structure-forming sequences were mutated. C. DMS
footprinting assay to confirm the G4 DNA structure in YP-3. The 5’-32P-labeled
oligodeoxyribonucleotide YP-3 was annealed in the absence or presence of 100 mM KCl or 100
mM LiCl as indicated and then treated by dimethyl sulphate. The result of formic acid treatment
(Maxam-Gilbert G+A reaction) is shown on the left. The dashed lines align the bands and the YP3 sequence. On the right, the fully protected guanines are marked by closed circles, while the
partially protected ones are marked by half-closed circles.

The guanine N7 in double- and single-stranded DNA is available for methylation
by DMS, while the N7 of the guanines in a G4 structure is inaccessible due to the
formation of Hoogsteen hydrogen bonds. To confirm the G4 DNA structure in the YY1
promoter and 5’-UTR, we determined DMS-accessibility of the guanine N7 in the
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oligodeoxyribonucleotide YP1 to YP-4 and YU-1 to YU-4 annealed in the absence and
presence of 100 mM KCl or 100 mM LiCl. Among these oligodeoxyribonucleotides, the
YP-3 exhibited the most pronounced sensitivity changes to DMS-mediated methylation
(Figure 2C and Supplementary Figure 3). Compared to the condition of no extra cation or
100 mM LiCl, most guanines at the 5’-end of the YP-3 were either fully or partially
protected in the presence of 100 mM KCl, indicating the presence of Hoogsteen hydrogen
bonds, as would be expected with the formation of G4 DNA structures. This result is
consistent with the CD study, strongly indicating the presence of G4 DNA structure in
the YY1 promoter. Among other YP-oligodeoxyribonucleotides, the YP-1 and YP-2, but
not YP-4, showed partial protection (Supplementary Figure 3A). Since the DMS
footprinting result of the YP-3 was consistent to its CD analysis, we focused on this
region for further studies. We also observed partial (YU-4) or marginal (YU-1, -2, and 3) protection of the YU-oligodeoxyribonucleotides to DMS-mediated methylation
(Supplementary Figure 3B). However, as an example of a G4 structure located in the
YY1 5’-UTR, we only focused on YU-4 for further investigation.

The strong monovalent cation dependence of the formation of secondary structure
by oligodeoxyribonucleotide YP-3 and oligoribonucleotide YU-4 confirms the
presence of G4 DNA structures
It is known that the formation of G4 structure is stabilized by potassium, but
disfavored by lithium ions (69). Therefore, to confirm that oligodeoxyribonucleotide YP3 and oligoribonucleotide YU-4 self-anneal into G4 structures, we determined the effects
of the monovalent cationic environment on the G4 structure formation and thermal
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stability of the secondary structure formed by these ribonucleotides. We annealed
oligodeoxyribonucleotide YP-3 and oligoribonucleotide YU-4 in the absence and
presence of 50 mM KCl or 50 mM LiCl, and then carried out CD analyses, again using cMyc G4 DNA as a control. As shown in the top panels of Figures 3A and 3B, both wild
type oligodeoxyribonucleotide YP-3 and oligoribonucleotide YU-4, similar to the c-Myc
G4 DNA, exhibited peaks of positive molar ellipticity at 262 nm and negative molar
ellipticity at 240 nm when annealed in 50 mM KCl. Both the positive and negative peaks
of molar ellipticity were markedly diminished when the YP-3 and YU-4 were annealed in
50 mM LiCl, or in a buffer containing no additional monovalent cation. The CD spectra
of self-annealed oligodeoxyribonucleotide YP-3M and oligoribonucleotide YU-4M that
contain mutated nucleotides in the G4 sequences displayed small peaks of positive and
negative molar ellipticity at 262 nm and 240 nm, respectively, but these peaks displayed
no dependence on the local monovalent cation environment (bottom panels in Figures 3A
and 3B). These spectra are consistent with the formation of parallel G4 DNA and RNA
structures, respectively, by oligodeoxyribonucleotide YP-3 and oligoribonucleotide YU4. It is noteworthy that the spectrum of the oligoribonucleotide YU-4 contains no
evidence of an anti-parallel G4 structure. This is because the 3’ endo pucker of ribose in
RNA is known to cause a prohibitively high energy cost to the anti-syn rotation necessary
for anti-parallel G4 structure formation (70,71).

Marked monovalent cation dependence of the thermal stability of secondary
structure by oligodeoxyribonucleotide YP-3 and oligoribonucleotide YU-4 confirms
the presence of G4 structures
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G4 nucleic acids are thermostable structures. Therefore, DNA or RNA sequences
with potential of forming G4 structures typically show high melting temperatures (Tms).
To further confirm the G4 structures in the oligodeoxyribonucleotide YP-3 and
oligoribonucleotide YU-4, we determined the temperature dependence of the positive
peak of molar ellipticity at 262 nm for these two oligonucleotides and their mutants
annealed in the presence of 50 mM KCl, 50 mM LiCl, or no additional monovalent cation
in the temperature range from 20 to 94 °C. As shown in the top panels of Figures 3C and
3D, wild type oligodeoxyribonucleotide YP-3 and oligoribonucleotide YU-4 clearly
showed higher thermal stability when annealed in the presence of 50 mM KCl with Tms
of 86 ºC and 81 ºC, respectively (estimated as the temperature at which the molar
ellipticity had been reduced by 50%), than those when annealed in 50 mM LiCl or no
additional monovalent cation. Both mutant oligodeoxyribonucleotide YP-3M and
oligoribonucleotide YU-4M exhibited decreased Tms (53 ºC and 52 ºC, respectively,
when annealed in the presence of 50 mM KCl) in comparison with the wild type
oligonucleotides, and reduced dependence of the melting curves on the local cationic
environment (bottom panels of Figures 3C and 3D). These thermal stability data are
consistent with the CD spectral results shown above in supporting the hypothesis that
oligodeoxyribonucleotide YP-3 self-anneals in the presence of 50 mM KCl into a mixture
of parallel and anti-parallel G4 DNA structures, and that oligoribonucleotide YU-4 selfanneals into a parallel G4 RNA structure.

In vitro footprinting of the YY1 promoter region with DNase I
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DNase I preferentially cleaves locally unwound or normal duplex DNA regions
versus single-stranded regions or secondary structures (72). When a supercoiled
pGL3/YY1-short-prmt plasmid was incubated with 100 mM KCl and digested with
DNase I, the primer extension reaction indicated a protected region approximately from 329 to -440 of the YY1 promoter, including the YP-3 sequence (-409 to -347), versus the
condition without KCl addition (Figure 4, compare the two lanes at right). This result
suggested a possible transition from B-DNA to a G-4 structure in the YY1 promoter
region, which provided resistance to DNase I digestion, as previously demonstrated by
Sun (60).

G4 structure-forming sequences present in the YY1 promoter and 5’-UTR modulate
the expression of a reporter gene
As we observed the presence of the sequences with the potential of forming G4 structures
in the promoter and 5’-UTR of YY1, we asked whether these structures may affect the
expression of YY1. To answer this question, we first carried out reporter assays. As
shown in Figure 5A, we generated 5 reporter constructs (see Materials and Methods for
details). The constructs (a) and (b) employ the wild type and the G4 structure-mutated
YY1 promoters (-1,703 to -1), respectively, to drive Gluc expression. The constructs (c)
and (d) have the wild type and the G4 structure-mutated YY1 5’-UTR sequences (+1 to
+480) inserted between the PGK promoter and Gluc cDNA of an original reporter vector
shown as (e) of Figure 5A. Reporter assays conducted in 293T cells using the reporter
plasmids (a) and (b) of the YY1 promoter demonstrated that mutations of the nucleotides
essential to G4 structure formation resulted in increased YY1 promoter activity (1.5-fold
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or 54 % increase, p = 0.01, Figure 5B), suggesting an inhibitory role of the G4 motif in
the YY1 promoter. The reporter assays using the plasmids (c) and (d) indicated that the
mutation of the G4 structure in the YY1 5’-UTR could also promote the expression of the
downstream Gluc (Figure 5C). We noticed that the empty vector (e) exhibited even
higher expression than these two constructs (c) and (d) containing the wild type or
mutated YY1 5’-UTR sequences, respectively. This could result from either the
difference of the distance between the promoter and Gluc cDNA in these vectors, or the
effects of other secondary structures in the inserted DNA fragments. Therefore, we
normalized the Gluc activity of (c) and (d) by that of the vector alone (e) in Figure 5C.
After this calculation, we observed that the G4 structure mutations in the YY1 5’-UTR
led to a markedly increased expression of the downstream Gluc (2.4-fold or 142 %
increase, p=0.001, Figure 5D).
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Figure 3. CD analyses of self-annealed oligodeoxyribonucleotide YP-3 or
oligoribonucleotide YU-4 corresponding to sequences in the YY1 promoter and 5’-UTR,
respectively. A and B. Wavelength scan of (A) oligodeoxyribonucleotide YP-3 and (B)
oligoribonucleotide YU-4 annealed in different monovalent cationic environments. C and D.
Thermal stability analyses of the secondary structure formed in self-annealed
oligodeoxyribonucleotides or oligoribonucleotides corresponding to the sequences in the
YY1 promoter and 5’-UTR, respectively. The molar ellipticity at 262 nm of the annealed
oligonucleotides in different monovalent cationic environments was observed at different
temperatures. The polynomial fitting curve of each raw data set is shown as a dished curve with
the Tm indicated by a dropped dashed line in the same color.

