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ABSTRACT: On the basis of growing evidence for G-quadruplex DNA structures in genomic DNA and the
presumed need to resolve these structures for DNA replication, the G-quadruplex DNA unwinding ability
of a prototypical replicative helicase, SV40 large T-antigen (T-ag), was investigated. Here, we demonstrate
that this G-quadruplex helicase activity is robust and comparable to the duplex helicase activity of T-ag.
Analysis of the SV40 genome demonstrates the presence of sequences that may form intramolecular
G-quadruplexes, which are the presumed natural substrates for the G-quadruplex helicase activity of T-ag.
A number of G-quadruplex-interactive agents as well as new perylene diimide (PDI) derivatives have
been investigated as inhibitors of both the G-quadruplex and the duplex DNA helicase activities of T-ag.
A unique subset of these G-quadruplex-interactive agents inhibits the G-quadruplex DNA unwinding activity
of T-ag, relative to those reported to inhibit G-quadruplex DNA unwinding by RecQ-family helicases.
We also find that certain PDIs are both potent and selective inhibitors of the G-quadruplex DNA helicase
activity of T-ag. Surface plasmon resonance and fluorescence spectroscopic G-quadruplex DNA binding
studies of these T-ag G-quadruplex helicase inhibitors have been carried out, demonstrating the importance
of attributes in addition to binding affinity for G-quadruplex DNA that may be important for inhibition.

The identification of potent and selective inhibitors of the G-quadruplex helicase activity of T-ag provides
tools for probing the specific role of this activity in SV40 replication.

The ability of G-rich DNA sequences to adopt G- helicases share a C-terminal G-quadruplex binding domain,
quadruplex structures, even in the context of double-strandedRQC (19). While it has been hypothesized that the G-
DNA, is well-established in vitrol—5). There are predic- quadruplex unwinding activity of these RecQ helicases is
tions of in excess of 370 000 putative quadruplex-forming required to resolve structures that form throughout the
sequences throughout the human geno®n@)( It has been genome during DNA replication and recombinatids)( the
suggested that there is a correlation between G-quadruplexexact biological role for the G-quadruplex DNA unwinding
formation and genetic stability8-10) and gene function  activity of these RecQ helicases is not known.

(11, 12). Perhaps the strongest evidence for the formation To date, few non-RecQ-family helicases have been shown
of G-quadruplex DNA in cells comes from visualization by to unwind G-quadruplex DNA structure2@). SV40 large
electron microscopy of G-loops, G-quadruplex DNA- T-antigen (T-ag) is a multifunctional protein required for
containing structures formed on the nontemplate strand viral replication and transformation whose functions include
during transcription of G-rich DNA ifEscherichia col(13). double-stranded DNA helicase activi®). The replication

Evidence for a biological role of G-quadruplex DNA of the SV40 genome has many biochemical similarities to
includes a growing list of proteins that display specific that of eukaryotic chromosomes and is often employed as a
interactions with these higher-order DNA structurég)( model system for studying cellular DNA replicatioB2
Helicases in the RecQ family, includirig coli RecQ (5), 24). In addition to its duplex DNA helicase activity, T-ag
Sgslp 16), BLM (17), and WRN (8) have been shown to  has also been reported to unwind G-quadruplex structures
possess G-quadruplex unwinding ability. These RecQ-family (25). The role for this G-quadruplex helicase activity in SV40
replication has not been determined, but an unusual four-
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Ficure 1: Examples of perylene diimide G-quadruplex-interactive
agents.

in the SV40 genome2@). Interestingly, certain antiprolif-
erative G-rich oligonucleotides (GROs), which can form
dimeric or monomeric G-quadruplex structur@s)( have
been shown to inhibit T-ag duplex helicase activiB8)(
Given the kinetic stability of G-quadruplex DNA29) and
the ability of G-quadruplex structures to serve as efficient
blocks to DNA polymerization30), the ability of hexameric
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Distamycin (Figure 2), which binds to G-quadruplex DNA,
does not inhibit the G-quadruplex helicase activity of BLM,
although it does prevent duplex unwinding by this enzyme
(43).

Unlike these studies of the RecQ helicases, there have been
no studies on the effects of G-quadruplex DNA-interactive
agents on T-ag G-quadruplex helicase activity. Studies of
the effect of a variety of G-quadruplex-interactive agents on
different G-quadruplex helicases will lead to a better
understanding of the structural basis for selective targeting
of different families of G-quadruplex DNA helicases. Inhibi-
tors of specific classes of G-quadruplex helicases may be
useful as tools to elucidate the role of G-quadruplex
unwinding in specific biological processes or as therapeutic
agents targeting these processes.

Here, we confirm and expand upon the previous report of
T-ag G-quadruplex helicase activity. We demonstrate that
this G-quadruplex helicase activity is efficient as compared
to the duplex helicase activity of T-ag. Analysis of the SV40
genome demonstrates the presence of sequences that may
form intramolecular G-quadruplexes, which are the presumed
natural substrates for the G-quadruplex helicase activity of
T-ag. A number of G-quadruplex-interactive agents as well
as new PDI derivatives have been investigated as inhibitors

helicases such as T-ag to unwind these structures may be &f poth the G-quadruplex and the duplex DNA helicase

general requirement for efficient DNA replication.

One promising class of quadruplex selective ligands is
perylene diimides (PDIs) (Figure 131—37). Recent NMR
studies ofN,N'-bis[2-(1-piperidino)-ethyl]-3,4,9,10-peryle-
netetracarboxylic acid diimide (PIPER31) and N,N'-bis-
(4-morpholinylpropyl)-3,4,9,10-perylenetetracarboxylic acid
diimide (Tel01) @8) (Figure 1) indicate that these molecules
bind to G-quadruplex DNA by stacking on the faces of the
terminal G-tetrads, thereby stabilizing the G-quadruplex
structure. Interestingly, the selectivity of these ligands for
G-quadruplex DNA versus duplex DNA can be quite high,
particularly under conditions where the ligands form ag-
gregates 38, 39).

The potential of G-quadruplex DNA-interactive agents to

interfere with G-quadruplex DNA helicases such as those

activities of T-ag. We find that a unique subset of these
G-quadruplex-interactive agents inhibit the G-quadruplex
DNA unwinding activity of T-ag, relative to those reported
to inhibit G-quadruplex DNA unwinding by RecQ-family
helicases. We also find that certain PDIs are both potent and
selective inhibitors of the G-quadruplex DNA helicase
activity of T-ag. Binding studies of these T-ag G-quadruplex
helicase inhibitors have been carried out. These studies
indicate that in addition to binding affinity, other aspects of
G-quadruplex-interactive agents may be important for ef-
fective inhibition of the T-ag G-quadruplex helicase.

EXPERIMENTAL PROCEDURES

Unless otherwise noted, all materials were obtained from

of the RecQ family has been recognized as a potential commercial suppliers and used without further purification.

therapeutic approact@). Inhibition of G-quadruplex heli-

SV40 T-ag prepared in insect cells was obtained com-

cases involved in telomere maintenance by telomerase ormercially from CHIMERX or as a kind gift from Dr. Daniel
telomerase-independent (ALT) pathways may provide a T- Simmons, University of Delaware.

means of limiting the replicative capacity of cancer cells.
Alternatively, inhibiting the helicase unwinding of G-quadru-

DNA Preparation.The following deoxyoligonucleotides
were used in the studie®PNAL TTG GGG TTG GGG CTA

plex structures formed in oncogene promoters may result in CGC GAT CAG; DNA2 GAG CAG CAA TAC ACG A;
transcriptional down-regulation of these genes. While a andDNA3 TCG TGT ATT GCT GCT CTC TCT CTC TC.
number of G-quadruplex-interactive ligands have been DNA1 and DNA2 (2.25 nmol) were'Habeled with -32P]

reported to inhibit the G-quadruplex unwinding activity of

ATP using T4 polynucleotide kinase. After the kinase

RecQ helicases, issues of selectivity remain. The cationic reaction was stopped, AL of the reaction was archived,

porphyrin TMPyP4 (Figure 2) inhibits the G-quadruplex
helicase activity ofE. coli RecQ ), yeast Sgs141), and
human BLM @1, 42) and WRN @2) helicases, although the
inhibition is generally not selective for G-quadruplex versus
duplex DNA. In contrast, the anionic porphyrin NMM
(Figure 2) is a specific inhibitor of the G-quadruplex helicase
activity of RecQ 8), BLM (41, 43), and Sgs141). The PDI
PIPER (Figure 1) is also a potent and selective inhibitor of
Sgs1 44). However, the molecular features of G-quadruplex-

and the rest was purified by elution through a Biospin
column. The formation of DNA1-@ was performed as
described?5). Briefly, the radiolabeled DNA1 was dissolved
in TE buffer (0.5uM), heated for 5 min at 95C, and rapidly
cooled in ice. Then, KCl was added to a final concentration
of 0.3 M, and the solution was heated at 45 in a water
bath and annealed for 405 h. DNA1-G4 was formed
similarly by replacing the KCI with NaCl (0.5 M). Duplex
DNA was formed by annealing'Badiolabeled DNA2 and

interactive agents that give rise to potent and selective RecQnonlabeled DNA3 at a 1:3 ratio in TE buffer. The mixture

G-quadruplex helicase inhibition are not well-established.