The G4 nucleic acid resolvase G4R1 enhances reporter gene expression driven by
the YY1 promoter but not the YY1 5’-UTR
Several helicases have been reported to resolve G4 structure (45,47). Among
them, G4R1 possesses the capability of resolving both G4 DNA and G4 RNA motifs
(50). To explore the mechanisms underlying the regulation of the G4 structures in the
YY1 promoter and 5’-UTR, we carried out reporter assays to study the effects of G4R1
on these 5 reporter constructs described in Figure 5A. When G4R1 was cotransfected
with the reporter plasmid (a), we detected an increased Gluc expression, compared to the
sample transfected with an empty vector (1.5-fold or 45 % increase, p=0.01, columns 1
and 2 in Figure 6A). The YY1 promoter containing a mutated G4 sequence retained the
response to ectopic G4R1 by an increased transcriptional activity (1.3-fold or 32 %
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increase, p=0.003, columns 3 and 4 in Figure 6A). This suggests that a concealed G4
motif(s) may exist in the YY1 promoter in addition to the one that we have identified.
We carried out experiments to test the effects of G4R1 on the YY1 5’-UTR-mediated
expression. Both reporter constructs (c) and (d) containing the wild type and G4
structure-mutated YY1 5’-UTR, respectively, could be stimulated by the transfected
G4R1 (columns 5 to 8 in Figure 6B). However, the transcriptional activity of the PGKGluc vector without the YY1 5’- UTR insert could also be enhanced by the ectopic
G4R1, indicating that the PGK promoter is also responsive to G4R1. We therefore
normalized the data of columns 5-8 by the corresponding Gluc expression of the vector
controls (columns 9 and 10). After this normalization, the relative expression of the
reporter constructs with either wild type or the G4 motif-mutated YY1 5’-UTR displayed
very similar activity in the absence and presence of ectopic G4R1 (9.2 % increase,
p=0.49, between columns 11 and 12; 4.2 % decrease, p=0.33, between columns 13 and
14; Figure 6C). These results indicate that the G4 sequence motif in the YY1 5’-UTR is
unlikely a substrate of G4R1. It is noteworthy that the reporter construct with the mutated
G4 structure still exhibited increased Gluc expression compared to the one with wild type
sequence (compare columns 13, 14 with 11, 12, Figure 6C), consistent with the
observation in Figure 5D.
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Figure 4. In vitro footprinting of the YY1 promoter region with DNase I. DNA sequencing
and primer extension reactions were carried out as described in the Materials and Methods. The
nucleotide numbers for the region resistant to DNase I digestion (-440 to -329) and the region of
the YP-3 (-409 to -347) are marked on the left. The YP-3 region and the directions of the YY1
promoter and DNA sequencing are indicated on the right. The annotation (C,T,A,G) of DNA
sequencing reaction for plasmid pGL3/YY1-short-prmt is according to the positive strand of the
YY1 promoter. The primer extension of the same plasmid was conducted in the absence (-) and
presence (+) of 100 mM KCl.
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In vitro determination of the interaction and resolving activity of G4R1 on the YY1
G4 structures
As we have demonstrated the stimulatory effect of G4R1 on the YY1 promoter,
we further studied the binding affinity of G4R1 to the G4 DNA sequence in the YY1
promoter in vitro. We carried out the electrophoretic mobility shift assay (EMSA) using
recombinant G4R1 protein purified as previously described (55) and the

32

P-labeled

oligodeoxyribonucleotide YP-3 or its mutated form YP-3M (see Figure 2A). When
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P-

labeled YP-3 was incubated with increasing amounts of G4R1, slowly migrating bands
with generally escalating intensity (compare lane 1 with lanes 2-6 in Figure 7A) were
observed, which is likely the complex formed by the G4R1 and oligodeoxyribonucleotide
YP-3. However, YP-3M that contains mutated oligonucleotides in the G4 structure
sequence failed to show any complex formation at the same conditions (lanes 7 to 12 in
Figure 7A). In this study, we used a unimolecular G4 structure formed by self-annealing
of an oligodeoxyribonucleotide whose sequence corresponds to the Zic1
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Figure 5. Reporter assay to study the effects of mutating potential G4 structure-forming
sequences in the YY1 promoter and 5’-UTR on gene expression. A. Schematic diagrams of
the constructs generated for reporter assays. Constructs (a) and (b) employ the 1,703 bps YY1
promoter to drive Gluc expression. Gluc expression in constructs (c), (d) and (e) was driven by
the PGK promoter. Wild type or mutated YY1 5’-UTR is inserted between the PGK promoter and
Gluc cDNA in (c) and (d), respectively. The guanines with potential of forming G4 structures are
underlined. The mutated guanines and the replacing bases are underneath labeled by dots. The
introduced SphI and KpnI sites are indicated. Gluc, Gaussia luciferase; PGK, phosphoglycerate
kinase. The mutated sites that altered the G4 structure-forming sequences are indicated as
shadowed bars in the YY1 promoter and 5’-UTR. B and C. Gluc activity of the reporter
constructs containing the wild type and mutated (B) YY1 promoter and (C) 5’-UTR
sequences, respectively. D. Normalized Gluc activity of the data in “C”. * indicates
significant changes.

G4 DNA flanked by 10 adenines at each end (PolyA Zic-1 G4 DNA, see Figure 2A) (73)
as a positive control (lane 13, Figure 7A), as we observed that PolyA Zic-1 G4 DNA
efficiently associates with G4R1 (52). These results indicate that G4R1 can specifically
bind to the G4 motif in the YY1 promoter. It is noteworthy that the free 32P-labeled YP-3
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migrated faster than the free

32

P-labeled YP-3M, suggesting that the G4 motif made

oligodeoxyribonucleotide YP-3 more compact and therefore faster migrating than the
YP-3M with disrupted G4 structure.
We also assessed the binding affinity of G4R1 to the G4 structure of the
oligoribonucleotide whose sequence is found in the YY1 5’-UTR. While the incubation
of G4R1 with rAGA (see Figure 2A), a G4-RNA that was previously demonstrated to
associate with G4R1 (50), caused the appearance of a slowly migrated band (lane 15,
Figure 7B), neither oligoribonucleotide YU-4 nor YU-4M showed any interaction with
G4R1 (lanes 1 to 14).
To determine whether G4R1 resolves or stabilizes the G4 DNA structure in the
YY1 promoter, we studied the G4R1 and YP-3 association in the presence and absence of
ATP. In the presence of ATP, which is required for the resolvase activity of G4R1, we
detected both G4R1/YP-3 complex and free YP-3 in comparison to the control with only
annealed YP-3 (Figure 7C, lanes 2-4 versus lane 1). However, in the absence of ATP, the
G4R1/YP-3 association was markedly increased, while the detected free YP-3 was
largely reduced (lanes 5-7). This result suggests that G4R1 binds YP-3 tightly in the
absence of ATP, but resolves and then releases YP-3 when ATP is provided. The
binding, resolving and refolding are rapid and dynamic. Therefore, the free YP-3 could
very quickly transform back to the favored compact G4 structures after being resolved by
G4R1 and therefore the slowly migrated, unstructured YP-3 was not observed in the lanes
2-4 of Figure 7C.
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Figure 6. Effects of G4R1 on the expression mediated by the YY1 promoter and 5’-UTR. A
and B. Effects of G4R1 on Gluc expression mediated by (A) the YY1 promoter and (B) YY1
5’-UTR. In “A”, G4R1-expressing plasmid or the empty vector (500 ng) was cotransfected with
either the reporter construct (a) containing wild type YY1 promoter sequence, or (b) with mutated
YY1 promoter sequence (200 ng, see Figure 5A) in 24-well plate. In “B”, G4R1-expressing
plasmid or the empty vector (500 ng) was individually cotransfected with the reporter constructs
(c), (d) and (e) (200 ng). The ectopically expressed G4R1 with β-actin as loading controls was
examined by Western blots shown under the graphs. C. Normalized Gluc activity of “B”. *
indicates significant changes.

G4R1 binds the YY1 promoter and its manipulated expression affects endogenous
YY1 levels
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As we observed the association of G4R1 and oligodeoxyribonucleotide YP-3 in
vitro, we asked whether G4R1 binds the YY1 promoter in cells. Therefore, we carried out
chromatin immunoprecipitation (ChIP) assays with the anti-G4R1 antibody, using nonspecific IgG (sc-2343) as a negative control and histone H3 antibody as a positive
control. As shown in the top panel of Figure 8A, G4R1 exhibited about 5-fold higher
binding affinity than the control sample (p=0.004), implicating that G4R1 directly
regulates YY1 gene expression. As a positive control, the histone H3 antibody showed
stronger signal than the G4R1 antibody. To exclude the nonspecific binding of the G4R1
antibody, we also amplified a region in the YY1 exon 5 that has relatively low G/C
content (17.3% of either G or C). As presented in the bottom panel of Figure 8A, only
histone H3 antibody showed high binding affinity to this region, while G4R1 antibody
exhibited comparable signal to the negative control antibody.
Since G4R1 binds to the YY1 promoter and stimulates its activity in driving Gluc
expression in the reporter assays, we asked whether G4R1 affects the expression of
endogenous YY1. We first transiently transfected increasing amounts of G4R1 into 293T
cells, as they express relatively low levels of G4R1, and determined the endogenous YY1
levels by Western blot. As shown in Figure 8B, YY1 expression was elevated with
increasingly expressed G4R1. To determine whether G4R1 is required in maintaining
endogenous YY1 expression, we inducibly knocked down G4R1 in HeLa cells that
express high levels of G4R1. As shown in Figure 8C, the depletion of G4R1 only slightly
reduced the levels of endogenous YY1, suggesting that G4R1 may not play a crucial role
in maintaining YY1 expression.
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G4R1 expression generally correlates with YY1 expression in breast cancer samples
As ectopic G4R1 affects endogenous YY1, we proceeded to determine whether
there is any correlation between the expression levels of these two proteins. First, we took
breast cancer as an example to test G4R1 and YY1 expression in some commonly used
cell lines with normal human mammary epithelial cells (HMEC) as controls. We also
included MCF-10A cells that are nontumorigenic but immortalized. The tumorigenic cell
lines included HEK (HMEC immortalized by SV40 large-T antigen, the telomerase
catalytic subunit and an H-Ras) (74), SK-BR-3, ZR-75-1, BT-474 and MDA-MB-231.
We analyzed an equal amount of cell lysates from these breast cell lines by Western blot
using antibodies for G4R1, YY1 (H-10) and β-actin. As shown in Figure 9A,
nontumorigenic MCF-10A cells and all tumor cell lines, except BT-474, expressed
elevated G4R1 expression compared to HMEC, while YY1 levels are markedly increased
in all tumor cell lines compared to MCF-10A and HMEC. These results suggest that
both G4R1 and YY1 are overexpressed in most breast cancer cells. To determine whether
G4R1 expression correlates with YY1 levels in primary human breast cancer, we
analyzed a set of Affymetrix microarray expression profiles derived from the Uppsala
breast cancer cohort consisting of 258 patient samples (64) using the probes indicated in
the Materials and Methods. As shown in Figure 9B, the gene expression patterns of G4R1
and YY1 in these 258 breast tumors exhibited a significant correlation (p = 4.5 × 10-6,
Pearson correlation), which is consistent with the results obtained from our in vitro
studies.
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Figure 7. EMSA to study the interaction and resolvase activity of G4R1 to the YY1 G4
structures. A. EMSA study to determine the interaction between G4R1 and
oligodeoxyribonucleotide YP-3. One pM of 5’-32P-labeled self-annealed YP-3 (lanes 1 to 6) and
YP-3M (lanes 7 to 12) were incubated with increasing amounts of purified G4R1 (10 to 120 pM),
as indicated on the top. One pM of 5’-32P labeled self-annealed PolyA Zic-1
oligodeoxyribonucleotide was used as a positive control. The position of G4R1-DNA complexes
and the unbound 5’-32P labeled oligodeoxyribonucleotides (or probes) are denoted on the left. B.
EMSA study to detect the interaction between G4R1 and oligoribonucleotide YU-4. Same as
“A”, 5’-32P-labeled self-annealed YU-4 (lanes 1-7) and YU-4M (lanes 8-14) were incubated with
increasing amounts of purified G4R1 as indicated. One pM of 5’-32P-labeled self-annealed rAGA
was used as a positive control. C. Gel mobility shift assay to detect ATP-dependency of
G4R1/YP-3 association. One pM of 5’-32P-labeled self-annealed YP-3 was incubated with
increasing amounts (0, 25, 75 and 300 pM) of G4R1 in the presence and absence of 5 mM ATP.
The samples were resolved by 10% non-denaturing polyacrylamide gel. The G4R1/YP-3
complexes and free YP-3 oligodeoxyribonucleotide are indicated.
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Figure 8. ChIP assay of G4R1 affinity to the YY1 promoter and effects of altered G4R1
expression on endogenous YY1 levels. A. ChIP assay of the YY1 promoter. Non-specific
mouse IgG (control), G4R1 antibody and histone H3 antibody were used in the
immunoprecipitation. The amplified regions aligned to the YY1 promoter and mRNA (with
transcription starting site designated as “+1”) are indicated. The amounts of the YY1 DNA
precipitated by these antibodies relative to the input are presented. The results are derived from 3
separate experiments. * indicates significant changes. B. Effect of ectopic G4R1 on endogenous
YY1 expression in 293T cells. Increasing amounts of G4R1, as shown above the blot, were
transfected into 293T cells that expressing relatively low levels of endogenous G4R1. The cell
lysates were analyzed by Western blots using the antibodies indicated on the left. C. Effects of
G4R1 knockdown on endogenous YY1 expression in HeLa cells. HeLa cells that express high
levels of endogenous G4R1 were infected by lentivirus expressing an inducible shRNA against
G4R1 (54) cultured in medium containing 1.5 µg/ml of doxycycline (Dox) to induce the shRNA
expression. The cells were collected at different time points as indicated on the top and the cell
lysates were analyzed by Western blots using the antibodies indicated on the left.

DISCUSSION
The regulatory activities of YY1 in different epigenetic processes have implicated
its critical role in cell proliferation, differentiation and tumorigenesis. As a
multifunctional transcription factor, YY1 has been extensively studied in its regulation
towards the expression of various target genes. However, the mechanisms underlying
how YY1 gene expression is regulated are relatively understudied. In this report, we
revealed the G/C rich features in the vicinity of the YY1 transcription start site on the
human YY1 promoter and 5’-UTR. We then provided clear in vitro evidence to
demonstrate that these regions contain sequences capable of forming G4 DNA and RNA
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structures, respectively, and that mutations of these G4 structure-forming sequences
affected the YY1 promoter-mediated Gluc expression or that downstream of the YY1 5’UTR in reporter assays. Our mechanistic studies also suggested that the G4 nucleic acid
resolvase G4R1 may release the G4 structure in the YY1 promoter, but not the one in the
YY1 5’-UTR. To investigate the biological relevance of our study, we also analyzed the
gene array of 258 human breast cancer samples and discovered the significant correlation
between G4R1 and YY1 gene expression.
In the promoter region, G4 DNA structures that regulate the gene expression may
exist in either the positive or negative strand. It is noteworthy that cytosine rich (C-rich)
DNA sequences may form i-motifs that have been indicated to regulate the expression of
multiple genes, including Bcl-2 and c-Myc (75,76). Therefore, it is reasonable to predict
that, while G4 motifs are present in one strand, structures such as i-motifs can also be
formed in the Watson-Crick complementary strand. They may collaboratively regulate
the transcriptional activity of the YY1 promoter, as described in a model for the c-Myc
promoter (40).
The YY1 promoter likely forms multiple G4 structures due to its high G/C
content and it is not practical for us to determine all of them in this study. However, our
results strongly indicated the presence and regulatory role of the G4 structure in the YY1
promoter. In the YP-3 oligonucleotide, there are 7 to 9 isolated G-runs (≥3 Gs) and our
stoichiometry experiment suggested the majority of this oligonucleotide formed
intramolecular structures. Therefore, we predict that the YP-3 oligonucleotide forms
multiple, dynamic G4 structures among these G-runs that may rapidly interchange,
leading to the protection of multiple guanines in the DMS footprinting assay (Figure 2C).
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Consistently, our CD studies also suggested the presence of G4 structures with antiparallel strands in the YP-3 (Figure 2B). The dynamic G4 structure formation has been
demonstrated previously (77,78), which makes it technically challenging to create a
schematic picture to present the predicted G4 structures and would be beyond the scope
of this current study.
We demonstrated an interaction of G4R1 with the G4 sequence motif in the YY1
promoter, as well as a stimulatory effect of G4R1 on the expression driven by the YY1
promoter. However, we also observed that G4R1 could still enhance the expression of the
reporter construct driven by the G4 structure-mutated YY1 promoter, as shown in Figure
6A. Since the region close to the transcription start site in the YY1 promoter is highly
G/C rich, this effect could result from other G4 DNA structure(s) that has not been
identified. It is also possible that the activity of the YY1 promoter is inhibited by other
types of structures, which can be resolved by G4R1.
In the EMSA studies, we did not detect large amounts of unbound
oligonucleotides (Figure 7), since only 1 pM of 5’-32P-labeled self-annealed YP-3
oligonucleotide was incubated with 10 - 300 pM of G4R1. The reason to use this ratio is
that these concentrations represent standard binding affinity determination conditions.
When determining the binding affinity of an annealed oligonucleotide, it is important that
the oligonucleotide is used at a much lower concentration than that of the resolvase.
Given the extraordinarily tight binding affinity of G4R1 for G4 nucleic acids (52), the
concentration of the G4 oligonucleotides should be kept close to 1 pM. As shown in
Figure 7C, G4R1 tightly bound YP-3 in the absence of ATP. This binding interaction at
low YP-3 concentrations is strongly indicative of the presence of G4 structures in YP-3,
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as G4R1 prefers to bind G4 nucleic acids in comparison to unstructured single stranded
DNA or Watson-Crick duplex DNA by at least 3 orders of magnitude (50,55). YP-3 was
released from the G4R1 after resolution of the G4 structure when ATP was added (52).
This result strongly suggests that G4R1 resolves the G4 structure in the YP-3
oligonucleotide.

Figure 9. Studies of G4R1 and YY1 expression in breast cancer cell lines and patient
samples. A. G4R1 and YY1 expression in different non-malignant and malignant breast cell
lines. Total cell lysates of the cell lines (labeled on the top) were analyzed by Western blot
(antibodies labeled on the left). HMEC and MCF-10A were used as non-malignant controls. HEK
cells are a breast cancer cell line immortalized by SV40 large-T antigen (74). B. Analysis of the
expression correlation between G4R1 and YY1 in breast cancer samples in the Uppsala
breast cancer cohort consisting of 258 patient samples. The signal intensities of G4R1 and
YY1 were logarithmically transformed. A significant, positive correlation is suggested by the
Pearson Product Moment Correlation p value of 4.5 × 106.
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When testing the effects of the YY1 5’-UTR on the expression of downstream
Gluc, we employed the PGK promoter. In our study, we observed that this promoter can
be stimulated by G4R1, suggesting that it may contain G4 DNA structure motif(s). It is
certainly possible that G4R1 possesses other activities, in addition to resolving G4
structures, which may generally promote gene expression. After examining the DNA
sequence, we found that this promoter is indeed G/C rich (> 63%) and has multiple G- or
C-runs. We also checked several other commonly used promoters with medium
expression strengths, including chicken β-actin and ubiquitin C promoters. They both
have high G/C contents and potential G4 DNA-forming sequences. CMV promoter has
nearly equal amounts between G/C and A/T, but its robust expression strength could
overwhelm the effect of G4R1 on any putative G4 structure. Therefore, we still used the
PGK promoter to study the YY1 5’-UTR-mediated expression and compensated the
effects of G4R1 by normalizing the data against those of the reporter construct without
the YY1 5’-UTR insert. After this data processing, we concluded that the YY1 5’-UTRmediated Gluc expression was unresponsive to the ectopically introduced G4R1.
Consistently, G4R1 did not bind to oligoribonucleotide YU-4 in our EMSA study (Figure
7B). Whether the G4 RNA motif in the YY1 5’-UTR is a substrate of other resolvases,
such as BLM, WRN, or FANCJ, needs further investigation. It is likely that multiple G4
structures may exist in the 480-nucleotide YY1 5’-UTR with such a high G/C content
(80%), a speculation that is supported by the CD studies of the oligonucleotides YU-1
and YU-2 (Figure 2B). However, we believe that G4R1 does not bind these two
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oligonucleotides, since the expression of the reporter construct containing the entire 5’UTR region of YY1 was not affected by ectopic G4R1.
While G4R1 may possess general stimulatory effects on gene expression,
especially oncogenes that have G4 structures in their promoters, our data from the CD
spectral study, reporter assay and correlated G4R1-YY1 gene expression strongly suggest
that YY1 is one of G4R1 target genes and this regulation may contribute to cancer
development. It is noteworthy that G4R1 knockdown did not markedly affect endogenous
YY1 levels, although ectopically expressed G4R1 led to an increased YY1 expression
(Figures 8B and 8C). This indicates that YY1 expression is modulated by multiple
regulatory mechanisms, in addition to G4 DNA/G4R1. Based on our data, G4R1 likely
plays a role in promoting, but not maintaining, YY1 expression.
The sequences of the G4 structures may contain or overlap with the binding sites
of certain transcription factors. Thus, it is possible that the mutagenesis of the guanines
essential to G4 structure formation in the YY1 promoter could alter the affinity of certain
transcription factor(s), likely repressor(s), and in turn enhance the promoter activity in
reporter assays. This dilemma is a generic issue in the field of G4 structure research. In
our studies, in addition to the data from reporter assays that demonstrated the effects of
G4 DNA-forming sequence and G4R1 on the YY1 promoter-mediated gene expression,
we also presented spectroscopic evidence from CD analyses and protection of the YY1
G4 DNA structure from DMS-mediated methylation and DNase I digestion. All data sets
support the presence and the regulatory role of G4 structure in the YY1 promoter.
Numerous reports demonstrated the potential regulation of YY1 in tumorigenesis.
Although most studies suggest an oncogenic or proliferative role of YY1 in cancer
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development and progression (see the review (3)), a handful reports also proposed the
possible anti-cancer activities of YY1 (10,79-81). Statistical analysis indicates that G4
structures are present in the promoters of most proto-oncogenes, while the promoters of
tumor suppressors have very low levels of guanine runs (43). Therefore, our current study
showing the G/C rich feature and the presence of quadruplex in the YY1 promoter
support the theory of YY1 as an oncogene.
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Supplementary Figures

Supplementary Figure 1. Schematic description of the annealing procedure of the
oligonucleotides for G4 structure formation.