was heated at 95C for 5 min and slowly cooled to room
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Ficure 2: Structures of other G-quadruplex-interactive agents examined for T-ag helicase inhibition.
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temperature for approximately 16 h. All annealed DNA mined by nonlinear least-squares fitting of the increase or
samples were purified by 12% nondenaturing polyacrylamide decrease of fluorescence due to ligand binding using the
electrophoresis and eluted in buffer prior to use. To determine procedure described by Aldrich-Wright et ad5]. Briefly,

the concentration of the purified G-quadruplex DNA and the equilibrium dissociation constarKd) is expressed as
double-stranded DNA, samples of each were subjected to

PAGE along with the archived, unpurified sample. Using Kq=[Lt — Lgl[St — Lgl/[L gl (1)

the known concentration of the DNA in the archived sample, ) . ) ]

the DNA concentration in the purified, annealed samples was Where Ls is the concentration of bound ligand complex sites,
determined by the ratio of the band intensities determined @nd Ly and § are the total concentrations of ligand and DNA
by phosphorimaging_ b|nd|ng SlteS, reSpeCther. ) )

Helicase AssayHelicase assays were carried out in 10 ~ The amount of complex formed is proportional to the
ulL of a solution containing 10 mM Tris-HCI buffer (pH 7), change in fluorescence according to the following equation:
10 mM KCI, 10 mM MgC}, 0.5 mM 1,4-dithiothreitol, 50
uglul BSA, 2 mM ATP, 0.1 mM EDTA, 10% glycerof2P- Lg = (AF/AF o)Ly ()
labeled DNA substrate (0.38 pmol), and SV40 large T-ag
(0.2—0.85ug of protein). The reactions were performed at
37 °C for 90 min. The reactions were terminated by adding
a stop solution that contained 15% glycerol, 3% SDS, 20
mM EDTA, 8 mM Tris-HCI, pH 8, 0.8 mM bromphenol
blue, and 1 mM xylene cyanol and, in the case of duplex
unwinding assays, 1.14 pmol of unlabeled DNA2. The 2
reaction products were separated by electrophoresis in 12%LT(AF/AFma>J = (Ly + Sp + Ko (AF/AF ) +
nondenaturing polyacrylamide gels. S=0 ()

Fluorescence Spectroscopypectra were recorded on a . ) .

Hitachi model F-2000 spectrofluorometer in silanized quartz Solving for the root of the quadratic equation (eq 3) leads
cuvettes or on a Beckman Coulter model DTX 800 plate t©

reader using black polystyrene 384-well microplates (Nunc). _

The compounds (kM) and various concentrations of %5 AF/AFmax= (L + Sy +Ky) =

DNA or ds-DNA2/3 were mixed in a buffer containing 10 (Lt + S; + KA — (AL:S))YA)(2L,) (4)
mM Tris-HCI buffer (pH 7), 10 mM KCI, 10 mM MgGl|

0.5 mM 1,4-dithiothreitol, 0.1 mM EDTA, and 10% glycerol. The change in fluorescencAF/AFmax, determined ex-
The solutions were allowed to equilibrate, and their fluo- perimentally was plotted against the total number of binding
rescence was measured. Dissociation constants were detessites, S, which is equal to the total concentration of DNA

whereAF is the increase or decrease in fluorescence upon
addition of each DNA concentration, amfiFnax is the
maximum change in fluorescence at saturating conditions.

Combining eqs 1 and 2 affords the quadratic equation (eq
3)
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Scheme 1: Synthesis of Chromophore-Modified PDls
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multiplied by the number of binding sites per structure. The of the intramolecular G-quadruplex DNA, the HBS-EP buffer
number of binding sites per DNA structure) (was deter- containing 200 mM KCI was subsequently used both as a
mined by substituting 5= DNAn in egs 3 and 4. running buffer and as a storage buffer for derivatized sensor
Surface Plasmon Resonandde SPR experiments were chips. Formation of the G-quadruplex was verified by the
performed using a Biacore X optical biosensor system with inability of the derivatized chips to bir. coli single-strand
streptavidin-coated sensor chips (GE Healthcare). Sensoibinding protein (Sigma-Aldrich) under the conditions used
chips were derivatized on one flow channel with low levels for binding experiments. TMPyP4 and Telll were dissolved
(~200 RU (response units)) of'-Biotinylated DNA (3 in running buffer (HBS-EP buffer containing 200 mM KCI)
BioTEG-(TTAGGG)TT, Integrated DNA Technologies) in  and injected manually (5QL) at different concentrations
filtered and degassed HBS-EP buffer (0.01 M HEPES, pH using a flow rate of 1@L/min to allow long contact times.
7.4, 0.15 M NaCl, 3 mM EDTA, and 0.005% v/v P20 Binding profiles at this flow rate were determined to be the
surfactant) after several preconditioning injections of 1 M same as observed at higher flow ratesgPfmin), indicating
NaCl/50 mM NaOH. To facilitate and maintain the formation the absence of significant mass transport effects. Injections
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*5'-TTGGGGTTGGGGTACGCGATCAG-3

ss-DNA1

G’2-DNA1

Tuesuwan et al.