145

Supplementary Figure 2. Stoichiometry studies of the YP-3 oligonucleotide.
One nM of the 32P-labeled or unlabeled oligonucleotides YP-3 and YP-3-10A were mixed in
different combinations as indicated and annealed in the presence of 50 mM KCl. The samples
were then resolved by 20% non-denaturing PAGE for 22 h at 100V. Lanes 8-9 are unannealed
samples.
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Supplementary Figure 3. DMS footprinting assay to determine the G4 DNA structure
formation by the oligodeoxyribonucleotides in the YY1 promoter (A) and 5’-UTR (B). The
5’-32P-labeled oligodeoxyribonucleotide YP-1, YP-2, YP-4 (from the YY1 promoter) and YU-1,
YU-2, YU-3, YU-4 (from the YY1 5’-UTR) were annealed in the absence or presence of 100 mM
KCl or 100 mM LiCl as indicated and then treated by dimethyl sulphate (DMS). The samples
were then analyzed by 6% denaturing PAGE for 3 h at 55 watts. The gel was dried at 80 ºC for 2
h, followed by autoradiography. Some adenines (As) were cleaved due to nonspecific cleavage of
piperidine. The results of formic acid treatment (Maxam-Gilbert G+A reaction), if available, are
shown on the left. The alignment of the bands to the oligodeoxyribonucleotide sequence is shown
on the left of each image.
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ABSTRACT
Ends of human chromosomes consist of the six nucleotide repeat d[pTTAGGG]n known
as telomeric DNA, which protects chromosomes. We have previously shown that the
DHX36 gene product, G4 Resolvase 1 (G4R1), tightly binds and unwinds parallel G4DNA. Recent work associates G4R1 with the telomerase holoenzyme potentially
providing G4R1 access to telomeric G4-DNA. Here we show that G4R1 is capable of
tightly binding telomeric quadruplex DNA, and in the context of the telomeric sequence
we determine length, sequence and structural requirements sufficient for tight G4R1
telomeric binding. G4R1 binds telomeric DNA in the K+-induced “3+1” G4-topology
with an apparent Kd = 10 + 1.9 pM, a value similar to binding to unimolecular parallel
DNA. It binds to the Na+-induced “2+2” basket G4- structure formed by the same DNA
sequence with an apparent Kd= 71 + 2.2 pM. Minimal G4-structure alone is not sufficient
for G4R1 binding, but a 5’ G4 structure and a 3’ unstructured tail containing a guanine
which flanked by adenine(s) is sufficient for maximal binding. Mutations directed to
disrupt G4-structure similarly disrupt G4R1 binding, but secondary mutations that restore
G4-structure also restore G4R1 binding. A replication fork disrupting a T-loop could
create the opened 3’tail + 5’ quadruplex target for G4R1.

INTRODUCTION
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Telomeres are specialized nucleic acid-protein structures that “cap” the ends of
chromosomes, providing protection from chromosomal end-joining, recombination and
degradation(1,2). Human telomeric DNA consists of 1-15 kilobases of double-stranded
tracts of d[pTTAGGG]n repeats that terminate in a ca. 50-200 nt single-stranded G-rich
3’overhang at the end of each chromosome (3,4). The 3’ termini of telomeric DNA
cannot be replicated completely by conventional DNA polymerases, resulting in
progressively shorter telomeres with each round of replication. Therefore, somatic cells
can undergo only a limited number of divisions before the telomeres become critically
short, causing them to lose their protective qualities and resulting in senescence or
apoptosis signaling within the cell (2,5). The ribonucleoprotein (RNP) reverse
transcriptase known as telomerase is primarily responsible for preventing this loss and for
maintaining telomere length. Telomerase is overexpressed in greater than 85% of all
cancers and is undetectable in most adult tissue (6), making telomerase and telomere
biology a topic of intense focus for the development of targeted cancer therapies (3,7).
The repeated run of three guanines in the telomere represents the highest genomic
concentration of DNA capable of forming G-quadruplex (G4-DNA or G4-structures). As
demonstrated in vitro, the single-stranded G-rich overhang sequence of the telomere
assumes a structure of intramolecular G4-structures in physiological salt conditions(810). G4-structure can form in DNA and RNA via Hoogsteen bonding interactions within
guanine-rich regions of the genome. Vertical stacking of Hoogsteen-bonded guanine
tetrads and coordinate bonding with monovalent cations (i.e. K+, Na+) within the central
cavity of G4-structures contribute to their remarkable thermal stability (11,12).
Bioinformatics studies suggest the human genome contains >375,000 “potential G4-
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forming motifs” (PG4) (13,14) The G4-structure adopted by telomeric DNA is thought to
constitute a component of the protective telomeric cap possibly providing a default
protective structure when specific DNA binding proteins are absent (15-18). The degree
of structural variation of telomeric G4- structures is high, as they are capable of forming
tetramolecular, bimolecular, or unimolecular structures. Furthermore, unimolecular
structures can adopt various intramolecular strand orientations including parallel,
antiparallel, or mixed orientations as shown in Figure 1(A-D) (11,19).

Figure 1.Telomeres exhibit cationic dependent pleomorphic unimolecular G4-DNA
structures. Schematic depiction of (A) parallel-stranded, (B) antiparallel-stranded, (C)
K+ induced telomeric mixed “3+1” parallel/antiparallel, and (D) Na+- induced telomeric
basket-type “2+2” parallel/antiparallel G4-DNA structures.

The specific conformation adopted by telomeric G4-DNA is dependent upon the
cationic environment, the number of telomeric repeats, flanking sequences, and DNA
concentrations (20). In the presence of K+-containing solutions, Tel22, a 22mer of the
human telomeric sequence, forms unimolecular G4-structures with mixed
parallel/antiparallel strand orientation (Figure 1C) (8-10). These telomeric G4-structures
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contain three runs of guanines oriented in one direction and the fourth run oriented in the
opposite direction, and is referred to as the “3+1” topology (8,9,21-23). In solutions
where Na+ is the only monovalent cation, Tel22 forms a basket-type G4-structure with
two antiparallel strands adjacent to two parallel strands (“2+2” topology) (Figure 1D).
Parallel versus antiparallel structural variation has been shown to have consequences on
enzyme activity targeting these structures. For example, antiparallel Na+-stabilized
telomere G4-sequences are readily extended by Tetrahymena telomerase, whereas K+stabilized mixed orientation structures are less-readily extended (24).
G4-DNA has unusually high thermodynamic stability which is expected to affect
telomere processing such as inhibiting telomere degradation or extension. Therefore, it is
likely that G4-DNA resolving enzymes accompany telomeric DNA replication. Direct
evidence for the presence and resolution of G4-structures during replication has been
demonstrated within the telomeres of ciliates in vivo (13,25), and recent work has
quantitatively visualized G4-structures at the telomere in mammalian cells (26). In order
to have dynamic and biologically responsive control of telomere G4-structures, a number
of candidate human proteins that promote the formation or resolution of G4-stuctures in
vitro and might perform that function in vivo have been identified including: Topo I (27),
GQN1 (28), BLM (29), WRN (30), FANCJ (31), hnRNP A1 (32), hnRNP D (33), Pot1
(15), hnRNAP A2* (34), hPif1(35), ChlR1/DDX11 (36), and G4R1 (37-40).
G4 Resolvase 1 (G4R1), (also known as RHAU, DHX36 gene product) is a
member of the DEAH-box family of RNA helicases that has been identified as a
modulator of an AU-rich element involved in mRNA metabolism(41) , and in our
laboratory as the major G4-DNA resolvase found in HeLa cells(38,42). G4R1 binds to
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parallel unimolecular G4-DNA with the tightest reported Kd for any G4-binding protein
and unwinds this structure in an ATPase-dependent manner (39). It has been shown to
have similar capacity to bind and resolve G4-RNA as well (37,38). G4R1 is responsible
for >60% of the tetramolecular G4-resolving activity in HeLa cell lysates (42), and the
homozygous mouse knockout is embryonic lethal (43).
Recently, G4R1 has been shown to play a role in telomerase/telomere biology
(37,40,44). G4R1 down-regulation decreases levels of fully matured human telomerase
RNA (hTR), and G4R1 appears to physically associate with the telomerase holoenzyme
via an interaction the G4-forming sequence located at the 5’ end of hTR. If the hTR G4sequence is deleted or mutated to prevent G4-formation, the association of G4R1 with
telomerase is lost (37,40,44). Furthermore, G4R1 unwinds hTR G4-structures, which
appears to affect the assembly of the mature telomerase template RNA sequence and
increases P1-helix formation in vitro (37). Loss of the P1-helix is associated with reduced
fidelity of telomerase (45). The dual activity of G4R1 on G4-DNA and G4-RNA, and its
association with the telomerase holoenzyme could also give G4R1 access for activity
upon the G4-DNA of telomeres. Thus far, down-regulation of G4R1 levels in 293T cells
has shown a transient but significant change in average telomere lengths (37), but direct
interactions of G4R1 with telomeric DNA has not yet been demonstrated or
characterized.
In this study we demonstrate that G4R1 binds tightly and directly to pleomorphic
states of telomeric DNA being capable of binding to the 3+1 and 2+2 telomeric G4structures with a ~7-fold preference for the 3+1 topology. In the context of the telomeric
sequence we utilize systematic mutations to determine the length, sequence, and
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structural requirements sufficient for tight and complete G4R1-telomeric binding, thereby
showing that the presence of G4-structure and a guanine-containing 3’-tail are sufficient
for tight binding. These data are compatible with a model in which G4R1 modulates
telomeric G4-structures during cellular conditions in which the G4-structures form in a
manner which leaves a free 3’ tail. This could occur at the 3’ telomere end after this end
is displaced from a T loop by a replication fork.

MATERIALS AND METHODS
Circular dichroism spectropolarimetry.
Circular dichroism (CD) experiments were performed as previously described
(39). Briefly, oligonucleotides were purchased from Integrated DNA Technologies with
or without the addition of a 5’-phosphate group and were analyzed on an AVIV Model
202 CD spectrometer equipped with a thermoelectrically controlled cell holder. 10 µM
solutions of DNA were prepared in 10 mM Tris-HCl, 1mM EDTA, pH 7.5 and in the
absence or presence of 50 mM KCl or 50 mM NaCl. CD spectra measurements were
recorded in the UV (200-325 nm) regions with 1 nm increments and an averaging time of
2 s at 25, 37, 50, 60, 80 and 95°C. The thermal stability of Tel33 G4-DNA was
determined by recording the molar ellipticity at 285 nm across the temperature range of
37-95°C, with 2 °C increments and 30 s equilibration time at each temperature setting.
Statistical analysis was performed with GraphPad Prism 5 and graphs were smoothed
using LOWESS (20 point smoothing window).

G4-DNA formation and quantification.
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Oligonucleotide concentrations were determined as previously described(39) by
absorbance at 260 nm using a Smart Spec 3000 UV spectrometer (Bio Rad). The molar
extinction coefficient was calculated using the instrument’s software after inputting the
base composition of each oligonucleotide. Oligonucleotides were formed into
unimolecular G4-DNA using a previously described procedure(39). Briefly,
oligonucleotides were diluted to a concentration of 0.5 mM with 10 mM Tris-HCl, 1 mM
EDTA, pH 7.5 and incubated in a thermocycler (Eppendorf epGradient S) at 98°C for 10
min, then held at 80°C. Immediately the tube was opened and salt solutions were added
to a final concentration of 50 mM (KCl or NaCl or 50 mM KCl/10 mM NaCl depending
on experiment). The tubes were closed and allowed to slowly return to 25°C and then
stored at -20°C. Tetramolecular Z33 G4-DNA substrates were formed as previously
described (38) and prepared in salt solutions to a final concentration of 50 mM (KCl or
NaCl or 50 mM KCl/10 mM NaCl).

5’-[32P]-end labeling of DNA.
Unlabeled oligonucleotides were purchased from Integrated DNA Technologies.
5’-[32P]-end-labeled oligonucleotides were obtained as previously described (39).
Briefly, unlabeled oligonucleotides were annealed as described above, followed by 0.5 h
incubation at 37°C with T4 polynucleotide kinase (Promega Corporation) and [γ-32P]
ATP (Perkin-Elmer), according to manufacturer’s instructions. Following the labeling
reaction, oligonucleotides were purified with a MicroSpin G25 column (GE Healthcare)
equilibrated with TE (10 mM Tris, 1 mM EDTA, pH 7.5) buffer and stored at -20°C.
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Gel mobility shift assay and apparent Kd determination for G4R1-oligonucleotide
complexes.
We have previously described the isolation (38,42) and quantification (39) of
active recombinant G4R1 from Rosetta 2 cells. The apparent Kd was estimated using gel
mobility shift assays (GMSA) as previously described (39). Briefly, recombinant G4R1
at concentrations of 10-500 pM was incubated with 1 pM 5’-[32P]-end-labeled G4-DNA
in Res buffer (50 mM KCl, 10 mM NaCl, 3 mM MgCl2, 50 mM Tris acetate, pH 7.8, 70
mM glycine, 0.012% bovine lactalbumin, 10% glycerol) with 10 mM EDTA at 37°C for
0.5 or 24 h. Binding reactions were loaded onto 10% non-denaturing polyacrylamide
gels and electrophoresis was performed at 70 V for 15 h in a cold room (7°C). Gels were
imaged on a Typhoon 9210 Imager (GE Healthcare), band densities were analyzed using
Multi Gauge software (Fuji) and statistical analysis was performed using GraphPad Prism
5. The apparent Kd was estimated as the concentration of enzyme at which 50% of the
target DNA substrate was bound. For binding experiments in which the monovalent
cation composition was varied, recombinant G4R1 at concentrations of 50-500 pM was
incubated with 1 pM 5’-[32P]-end labeled G4-DNA and Res buffer with either 50 mM
KCl/10 mM NaCl, 50 mM KCl or 50 mM NaCl. Analysis was performed as described
above.

RESULTS
G4R1 binds to Tel30 and Tel33, but not to Tel22 or Tel26.
We had previously demonstrated that a number of unimolecular parallel G4DNA sequences tightly bind G4R1 using gel mobility shift assays (GMSA) (39,46). In
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the telomeric context we first examined binding affinities of the well characterized
minimal G4-structure having just four runs of three guanines that has been shown in
potassium to form a 3+1 quadruplex structure (Figure 1C) (8-10,20,21). This minimal
telomeric quadruplex showed no detectable binding to G4R1 (Figure 2A), although CD
spectra showed that quadruplex structure is indeed forming under our binding conditions
(Figure 2B). Our previous work had suggested that G4R1 requires a 3’-tail for
tetramolecular G4-DNA resolution (See Supplementary Data Figure 2). Therefore, we
designed a series of oligomers which extended Tel22 with native telomeric sequences so
that a 3’tail would exist, and termed the oligos Tel26, Tel30 and Tel33 (Figure 2C). Tel
26 contains the Tel22 sequence with the addition of two native thymines on the 3’ and 5’ends; however, G4R1 did not significantly bind to this structured sequence (Figure 2A).
Interestingly, G4R1 bound to a 30mer and 33mer of the native human telomere sequence,
with affinities similar to that of previously reported G4-sequences (Figure
2A)(38,39,42,46) and with Tel 33 demonstrating the most complete binding.
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Figure 2. Tight G4R1 binding to the telomeric repeat sequence requires more than a
minimal G4-structure found in Tel22. (A) Gel mobility shift assay (GMSA) with purified
recombinant G4R1 and 32P-labeled telomeric G4-DNA sequences (left to right) Tel22,
Tel26, Tel30, and Tel33 with indicated G4R1 concentrations. (B) CD wavelength
spectrum in 50mM KCl of telomeric G4-DNA sequences (left to right) Tel22, Tel26, Tel
30, and Tel33. (C) DNA oligonucleotide sequences used in Figures 2A and 2B.
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We compared the CD structural data of these sequences to determine whether
aspects of CD spectrum were predicting G4R1-binding. Tel22, Tel26, Tel30 and Tel33
all displayed CD spectral patterns indicative of G4-structures with mixed
parallel/antiparallel strand orientation, however, the distribution of parallel CD signal
(~263 nm) and antiparallel CD signal (~290nm) varied in distribution between the
sequences. Tel22 and Tel30 were most similar to each other with major peaks around 290
nm and a shorter “shoulder” peak at 260 nm (Figure 2B). Tel 26 and Tel33 both exhibited
a more equal distribution between 260 nm and 290 nm peaks (Figure 2B). These data
suggests that G4-DNA was forming in each structure in the “3+1” topology. G4R1
binding to telomeric DNA has very specific binding requirements and our data suggests
that quadruplex CD spectral data alone does not accurately predict binding affinity
because G4-structure alone is not sufficient for telomeric binding by G4R1. It was also of
interest to us that binding ability appeared coincident to a fifth run of guanines being
present in Tel30 and Tel33 oligomers. In other experiments we had determined that the
first G in Tel 30 was critical for binding, suggesting the importance of the fifth run of
guanines (data not shown).

G4R1 differentially binds to K+-induced and Na+-induced Tel33 G4-structures.
Ionic environments can be critical determinants of G4-topology (19). In this
regard, it has been shown that the telomeric DNA repeat forms a 3+1 parallel/antiparallel
G4-structure (as in Figure 1C) in K+-containing solutions, and a primarily basket-type
G4-structure, the 2+2 antiparallel G4-structure in Na+-containing solutions (as in Figure
1D) (47). We sought to determine if G4R1 could recognize these two structures in Tel33.
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Tight binding of G4R1 to the K+-induced Tel33 G4-sequence was observed, with
an apparent Kd of 10 + 1.9 pM (n=3) (Figure 3A and 3E). G4R1 bound to the Na+induced Tel33 G4-structure with an apparent Kd of 71 +2.2 pM (n=3) (Figure 3 B and
3E). In order to rule out the possibility of an inhibitory effect of Na+ ions on G4R1
binding, we assessed the binding of G4R1 to a tetramolecular G4-substrate (Z33) whose
structure is formed in Na+ but is maintained as a stable, parallel, tetramolecular G4structure under both monovalent salt conditions. G4R1 bound equally well to
tetramolecular G4-DNA in the presence of NaCl, KCl/NaCl, and KCl buffers (Figure
3F), thus ruling out a potential inhibitory effect of sodium ions on the G4R1/G4-DNA
binding interaction or enzyme conformation, confirming our previous observations (38).
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Figure 3. G4R1 tightly binds K+ induced telomeric mixed “3+1” parallel/antiparallel, and
Na+ induced telomeric basket-type “2+2” parallel/antiparallel G4-DNA structures, but
with tighter affinity for the K+-induced structure. (A) Representative image of a GMSA
with indicated concentrations of purified recombinant G4R1 and 32P-labeled Tel33 G4DNA as substrate, incubated for 24 h in 50mM KCl buffer. (B) Representative image of a
GMSA with indicated concentrations of purified recombinant G4R1 and 32P-end-labeled
Tel33 G4-DNA as substrate incubated for 24 h in 50mM NaCl buffer. (C) CD
wavelength spectrum of Tel33 in 50mM KCl and 50mM NaCl. (D) CD melting curves
determined by plotting the max ellipticity (mdeg) of KCl-formed Tel33 and NaCl-formed

174

Tel33 at 285nm versus temperature (°C). (E) Apparent Kd determination of G4R1 for K+induced Tel33 G4-structure (blue) and Na+-induced Tel33 G4-structure (red), quantified
from Figures 3A and 3B respectively (n=3). (F) GMSA with indicated concentrations of
purified recombinant G4R1 incubated for 24 h with 32P-end-labeled tetramolecular Z33
G4-DNA in 50 mM NaCl (lanes 1-5), 50 mM KCl/10 mM NaCl (lanes 6-10) or 50 mM
KCl (lanes 11-15).

A Tel33 CD spectrum is indicative of the 3+1 parallel/antiparallel G4-structure in
50 mM KCl-containing buffer (Figure 3C). Furthermore, the thermal stability of the
molar ellipticity peaks at 263 nm and 285 nm were monovalent cation-dependent and did
not form in the absence of K+ (Supplemental Figure 2A). The presence of a CD-spectrum
characteristic of G4-structure and its high monovalent cation-dependence are evidence of
the presence of formed G4-DNA structure. When we formed Tel33 in a pure Na+
environment, the CD-spectra was indicative of antiparallel 2+2 G4-structure (8)
consisting of a large peak of positive molar ellipticity at ~285 nm, a small negative peak
at ~265 nm and a small positive peak at 245 nm (Figure 3C). The Tm of each Tel33
structure was determined by measuring the temperature at which 50% of the molar
ellipticity at 285 nm was lost. The K+-induced and Na+-induced structures were thermally
stable, exhibiting Tm of 59.6°C and 46.7 °C at 285 nm, respectively (Figure 3D). Taken
together, this data demonstrates that G4R1 binds remarkably tightly to mixed
parallel/antiparallel Tel33 G4-structure, similar to what we previously reported for
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parallel-stranded G4-structures (39), and with an affinity for Na+-induced, antiparallel
2+2 Tel33 G4-structure albeit with ~7-fold less affinity.

Single guanine to adenine mutations in the Tel33 sequence dramatically affect G4R1
binding but not the CD-structural spectrum.
Given the substantial differences of G4R1 binding affinity for Tel22, Tel26, Tel
30, and Tel33 sequences we sought to determine the critical requirements for tight G4R1
binding to Tel33 in potassium. To do this we made a series of five mutants in which the
central guanine in one of the five tracts of guanines was successively mutated to adenine.
It is notable that such a mutation in the central guanine of three continuous guanines will
prevent participation of that run of guanines in the G4-stucture. These mutants were
termed Tel33mut1, Tel33mut2, Tel33mut3, Tel33mut4 and Tel33mut5 (Fig 4C), with
Tel33mut1 having the 5’ most guanine tract mutated and Tel33mut5 having the 3’ most
guanine tract mutated. Since base context is of importance it is debatable how large a
loop area can be expanded before four runs of guanines are unlikely to participate in a
G4-DNA structure, although stable loop length has been shown to be clearly longer than
a limit of 7 bases (48). As shown empirically by our CD data, Tel33mut2, Tel33mut3,
and Tel33mut4 appear to have nine base loops and yet form stable G4-DNA structures.
The evidence for this is two-fold: first, the CD spectral data is indicative of G4-structure
(discussed below); second, the monomer spot on the gels of these oligomers is the same
length yet migrates considerably higher for Tel33mut2, Tel33mut3 and Tel33mut4
suggesting each structure has a similar bulky loop, while the more compact structures of
Tel33mut1 and Tel33mut5 migrate faster and also similarly. GMSA analysis shows that
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the single-base mutations in Tel33mut1, Tel33mut2, Tel33mut3, and Tel33mut4
abolished G4R1 binding (Figure 4A). However, Tel33mut5 retained similar binding
affinity to G4R1 as that of Tel33 (Figure 4A).