G4-DNA1

3'=-AGCACATAACGACGAG-5 *

3'~-AGCACATAACGACGAG-5 *

ss-DNA2

Ficure 3: DNA structures used in these studies.

were followed by a dissociation period of 7 min (running
buffer, 10uL/min) and subsequent alternating injections of
running buffer, 5% DMSO, and 1% P20 to wash the flow

5'=TCGTGTATTGCTGCTCTCTCTCTCTC-3

ds-DNA2/3

gel electrophoresis. In addition to its altered gel mobility,
this structure was characterized by DMS protection, which
demonstrated reduced accessibility of the Gs in the TTGGG

cells. The experiments were performed in multichannel mode repeats relative to unfolded DNAL (Supporting Information).

using a control flow cell that was not derivatized with DNA.

While the structure of the bimolecular-DNA1 G-quadruplex

All binding responses were determined relative to the control shown in Figure 3 is of a head-to-tail type with lateral loops

flow cell. Fitting of steady-state equilibrium binding constants

on opposite ends of the G-tetrad stack, our characterization

and kinetic association and dissociation curves was per-was not able to distinguish this form from alternative possible

formed using BlAevaluation software supplied with the
Biacore X instrument.

RESULTS AND DISCUSSION

Synthesis of Chromophore-Modified PDIs have a more

structures including head-to-head or basket-type dimers.
Annealing the same DNAL oligonucleotide in Naon-
containing buffer afforded the tetramolecular-DNAL1 G-
guadruplex (G4-DNA, Figure 3), which was also purified
by preparative electrophoresis and characterized by DMS

diverse group of G-quadruplex-interactive agents to explore protection of the Gs forming the G-tetrads. A duplex helicase

T-ag helicase inhibition structureactivity relationships, two

substrate containing &-8ingle-stranded tail (ds-DNA2/3)

new chromophore-modified PDIs were prepared. Effects of Was prepared by annealing-fadiolabeled oligonucleotide
modifications to the PDI chromophore, as in Tel18 and Tel34 DNAZ with a complementary strand containing an oligo-
(Scheme 1), on G-quadruplex DNA binding have not been CT tail (DNA3) (Figure 3).

widely explored 46, 47). The addition of halogen atoms to

T-ag Unwinds a G-Quadruplex Substrate Better Than a

the bay positions of the perylene chromophore, as in Tel18 Duplex DNA SubstrateOn the basis of the work of Manor
(Scheme 1), has been reported to decrease the ligands&nd co-workersZ5), we explored the selectivity of SV40
tendency for self-association, presumably as a result of theT-ag helicase activity employing bimolecular-DNA1 and
twist that these substituents induce into the otherwise planarduplex DNA substrates. These substrates allow the progress

PDI chromophore 48, 49). Benzannulation of the PDI

chromophore, as in Tel34 (Scheme 1), may enhance-the

stacking between the ligand and the face of the G-tetrad.
The preparation of tetrachlorinated PDI Tel18 followed

of the unwinding reactions to be monitored by nondenaturing
PAGE, as the single-stranded DNA product is easily
separated from duplex or G-quadruplex substraids (

In the presence of Mg and ATP (4 mM) in a 10 mM

that of the previously reported nonhalogenated analogueNaCl-containing buffer, commercially available T-ag ef-

Telll (Figure 1) but proceeded from the commercially

available 1,6,7,12-tetrachloro-3,4,9,10-tetracarboxylic dian-

hydride (L, Scheme 1). Langhals and Kirner reported the
preparation of benzannulated perylene diimides via Biels
Alder cycloaddition of perylene diimides in molten maleic
anhydride in the presence pfchloranil 60). Following this
route, the anhydridé was prepared from the PB3I(Scheme
1). The reactivity and rather limited solubility of anhydride
4 made characterization of this intermediate difficult; how-
ever, its structure was inferred from the formation of the
corresponding triimide in 75% vyield in the presence of
3-aminopentane. Condensatiordofith 4-(3-aminopropyl)-
morpholine afforded the triimid&in 71% yield. Methylation

ficiently unwinds the bimolecular-DNA1 G-quadruplex
substrate (Supporting Information). The tetramolecular DNAL
quadruplex is also unwound; however, in this case, the extent
of unwinding is greater in the NaCl-containing buffer than
in the KCl-containing buffer (Supporting Information). The
T-ag unwinding of these G-quadruplex substrates requires
ATP and does not occur in the presence on the nonhydro-
lyzable ATP analogue AMP-PNP (data not shown).

While the duplex DNA unwinding activity of T-ag is well-
established, in our hands, commercially available T-ag
converts the duplex ds-DNAZ2/3 substrate to single-stranded
DNAZ2 and an additional, higher-mobility product (Support-
ing Information). Comparison of the duplex versus bimo-

of 5 with excess methyl iodide in chlorobenzene gave Tel34 lecular-DNAL G-quadruplex unwinding efficiency of com-

in 98% vyield. Experimental details and compound charac-

terization data are provided in the Supporting Information.
Preparation of DNA Substrateé 5'-radiolabeled DNA
oligonucleotide (DNA1, Figure 3) containing two TTGGGG
repeats was annealed in & Kon-containing buffer to form
predominantly the bimolecular G-quadruplex structure2¢(G
DNA), which was purified by preparative polyacrylamide

mercial T-ag indicates that the quadruplex is unwound at
least as efficiently as the duplex substrate; however, the
presence of an apparent nuclease cleavage of the duplex
substrate under these conditions makes this comparison
difficult.

A better comparison of the duplex versus bimolecular
G-quadruplex unwinding activity of T-ag was obtained using
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C Na 14 10 &7 035 017 nM C NA 14 1.0 07 035 017 M T-ag
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- - - DNA1
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Ficure 4: Comparison of duplex and G-quadruplex DNA helicase activity of T-ag. Incubation of 0.38 pmelatfefed ds-DNA2/3 (A)

or G2-DNA1 (B) was carried out with the indicated concentration of recombinant, immunopurified T-ag and 4 mM ATP for 90 min at 37
°Cin 10 mM Tris-HCI, 10 mM KCI, 10 mM MgGJ, 0.5 mM DTT, 50ug/uL BSA, 0.1 mM EDTA, and 10% glycerol at pH 7. The reaction
products were analyzed by nondenaturing gel electrophoresis. Lanes C are DNA substrate in the absence of T-ag, and lanes NA are the
substrate in the presence of T-ag but without added ATP.

noncommercial immunochromatography-purified recombi- SV40 genome. NMR analysis of d(TGGCGG), an oligo-
nant T-ag expressed in insect ceBR). This source of T-ag  nucleotide incorporating an SV40-6GGCGG-3 repeat
did not display the apparent nuclease activity associated with(26), demonstrates the formation of an unusual tetramolecular
the commercially available material. In the presence of G-quadruplex containing a C-tetrad sandwiched between
increasing concentrations of this T-ag, the duplex ds-DNA2/3 adjacent G-tetrad stacks. However, no prior work has
substrate is unwound to single-stranded DNA2 in an ATP- explored the potential for intramolecular G-quadruplex
dependent fashion without the production of higher-mobility structures in SV40 DNA. Such intramolecular quadruplexes
products (Figure 4A). However, under these conditions, the could form even in the context of the double-stranded DNA
concentration of T-ag required for unwinding of the duplex sequences2(-4), particularly during processes in which the
DNA substrate is 68-fold higher than that required for strands are transiently separatéd)(or under superhelical
unwinding the bimolecular G-quadruplex substrate (Figure stress$3), such as occurs during DNA replication. A number
4B). This preference for unwinding G-quadruplex DNA was of algorithms have been proposed to identify putative
also observed at other time points during the course of theintramolecular G-quadruplex-forming regions in DNA and
helicase reaction (Supporting Information); however, it is RNA (6, 7, 11, 54). The QGRS Mapper algorithm is available
possible that the difference in unwinding efficiency measured online and is representative of other approaches in that it
under these conditions is due, in part, to the faster reannealingsearches user-defined windows of sequence for four runs of
of the duplex substrate after the helicase unwinding. Al- two or more consecutive Gs separated by loops of intervening
though RecQ-family helicases prefer G-quadruplex to duplex bases that can vary from zero up to a user-defined maximal
substratesl9), recBCD only unwinds the duplex ds-DNA2/3  loop length 65).
and not the bimolecular-DNA1 G-quadruplex substrate (data Emp|0y|ng QGRS Mapper, a number of putative intramo-
not shown). The concentration of T-ag required to completely |ecular G-quadruplex DNA-forming regions were identified
unwind the bimolecular quadruplex substrate under thesejn the SV40 genome. The location of these regions on the
conditions (0.35 nM T-ag hexamer) is 100 times lower than Sv40 genome is shown in Figure 5, and the sequences are
the approximate substrate concentration in these assays (38rovided in the Supporting Information. These potential
nM), further illustrating the efficiency of the G-quadruplex  G-quadruplex-forming regions are not uniformly distributed
helicase activity of T-ag. throughout the SV40 genome but rather occur primarily near
These studies confirm and expand upon the earlier reportthe origin of replication and adjacent to the polyadenylation
by Manor and co-workers of the G-quadruplex helicase signals for the early and late transcripts. There is a strong
activity of T-ag @5). It is shown that T-ag unwinds strand bias for the location of the remaining potential
bimolecular G-quadruplex DNA with high efficiency. The G-quadruplex-forming regions, which are distributed on the
RecQ-family helicases, which also unwind G-quadruplex coding strand, most notably on the early transcripts.
DNA, possess a RQC G-quadruplex DNA binding motif.  The results of the search for potential G-quadruplex-
SV40 T-ag does not possess a RQC domain or any otherforming regions were relatively insensitive to the search
previously reported G-quadruplex DNA-interactive protein parameters of sequence window and loop size; however, the
motif. Thus, the mode of interaction of T-ag with G- results were very dependent on the minimum number of
quadruplex DNA may be distinct from that for RecQ-family  G-tetrads allowed. The results discussed previously were
helicases and other G-quadruplex-associated proteins.  derived from searches in which the minimum number of
Potential Intramolecular G-Quadruplex DNA Structures G-tetrads was two; changing this parameter to three resulted
in SV40 DNA.The demonstration of a robust bimolecular in the identification of a single potential G-quadruplex
G-quadruplex unwinding activity of SV40 T-ag led to an structure in SV40. This presumably more robust potential
investigation of the potential G-quadruplex structures in the G-quadruplex encompasses the 21-base-pair repeat region
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QGRSE171)
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GeGGCGGAGA ATIGGGCGGRA CTEGGCGGRG TTAEGGGCGE GATGGGCGGA GTTAGEGGCG GG