Figure 4. Single targeted mutations expected to change guanine run participation in G4DNA structure concomitantly disrupt G4R1 binding with the exception of the central
guanine at the most 3’ guanine run.(A) GMSA with indicated concentrations of purified
recombinant G4R1 and 32P-labeled mutant telomeric G4-DNA sequences (left to right)
Tel33mut1, Tel33mut2, Tel33mut3, Tel33mut4 and Tel33mut5. (B) CD wavelength
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spectrum in 50 mM KCl of mutant telomeric G4-DNA sequences (left to right)
Tel33mut1, Tel33mut2, Tel33mut3, Tel33mut4 and Tel33mut5 (black traces), each
overlaid with Tel33 in KCl (blue traces). (C) DNA oligonucleotide sequences used in
Figures 4A and 4B.

Figure 5. Adding an unstructured 3’-tail to Tel22 only partially restores binding to
telomeric repeat sequences. (A) GMSA with indicated concentrations of purified
recombinant G4R1 and 32P-labeled mutant telomeric G4-DNA sequences (left to right)
Tel22, Tel22 3’polyA, Tel33, Tel22-3’poly andTel22-5’polyT (B) DNA oligonucleotide
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sequences used in Figures 5A and 5B. (C) Graphical depiction of GMSAs quantified
from Figure 5A.

Figure 6. A guanine-containing 3’-tail is sufficient to restore tight binding to telomeric
G4-sequences. (A) GMSA with indicated concentrations of purified recombinant G4R1
and 32P-labeled mutant telomeric G4-DNA sequences (left to right) Tel22-3’polyT,
Tel22-3’polyT-mutAGAA, Tel22-3’polyT-mutAAGA and Tel22-3’polyT-mutAAAA.
(B) DNA oligonucleotide sequences used in Figures 6A and 6B. (C) Graphical depiction
of GMSAs quantified from Figure 6A.
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We next determined the CD-spectral data of these sequences to determine the
effect of these mutations on G4-DNA folding patterns in potassium. All CD spectra
indicated G4-structure of the 3+1 type forms. Tel33mut1, Tel33mut2 and Tel33mut4, in
which the guanine to adenine mutation completely abolished G4R1 binding (Figure 4A)
showed no appreciable change in the CD spectrums compared to that of Tel33 (Figure
4B). Tel33mut3 displayed a spectrum similar to Tel33 but with a higher 263 nm peak and
a lower peak at 285 nm (Figure 4B). Tel33mut4 had a slightly lower 285 peak than
Tel33. Tel33mut5 displayed a spectrum similar to that of the K+-induced Tel33 G4structure and bound G4R1 with similar affinity. This data further supports the idea that
G4-structure is not sufficient to predict binding to telomeric DNA. Of key importance is
that Tel33mut5 binds G4R1 tightly and completely. This suggests that a 5’G4-structure
and a 3’ unstructured tail is sufficient for binding. In the case of all other mutants, since
CD indicated that G4-structure was forming, the most 3’ guanine run must participate in
the G4-structure, limiting the 3’ tail to TTA. These results suggest that a G4-structure and
a 3’ tail of TTA is not sufficient for binding; however, a G4-structure and an 11 base tail
may be sufficient for binding.

A free 3’ tail partially restores binding of G4R1 to Tel22.
In studying resolution of tetramolecular quadruplex we found that G4R1 requires
a 3’ tail in order to effectively unwind tetramolecular G4-structures (Supplementary Data
Figure 2). This data also made us consider that tight G4R1 binding to telomeric G4-DNA
might require a sufficient 3’ tail in addition to quadruplex structure. For example, G4Tel22 would lack a 3’ tail completely, while Tel26 would have at most a two nucleotide
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3’tail. We reasoned that the increase of G4R1 binding to Tel30 compared to that of Tel22
or Tel26 was due to the addition of 5’ guanines (Figure 2A). These guanines could shift
the G4-structure and allow the inclusion of the 5’-most runs of guanines in G4-DNA,
thus freeing up the 3’-most run of guanines which would effectively form an unstructured
3’ tail. Similarly, the Tel33 sequence with 5-runs of guanines would allow for a dynamic
equilibrium of G4-strucutres formed between the 5’-end and 3’end. Furthermore, the
mutation introduced into Tel33mut5 excludes the 3’-most run of guanines in G4formation, thus shifting the G4-DNA structure to form with the 5’-most runs of guanines,
leaving the 3’-end likely uninvolved in G4-formation. This data suggests that binding of
G4R1 to telomere G4-DNA requires a 3’ tail.
To test the hypothesis that a 5’ quadruplex together with a 3’ unstructured tail is
sufficient for tight G4R1 binding, we designed Tel22-variants in which 11 nucleotide 3’
polyA , 3’ polyT, or 5’ polyT tails were added to the Tel22 sequence and were termed
Tel22 3’polyA, Tel22 3’polyT and Tel22 5’polyT, respectively (Figure 5B). GMSA
binding affinities for each of these oligos were tested alongside Tel22 and Tel33, which
were used as negative and positive controls respectively (Figure 5A) and the bands were
subsequently quantified (Figure 5C). Tel22 3’polyA showed partial binding at the
higher enzyme concentrations (Figure 5A), while Tel22 3’polyT demonstrated tighter
binding but did not approach the level of complete binding seen inTel33 (Figure 5A and
5C). Tel22 5’polyT had negligible effect on inducing G4R1-binding (Figure 5A and 5C),
which was expected because it would only have a 3’ G4-DNA structure. Although
binding affinities of Tel22 variants significantly increased with the addition of 3’ tails,
particularly with the 3’polyT tail, binding does not approach completion as is seen with
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the Tel33 sequence (Figure 5A and 5C). These data suggest that polyT and polyA 3’ tails
added to Tel22 partially increase binding of G4R1, but are not sufficient to fulfill the
complete binding requirements found in Tel33 and Tel33mut5.

G4R1 requires a 3’tail which contains a guanine that is flanked by adenine(s) in the
for tight binding to telomeric G4-DNA.
Since adding polyT and polyA tails to Tel22 were not sufficient to completely
restore tight binding of G4R1, we hypothesized that there may be an additional sequence
requirement within the 3’tail to facilitate binding. Because Tel33mut5 binds G4R1 with
similar affinity to Tel33, we hypothesized that G4R1 requires a 3’ tail base change that
breaks the redundancy of the tail, or perhaps a guanine itself was important in the 3’ tail.
Therefore, we designed a set of mutants based on the Tel22 3’polyT sequence to
test the 3’ binding requirements (Figure 6B). To determine if there is a requirement of
guanine within the 3’ tail for tight binding of G4R1, we added a guanine at the within the
3’-polyT tail (Tel22-3’polyTmutG). We found that G4R1 binds to Tel22-3’polyTmutG
with similar affinity when compared to Tel22-3’polyT (Figure 6A and 6C) suggesting
that guanine-containing 3’-polyT tail is not sufficient for complete binding. In order to
mimic the purine/pyrimidine content of a native telomere tail and brake up tail
redundancy we synthesized a construct with 4 adenines within a polyT tail, termed Tel223’polyT-mutAAAA. We found that G4R1 does not bind this sequence tightly and fully,
suggesting that mimicking part of the purine/pyrimidine content within the polyT tail is
not sufficient for complete binding. Next we tested oligomers in which one guanine was
placed within the 3’polyT tail at different positions within flanking adenines. The
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objective was to add sequences into the tail that would more closely mimic a true
telomere tail, but would not be induce G4-formation. We termed these sequences Tel223’polyT-mutAAGA and Tel22-3’polyT-mutAGAA (Figure 6B). The addition of one
guanine within the polyT tail, regardless of the tested position or flanking sequences in
both oligomers, restored tight binding of G4R1 (Figure 6A) similar to that of Tel33 and
Tel33mut5. These data show that a 5’ quadruplex and a substantial (~11nt) 3’ tail which
also contains a guanine flanked by adenine(s) is sufficient for inducing tight binding to
G4R1.
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Figure 7. A single guanine mutation disrupts the 5’G4-DNA structure of Tel33mut5 and
concomitantly disrupts G4R1 binding, but two secondary mutations that partially restore
G4-DNA structure also restore binding. (A) Schematic depiction of a stable unimolecular
G4-DNA structure with three guanine tetrads and two coordinate bonded K+ ions in
purple (i); G4-DNA structure is completely destabilized by the effects of a single G to A
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mutation at the central guanine of the 5’ most guanine run. The central guanine tetrad
breaks apart and two coordinate bonded K+ ions in purple are lost (ii); Situations that
restore two 5’ guanines in a row or mutations that keep two 5’guanines in a row intact
can produce G4-DNA stabilized by two G-tetrads and a single coordinate K+ ion in
purple. (B) GMSA with indicated concentrations of purified recombinant G4R1 and 32Plabeled mutant telomeric G4-DNA sequences (left to right) Tel33mut6, Tel33mut7, and
Tel33mut8. (C) CD wavelength spectrum in 50mM KCl of mutant telomeric G4-DNA
sequences (left to right) Tel33mut5-mutA, Tel33mut5-mutA-pos3G, and Tel33mut5mutA-pos7G. (D) DNA oligonucleotide sequences used in Figures 7B and 7C.