Ficure 5: (A) Map of SV40 genome showing the location of potential G-quadruplex-forming G-rich sequences (QGRS). The QGRS were
identified using as search parameters the following: maximum length 30, minimum G-group size 2, and loop size from 0 to 22. (B) Detail

of the QGRS at position 79 (underlined in panel A). Each run of three Gs is underlined, the multiple GGGCGG repeats are boxed, and the
21-bp repeat is denoted by a red line under the sequence. The numbers on top of the sequence signify the position, based on NCBI reference
sequence NC_001669.

of SV40, which plays an important role in both viral with an I1Gg value of 95uM (Figure 6 and Table 1). This
transcription and replication and contains binding sites for inhibition of the G-quadruplex unwinding activity of T-ag
many proteins including Sp56). It consists of multiple runs by NMM is similar to but less effective than the inhibitory
of three consecutive Gs, such that multiple potential G- effect of NMM on the quadruplex unwinding activity of
quadruplex structures may form. Interestingly, this region RecQ, Sgsl, BLM, and WRN1§, 41). In contrast, the
also encompasses six GGGCGG repeats, which are high-cationic porphyrin TMPyP4, which has been shown to be a
lighted in Figure 5B. Assuming a similar arrangement of submicromolar inhibitor of quadruplex unwinding activity
mixed G- and C-tetrads as observed in the tetramolecularof the RecQ-family helicases BLMI{, 42), WRN (42), Sgs1
G-quadruplex incorporating this sequence can be formed in(41, 57), and RecQ 15), does not inhibit the quadruplex
intramolecular quadruplexes, this QGRS from SV40 could unwinding activity of T-ag, even at concentrations as high
adopt multiple such quadruplexes with loop sizes ranging as 100uM (Table 1). While other G-quadruplex-interactive
from three to five nucleotides. agents have I§ values>100 uM, they do display some
The potential G-quadruplex-forming region occurs close inhibition of the bimolecular quadruplex unwinding by T-ag
to the origin of replication. To the extent that this or the at 100uM concentration (Figure 6). Distamycin A, which
other potential G-quadruplex-forming regions in SV40 fold has been reported not to inhibit the quadruplex unwinding
into intramolecular DNA G-quadruplex structures, they could activity of BLM, is a weak inhibitor of the quadruplex
hinder the replication of the viral DNA in the absence of a unwinding activity of T-ag (Table 1). The carbocyanine
means to unfold these structures. Provided that SV40 T-agDODC was originally reported as d Zspecific ligand with
also possesses intramolecular G-quadruplex helicase activitya novel binding mode involving interactions with the groove
in addition to the bimolecular G-quadruplex helicase activity and loops of these quadruplexes8,(59). DODC weakly
shown here, T-ag could provide such a means to resolve thesénhibits the G2 unwinding activity of T-ag (Figure 6 and
structures to allow unimpeded DNA synthesis. Table 1). Coralyne, a recently reported selective G-quadru-
G-Quadruplex DNA-Interacte Agents Inhibit T-ag G-  plex ligand and telomerase inhibitd@Q), also weakly inhibits
Quadruplex Helicase Adatity. To explore the nature of the the quadruplex unwinding activity of T-ag.
interaction of T-ag with G-quadruplex substrates, a series A number of other G-quadruplex ligands are not effective
of previously reported G-quadruplex-interactive agents was inhibitors of the quadruplex unwinding activity of T-ag.
assayed for their ability to inhibit the G-quadruplex unwind- Hoechst 332581) and DTC @9, 62) have been proposed
ing ability of T-ag. The anionidN-methyl mesoporphyrin  to bind to G-quadruplex structures through groove or loop
(NMM) inhibits the G-quadruplex unwinding ability of T-ag  interactions. While Hoechst 33258 can inhibit the duplex
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Ficure 6: Inhibition of the G-quadruplex DNA helicase activity of T-ag by selected G-quadruplex-interactive agents. Each ligand was
incubated with 5labeled G2-DNAL in helicase buffer for 60 min prior to the addition of Q8 of recombinant, immunopurified T-ag

and 4 mM ATP. After 90 min at 37C, the reactions were stopped, and the products were analyzed by nondenaturing gel electrophoresis.
Lanes are labeled with the final concentration of ligand. The control lanes C are DNA in the absence of both ligand and T-ag, lane NA is
the substrate DNA in the presence of T-ag but without added ATP, and lane 0 is DNA in the presence of T-ag and ATP with no added
ligand.