G4-structure is necessary, but not telomere sequence, for complete G4R1 binding to
DNA.
For a telomere binding protein such as G4R1, it is difficult to distinguish
sequence binding requirements from potential G4-DNA structural requirements since
sequence defines G4-structure. In the following experiment we show that G4-DNA
structure rather than telomere sequence is likely the key 5’ binding determinant by
creating a single base sequence change in Tel33mut5 that ablates G4-DNA structure (and
thus G4R1 binding as well), and then by creating two different secondary mutated
oligomers that rescue the G4-DNA structure to test if binding is recovered by these
secondary mutations. Thus, in the secondary mutations the change that originally ablated
binding is maintained, but we can test if binding can be renewed by the secondary rescue
mutations which restore G4-DNA structure. Interestingly, a single adenine mutation
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within any of the four runs of three central guanines in a row is expected to fully
destabilize a whole G4-structure as shown in Figure 7Aii. So to inhibit G4-DNA binding
we designed a single base change of Tel33mut5 which contained a guanine to adenine
mutation in the central guanine run at the 5’ end (position 5) (See Figure 7B). This
oligomer is expected to be unable to form stable G4-DNA. We termed this oligomer
Tel33mut5-mutA, and CD analysis confirmed that G4-DNA structure was ablated as
indicated by the substantially suppressed peaks at ~285nm and ~263nm (Figure 7C). The
corresponding GMSA showed negligible binding to G4R1, even when the oligomer spot
was highly exposed in the gel (Figure 7B). This suggests that G4-structure is necessary
for tight binding of G4R1. Next we created two oligomers that kept the original adenine
mutation in Tel33mut5-mutA, but to each we added a single second mutation to create
two guanines in a row that could renew the potential for a G4-structure to form. The
resulting structures are expected to display renewed G4 CD signals but of less amplitude,
due to the formation of G4-structure within only two guanine tetrads rather than three
participating in typical telomeric G4-DNA (see Figure 7A i versus iii). Tel33mut5-mutApos3G had an adenine mutated to guanine at the third nucleotide position, while
Tel33mut5-mutA-pos7G had a thymine mutated to guanine at the seventh nucleotide
position (Figure 7D). CD spectrum confirm that G4-formation is partially restored by the
secondary point mutations introduced into Tel33mut5-mutA-pos3G and Tel33mut5mutA-pos7G.The CD spectrum demonstrate characteristic G4-peaks, albeit with shorter
amplitudes probably due to having only two G-tetrads participate in G4-formation instead
of three (Figure 7C). When analyzed by GMSA, both oligomer mutations which restore
significant G4-formation also restore significant binding for G4R1 (Figure 7B). In the
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case of Tel33mut5-mutA-pos7G complete binding is restored. Taken together, the above
data strongly suggests that G4-structure is the common requirement for binding and that
sequence can be significantly changed from the canonical telomere repeat and maintain
tight binding. Restoration of G4-structure correlates with binding. In addition, these
results show that long runs of guanines alone in the absence of G4-structure cannot bind
G4R1 tightly, as is the case for Tel33mut5-mutA. This data strongly supports the
supposition that a 5’ G4-structure is necessary for G4R1 binding to the telomere
sequence.

DISCUSSION
It is known that 85-90% of all cancers rely on the reverse transcriptase known as
telomerase to maintain their telomere lengths, allowing them to divide indefinitely (6).
Telomere G4-structures have been shown to inhibit telomerase-catalyzed extension of the
guanine-rich strands of telomeric DNA(17), making them an area of intense focus for the
development of cancer therapy drugs. Considering that G4R1 has been shown to bind
G4-DNA tightly and preferentially in comparison to Watson-Crick duplex-DNA, and
recent studies suggest that G4R1 associates with the telomerase holoenzyme (37,40,44),
we sought to determine the affinity of G4R1 specifically towards telomeric G4-DNA
structures.
In human cells, the single-stranded G-rich strand of the telomere is typically ca.
50-200 nt in length with 8-50 runs of three guanines (3). Previous structural work on the
human telomeric repeat has been predominantly studied using a 22mer repeat containing
four runs of guanines (with the sequence of d[AGGG (TTAGGG)3]) known as Tel22, and
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it forms a 3+1 parallel/antiparallel structure in K+-solution(8-10,21,49). Structural studies
also suggest that telomeric DNA spanning five to seven repeats form similar structures
(50). Our previous work has demonstrated that G4R1 binds to parallel unimolecular G4DNA with remarkable affinity (39). In this study, we demonstrate that in the context of
telomeric DNA, G4-structure alone is not sufficient for binding, but that a 5’ G4-structure
and a 3’ tail containing a guanine which is flanked by adenine(s) and within the context
of polyT tract, is sufficient for tight binding. If this requirement is met, it appears that
G4R1 can bind to 3+1 parallel/antiparallel G4-structures with similarly tight affinities as
to parallel G4-structures (39), and with a ~7-fold lesser affinity to 2+2 antiparallel G4structures. To our knowledge, G4R1 demonstrates the tightest reported affinity for
telomeric G4-DNA of known human telomeric G4-binding proteins(39).
Our GMSA experiments demonstrated a ~7 fold difference in binding-affinities of
G4R1 for the K+- versus the Na+-induced Tel33 G4-structures. The fact that G4R1
effectively binds Na+-formed tetramolecular parallel DNA indicates that a G4-structure
coordinately bonded with a Na+ core is an excellent binding substrate for G4R1. Thus, it
is possible that the conversion of one of the three parallel strands into antiparallel
orientation weakens the binding site for G4R1 in Na+-induced telomeric G4-DNA.
Although our data suggests that G4R1 preferentially binds to parallel or 3+1 mixed G4structures compared to 2+2 antiparallel structures, both structures display remarkably
tight binding. This is compatible with a model in which G4R1 binds to a variety of G4conformations and could act as potential “pan” G4-resolvase.
Other human telomeric G4-binding helicases, such as BLM or WRN, demonstrate
ATP-dependent helicase activity upon parallel tetramolecular telomere G4-DNA
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(5,29,51). A recent publication shows that WRN binds to a unimolecular telomere G4structure formed in K+ (presumably a “3+1” structure) more tightly than does BLM.
WRN binds most tightly to a dimer of telomere G4-structure formed in K+(a structure
having two antiparallel strands) with an apparent Kd of 260 pM, whereas BLM did not
bind to this structure (52). BLM does bind to tetramolecular parallel DNA with an
apparent Kd of 700 pM (52); thus, it is possible that BLM is demonstrating a trend of
preferential binding to parallel G4-DNA. The human POT1 protein is thought to
recognize antiparallel unimolecular G4 telomeric structures and passively trap the
associated sequence in an unwound form (15,51). Recent observations of POT1 binding
utilizing FRET suggest that POT1 has a slight binding preference to the Na+ -induced
telomere G4-structure over the K+ -induced structure (53). hnRNP A1 and hnRNP D are
thought to passively resolve dimeric and antiparallel/parallel telomeric G4-structures,
respectively (32,33,51), while hnRNP A2* is able to actively unfold a presumably 3+1
mixed structure (34). Our current data, coupled with previously published work (39),
suggests that G4R1 is a G4-helicase which can bind to an array of G4 -structures
including parallel tetramolecular (38), and parallel (39) , mixed, and antiparallel
unimolecular G4-structures.
The nucleus of a cell contains a K+ ion concentration substantially higher than the
Na+ ion concentration. Thus, the telomeric DNA sequence is likely to adopt a mixed
parallel/antiparallel G4 -structure in vivo. We speculate that G4R1 could potentially
have two actions on telomeric G4-DNA, depending on the availability of ATP and Mg2+,
which G4R1 requires for resolution of G4-structures (36,37,39,40,53). Under resolving
conditions (+ATP, +Mg2+), G4R1 would bind telomeric G4-structures and unwind them
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into unstructured single strands to allow telomerase action. Under non-resolving
conditions, G4R1 would bind G4-structures and eventually “trap” the telomere in this
G4-conformation, thus inhibiting telomerase. Recently, G4R1 was been shown to be a
positive regulator of telomere length in 293T and HeLa cell lines (37), compatible with a
model that G4R1 is acting under resolving conditions at the telomere.
Our data demonstrating G4R1’s high affinity for telomeric G4-structures in vitro
suggests a potential role for G4R1 unwinding these inhibitory G4-structures in vivo. G4
structures at the telomere are thought to inhibit telomerase (17,54). We found that a 3’
guanine-containing tail is required for tight binding of G4R1 to telomere G4-structures.
We also found that the 3’ tail was not only needed for binding telomeric DNA, but was
also necessary for G4-resolution by utilizing a tetramolecular unwinding assay
(Supplementary Figure 2). This data suggests that if G4-structures were to form at the
very 3’ end of the telomeres, G4R1 would be unable to bind these structures due to the
lack of a sufficient 3’ tail. Similarly, telomerase requires at least an 8 nt 3’ tail to extend
the telomeres (55), and accordingly G4-structure at the very 3’ end of the telomere blocks
telomerase access. Although how this block is relieved is not fully understood, it has been
suggested that proteins such as hnRNPA2* may play a role in this process through the
disruption of telomeric G4-structures which lack free 3’ tails. hnRNPA2* can bind (Kd of
11.05 nM) and unwind the 4mer telomere repeat (GGGTTA)3GGG G4-structure which
lacks a free 3’ tail (34). G4R1 does not bind to the 4mer Tel22 telomeric repeat G4structure, but does bind with remarkable affinity (apparent Kd 10 pM) to telomeric G4sequences which maintain a guanine-containing 3’ tail. One hypothetical model
reconciling these roles that could give a direct role for G4R1 at the telomere would be to
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consider that the 3’ single-stranded overhang could frequently have runs of guanines that
are not a multiple of four. If we consider that during DNA replication a T loop is
displaced by an incoming internal 5’ replication fork, the last DNA removed from the T
loop would be the very 3’ end guanine run as shown in Figure 8. For a 3’ single stranded
region with guanine runs that are not of a multiple of four, the 3’ end would be left
unstructured. This is because the G4-DNA would be forming 5’ to the end of the 3’
overhang as the T loop was peeled apart (Figure 8). G4R1 associated with telomerase
would then tenaciously bind to the 3’ unstructured tail at the first G4-structure allowing
telomerase to find the free 3’end to begin extension. If the 3’end is a multiple of four and
forms into a G4-structure, then hnRNPA2* may provide telomerase access by unwinding
G4-structures at the very 3’ end. Another interesting model that would provide a role for
G4R1 to enabling telomerase action involves the possibility that 3’ telomere DNA could
be protected with a bimolecular quadruplex incorporating TERRA RNA. G4R1 has
unique dual specificity at resolving RNA and DNA G4-structures that would be ideal for
that job if such hybrid dimeric structures protect the telomere.
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Figure 8. Hypothetical depiction of: (A) telomere in a T-loop, (B) T-loop with an
incoming replication fork allowing G4-DNA to form at the 5’ side of the 3’ overhang,
(C) displaced unstructured 3’ end plus quadruplex region that would allow tight binding
by G4R1. G4R1 is depicted associated with the telomerase holoenzyme which also
includes: hTR (TERC), hTERT, and Dyskerin.