Table 1: SV40 T-ag @ DNA Helicase Inhibition by lyne) and those that have been reported to interact with loops
G-Quadruplex DNA-Interactive Agents or grooves of these structures (distamycin A, DODC) are
ICso for T-ag G2-DNAL inhibitors qf the G-quadruplex helicase activity of T-ag. At

compound unwinding M) the same time, there are also examples of both end-stackers
NMM %15 (TMPyP4, TOTA, and ethidium bromide) and groove/loop
TMPyP4 >100° binders (DTC, Hoechst 33258) that do not inhibit the
Dist >100 guadruplex unwinding activity of T-ag. This lack of cor-
DODC >100C relation between the reported G-quadruplex DNA binding
gcérlgllyne 31202(1006 mode for these ligands and their ability to inhibit the
PIPER 0.16+ 0.02 G-quadruplex unwinding ability of T-ag may be due to the
Telll 0.13+ 0.06 uncertainties associated with the precise G-quadruplex bind-
Tell2 50+ 9 ing mode(s) for these ligands. For example, distamycin has
E:;i 25;42 been reported to bind to G-quadruplex DNA through

interactions with the G-quadruplex groovés) and by end-
stacking on G-tetrad face41). For this and the other ligands
examined here, the precise nature of the interaction with
G-quadruplex DNA may be a function of the specific
helicase activity of WRN and BLM €3), neither this G-quadruplex structure.
compound nor DTC is an effective inhibitor of the quadru- A second observation from these studies is that the
plex unwinding activity of T-ag (less than 15% inhibition at  G_quadruplex-interactive agents that inhibit T-ag are different
10 uM, data not shown). Berberine, structurally related t0 from those that inhibit the RecQ-family G-guadruplex
coralyne, displays a diminished G-quadruplex DNA binding helicases and vice versa. The range of G-quadruplex ligands
ab|||ty and telomerase |nh|b|t|0r60) and is not an effective examined in this Study is more extensive than previous
inhibitor of the quadruplex unwinding activity of T-ag (data  studies with RecQ helicases. However, comparing those
not shown). Duplex DNA intercalators that have also been ligands that have also been studied for RecQ-family G-
reported to bind to G-quadruplex DNA, such as TO®B4)(  quadruplex DNA helicase inhibition reveals examples of
and ethidium bromide 65, 66), are also not effective  RecQ-family G-quadruplex helicase inhibitors that are not
inhibitors of T-ag G-quadruplex DNA helicase activity. T-ag G-quadruplex DNA helicase inhibitors (TMPyP4) or
However, ethidium bromide has been reported to inhibit the gre much less effective inhibitors of T-ag (NMM), as well
duplex unwinding activity of T-ag€(7). as a T-ag G-quadruplex DNA helicase inhibitor that does
From this study of G-quadruplex-interactive agents, two not inhibit recQ helicases (distamycin A). One complicating
points can be made. First, the ability of these compounds tofactor in making these comparisons is the different types and
inhibit the G-quadruplex DNA helicase activity of T-ag does sequences of G-quadruplex DNA that have been employed
not correlate with the reported binding mode of these ligands in previous helicase inhibition studies. However, given the
for G-quadruplex structures. Both compounds that have beenlack of selectivity of the previous agents for particular
reported to end-stack on G-quadruplex DNA (NMM, cora- G-quadruplex sequences, the comparisons are still informa-

20% inhibition at 100xM. ® 16% inhibition at 100uM. ©24%
inhibition at 100uM. 9429% inhibition at 10QuM.
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tive. These differences provide evidence that the mode of
interaction of RecQ helicases through their RQC domains
with G-quadruplex DNA is distinct from the interaction of
T-ag with G-quadruplex DNA substrates.

PDIs Are Potent and Seleect Inhibitors of T-ag G-
Quadruplex Helicase Actity. In addition to the G-quadru-
plex DNA ligands examined previously, the T-ag G-qua-
druplex DNA helicase inhibition due to a series of PDIs was
also investigated. In T-ag G-quadruplex DNA helicase
assays, the PDI Telll is a very effective inhibitor, completely
preventing the unwinding of @-DNA at 10uM concentra-
tion (Figure 6). Other PDIs, including PIPER and Tel01, are
also very potent inhibitors of the G-quadruplex helicase
activity of T-ag, with submicromolar I& values, similar to
Telll (Table 1). These three PDIs are the most potent
inhibitors of the G-quadruplex helicase activity of T-ag of
all of the G-quadruplex DNA ligands examined here. One
of these PDIs, PIPER, was also previously shown to be a
potent inhibitor of the G-quadruplex DNA unwinding activity
of Sgsip 44).