SUPPLEMENTARY DATA STATEMENT: Two supplementary data figures are
presented with figure legends and these results are discussed in the text of the article.
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Supplemental Figure 1: Tel33 rapidly forms and maintains a mixed parallel-antiparallel
structure in K+-containing solution. (A) CD wavelength spectrum scans of Tel33 after
incubation in the absence of KCl (0 h, no salt) or with 50 mM KCl for 0.5, 8, or 24 h.
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Supplemental Figure 2: Tail requirements for G4R1 resolution of tetramolecular G4DNA (A) Representative resolvase assay of TAMRA-end-labeled tetramolecular G4DNAs performed as previously described (38, 39, 42). (B) Tetramolecular G4-DNA
sequences used in Supplemental Figure 2A. (C) Graphical depiction of resolvase assays
of G4R1 with tetramolecular G4 -substrates with varying 3’-tail lengths. Resolvase
assays
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OVERARCHING DISCUSSION:
The results presented in Chapters 1 to 3 demonstrate G4R1’s exceptional ability
to bind unimolecular G4-strcutures with highest reported affinity compared with that of
the other G4-binding proteins. We demonstrate that the interaction between G4R1 with
G4-structures facilitates rapid unwinding of G4-structures. In addition, we explored the
biological role of G4R1 in gene transcription and revealed that it can regulate YY1 gene
transcription by binding to G4-sequences in the promoter region. Promoter G4-sequences
are well studied; they regulate gene transcription (1,2). Our data suggest a potential
biological role for G4R1 in relieving promoters of inhibitory G4-structures by unwinding
these structures. It been reported that genes associated with growth and development,
including YY1 gene (5), are enriched with G4-sequences within their promoter regions
(3,4). G4R1 plays a key role in embryogenesis and hematopoietic development (6). Our
data suggest that G4-structures within the promoter regions may serve as temporal
“switches” to turn genes on and off during developmental processes; the proteins that
resolve G4-structures, such as G4R1, would turn this switch on, whereas proteins that
inhibit or stabilize these structures would turn the switch off.
In addition to its role in gene transcription, G4R1 has been implicated in a series
of studies because of its role in telomerase biology (7-9). G4R1 associates with the
telomerase holoenzyme by binding to a G4-structure at the 5′end of the telomerase RNA
(hTR) (7,8). Furthermore, G4R1 knockdown was shown to cause a transient but
significant shortening of telomere length (9), suggesting that G4R1 acts as a positive
regulator of telomere length; however, a direct interaction with telomere G4-DNA has
not been identified prior to this work.
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We demonstrate that G4R1 directly binds to telomere G4-DNA with high affinity;
this interaction is dependent on a 3′tail that contains at least one guanine base. For
example, G4R1 does not bind to the Tel22 telomeric repeat d(A GGG TTA GGG TTA
GGG TTA GGG) because the G4-structure lacks the 3′ tail. Moreover, proteins such as
hnRNPA2* have been shown to bind and unwind telomeric G4-structures, lacking free 3′
tail (10). The exact biological significance of this is currently unknown, but we
hypothesize that proteins such as hnRNPA2* provide telomerase access to the telomere
overhang by unwinding G4-structures at the extreme 3′ end. In addition, G4R1, may
already complex with telomerase, would act on telomeric G4-structures to form more
distal to the 3′end during replication or extension.
G4R1 appears to be a multifunctional protein involved in DNA and RNA
processes, such as global transcription, telomerase biology, cellular stress responses,
interferon response to bacterial and viral nucleic acids, embryogenesis, and development.
With “swiss army knife-like” abilities, the factors that determine the specific functions of
G4R1 at a particular time is unclear; it is likely that it is cell-type dependent, and in part
depends on its cellular localization. For example, cytoplasmic G4R1 would likely be
involved in RNA metabolism or acts as a sensor for bacterial or viral nucleic acids. In
contrast, nuclear G4R1 is likely to be involved in transcription and/or replication.
Moreover, two isoforms of G4R1 exist, which only differ with regard to the presence of a
nuclear localization signal: isoform I being predominantly nuclear and isoform II
predominately cytoplasmic. The ATPase activity of G4R1 appears to regulate its cellular
localization (11-13). Studies from our and other groups have shown that the ATPase
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activity is also required for resolution of G4-DNA and G4-RNA structures (5,7,14-16).
The dependence of G4R1 cellular localization on its activity is currently unclear.
G4R1 is specific toward G4-DNA structures and does not bind to unstructured, Grich DNAs. In contrast, it binds to non-G4-RNA structures. Other DExH-box helicase
family proteins are suggested to utilize ATP-hydrolysis to act as “molecular motors” that
propel along RNA (17). G4R1 may interact with non-G4 RNA for a similar purpose.
G4-structures are extremely pleomorphic and can form between either multiple
nucleic acids strands or within the nucleic acid strand in an antiparallel, parallel, or
combination of parallel and antiparallel ways. The nature of G4-structure is dependent on
sequence composition, nucleic acid concentration, cationic environment, molecular
crowding, adjacent sequence, and protein–protein interactions (1,18). Due to the
existence of >375,000 potential G4-motifs in the genome (19), it seems highly unlikely to
have proteins with high specificities toward the G4-structure. Supporting this, in the
current thesis, we tested a range of G4-structures and demonstrated that G4R1’s can bind
to parallel tetramolecular, parallel unimolecular, antiparallel unimolecular, combination
of parallel/antiparallel G4-DNAs, and unimolecular and tetramolecular G4-RNA [which
can only form in the parallel orientation (20)] with high affinity. Based on our results, we
propose that G4R1 acts as a pan G4-resolvase essential for development. We hypothesize
that G4R1 utilizes its activity on G4-structures to regulate transcription of genes involved
in growth and development. Furthermore, G4R1 assists telomerase in telomere extension
by unwinding of inhibitory telomeric G4-strucutres, thereby maintains telomere length
during cell division. Because the vast majority of cancer cells rely on telomerase and
aberrant gene expression related to growth, and development is noticed in almost all
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forms of cancer, our findings that G4R1 unwinds G4-structures on telomeres and
mediates telomerase extension identifies G4R1 as a potential therapeutic target for
cancer.
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APPENDIX:
Breeding scheme and genotype analysis of G4R1-inducible, whole-body knockout
mice:
We obtained C57BL/6 mice in whom Exon 8 of the G4R1 gene was flanked by
two loxP, Cre-recombinase (floxed) sites. Nagamine et al. (1) had previously shown that
the germline deletion of G4R1 is embryonically lethal; thus, we crossed G4R1fl/fl mice
with B6.129S-Tg(UBC-cre/ERT2)1Ejb/J (Cre-ERT) mice obtained from Jackson
Laboratories. Cre-ERT2 is a fusion protein with Cre-recombinase fused to a mutant form
of the human estrogen receptor. The mutant estrogen receptor does not bind to17βestradiol, its natural ligand, but binds to the synthetic estrogen receptor ligand 4hydroxytamoxifen (OHT). Cre-ERT is restricted to the cytoplasm and enters the nucleus
only after exposure to OHT. Once in the nucleus, Cre can excise out the floxed sequence
(2). In the current study, when Cre-ERT2 mice were crossed with mice containing a
floxed sequence of interest, Exon 8 of G4R1, tamoxifen-inducible, Cre-mediated
recombination results in excision of the sequence of interest in all tissues. Cre deletion of
Exon 8 introduces a frame-shift mutation, which creates a termination codon that leads to
a total loss of mRNA via nonsense-mediated decay pathways (3).
Tail sections from 3-weeks-old mice were lysed using Viagen Direct PCR Lysis
Reagent (Cat # 101-T, 102-T) containing 0.4 mg/ml Proteinase K (Sigma, cat # p6556),
and incubated at 55°C overnight, followed by a 1-h incubation at 85°C. Samples were
briefly centrifuged and 1 μl of the supernatant was used for subsequent PCR reactions to
determine the presence of floxed Exon 8 of the G4R1 gene and the fusion Cre-ERT gene
(Figure 1, Table 1).
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Wt allele
Floxed allele

Figure 1: Representative image of genotyping gel of G4R1-conditional knockout mice.

Table 1: List of primers and PCR conditions used for genotyping of G4R1-conditional knockout
mice
G4R1 Exon 8 primers:
KO3 for: 5′-TGT ACA TTT TGA TAC TAC TTA ATC TAC CCT TTG A-3′
KO3 rev: 5′-TAT GGA AAT GCT CCT AGT TAA AGT TTA GAG CT-3′

PCR Reaction:

1×

Primestar buffer (5×):

4 μl

Primestar dNTP (10 μM total, 2.5 μM each)

1.6 μl

Primer 1: KO3 for

0.5 μl

Primer 2: KO3 rev

0.5 μl

Template DNA (Viagen direct lysis)

1 μl

H2O

13.7 μl

Takara Primestar HS DNA polymerase

0.2 μl

PCR Conditions:
1) 98°C for 30 s
2) 98°C for 10 s*
3) 59.1°C for 15 s*
4) 72°C for 2 min*
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5) 72°C for 10 min
6) Pause at 4°C
*30 cycles

Wild-type band: 2664 bp
Transgenic band with targeting vector loxP–Exon 8–loxP: 2229 bp
Mutant band with Exon 8 removed by Cre: 1509 bp

A) Cre-ERT fusion gene primers:
Cre-ERT For oIMR1084: 5′-GCG GTC TGG CAG TAA AAA CTA TC-3′
Cre-ERT Rev oIMR1084: 5′-GTG AAA CAG CAT TGC TGT CAC TT-3′

PCR Reaction:

1×

Primestar buffer (5×):

4 μl

Primestar dNTP (10 μM total, 2.5 μM each)

0.6 μl

Primer 1: Cre-ERT For oIMR1084

0.5 μl

Primer 2: Cre-ERT Rev oIMR1084

0.5 μl

Template DNA (Viagen direct lysis)

1 μl

H2O

13.7 μl

Takara Primestar HS DNA polymerase

0.2 μl

PCR Conditions:
1) 98°C for 30 s
2) 98°C for 10 s*
3) 58.1°C for 15 s*
4) 72°C for 30 s*
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5) 72°C for 5 min
6) Pause at 4°C
*35 cycles
Cre-Ert gene: approximately 100-bp band

G4R1 gene was partially knockout out in Cre+
mice with a floxed G4R1
fl/fl; Cre+

1

2

wt/fl; Cre+

3

1

2

fl/fl; Cre-

3

1 2 3

Wt allele
Floxed allele
Cre-knocked out allele
(Exon 8 removed)

1) Pre-Tamoxifen (tail)
2) Post-Tamoxifen (tail)
3) Post-Tamoxifen (blood)
Figure 2: PCR of genomic tail or blood DNA with KO3for and KO3rev primers.
Five IP injections of 4-OH-Tamoxifen.
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A novel assay to determine helicase-resolution of unimolecular G4-DNA:

Figure 3: G4R1 unwinds unimolecular G4 DNA A) Schematic representation of a nuclease
protection assay. Exo I cleavage is inhibited by multistranded structures such as G4-structures.
The Zic-1 G4-sequence is a 47-mer containing a 10 nucleotide unstructured 3′ tail, which can be
cleaved by Exo I; however, cleavage is stopped when Exo I encounters the G4-structure, leaving
behind a 37-mer DNA. Resolution of these structures allows Exo I to degrade the entire sequence.
B) Zic-1 G4-DNA (2.5 nM) was incubated with 3′5′ single-strand-specific exonuclease, Exo I
(20 units) for 15 min at 37 °C in a 30 μl reaction volume. In presence of ATP (10 mM), G4R1
(9.2 nM, 2.3 nM, 0.6 nM, and 0.15 nM), unwinds the G4-structure, allowing Exo I to cleave
through the full Zic-1 sequence. A heat-denatured G4R1, or wild-type G4R1 in the presence of a
non-hydrolysable ATP, AMP-PNP (10 mM) (“ATPase inhibitor”), did not enhance the Exo I
actvity, confirming that catalytically active G4R1 unwinds unimolecular G4 DNA.
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