While both Tel01 and PIPER have been shown to undergo

Tuesuwan et al.
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Ficure 7: Inhibition of the duplex DNA helicase activity of T-ag

by a representative G-quadruplex-interactive agent. Telll was
incubated with 5labeled ds-DNAZ2/3 in helicase buffer for 60 min
prior to the addition of 0.&g of recombinant, immunopurified
T-ag and 4 mM ATP. After 90 min at 37C, the reactions were
stopped, and the products were analyzed by nondenaturing gel
electrophoresis. Lanes are labeled with the final concentration of
ligand. The control lane C is DNA in the absence of both ligand
and T-ag, and lane 0 is DNA in the presence of T-ag and ATP
with no added ligand.

plex versus duplex helicase inhibition by Telll. When these
duplex unwinding assays were carried out under identical
conditions as those employed to assay the bimolecular
G-quadruplex unwinding inhibition, where the uninhibited

pH-dependent aggregation in aqueous solutions, Tel11, whichextent of duplex unwinding was onty12%, similar results
bears constitutively positively charged side chains, has awere obtained (Supporting Information). When TelO1 and

reduced propensity for self-association. Tel12, with anionic

PIPER were assayed under these conditions, they demon-

phosphonate side chains, also has a reduced propensity fostrated no inhibition of the duplex unwinding activity of T-ag
self-association as compared to Tel01 and PIPER but is onlyat concentrations as high as 160 (Supporting Informa-
a weak inhibitor of the G-quadruplex DNA helicase activity tion). This lack of inhibition of the duplex helicase activity

of T-ag (Table 1). Tell8 and Tel34, cationic PDIs with modi-
fied chromophores, are more active than Tell2 but much
less effective inhibitors as compared to Telll, despite the

of T-ag by Tel01 and PIPER under an identical enzyme
concentration as the bimolecular G-quadruplex helicase
assays demonstrates that their potent G-quadruplex helicase

presence of identical side chains in these cationic PDIs (Tableinhibition is not simply due to ligand aggregation. Shoichet

1).
The ability of certain PDIs to inhibit the G-quadruplex
helicase activity of T-ag is striking when compared to other

and co-workers have shown that ligand aggregation can lead
to nonspecific inhibition of a wide range of enzym&8)(
If these PDIs were inhibiting T-ag through aggregation-

G-quadruplex-interactive agents. Those PDIs bearing basicmediated sequestration of the enzyme, they would be equally
or constitutively cationic side chains are particularly effec- €ffective in preventing the unwinding of both substrates. In
tive inhibitors, indicating that electrostatic interaction with fact, Tel01 undergoes aggregation under the helicase assay
the G-quadrup]ex DNA may p|ay an important role in conditions as evidenced by a lack of TelO1 fluorescence,
pre\/enting access by T_ag_ Both Tel01 and PIPER have distinctive red-shift and hypochromicity in the Tel01 absor-
been shown to facilitate the formation of G-quadruplex DNA bance spectrum, and a distinctive resonance light-scattering
from single-stranded DNA, and a possible role for this in signal (see Supporting Information). Previous studies have
the apparent inhibition of the T-ag G-quadruplex DNA demonstrated that aggregation of PDIs is correlated with an
helicase observed here was examined. Incubation of par-increased binding selectivity for G-quadruplex DN3v/(38).

tially annealed @2-DNA1 with PIPER or Tel01 under the  The selective inhibition of the G-quadruplex helicase activity
helicase assay conditions did not result in the formation of of T-ag by aggregating PDIs such as Tel01 may reflect this
additional G-quadruplex DNA (data not shown). This indi- binding selectivity for G-quadruplex DNA. However, in this
cates that these PDIs do not act by facilitating the reannealingcase, the aggregates do not interact directly with the helicase,
of G-quadruplex DNA from single-stranded DNA formed as evidenced by the lack of inhibition of the duplex
by T-ag helicase activity in these assays but rather by unwinding activity.

inhibiting the formation of these single-stranded DNA
products.
The ability of these PDIs to inhibit the duplex DNA

SPR Analysis of the G-Quadruplex Binding of T-ag
Inhibitory and Noninhibitory Ligands Reals Differences
in Binding Affinity and KineticsThe selectivity for inhibiting

helicase activity of T-ag was also investigated. In the T-ag G-quadruplex DNA helicase activity versus duplex
presence of higher concentrations of T-ag than employed DNA helicase activity demonstrated by Tel01, PIPER, Tell1l,
for the bimolecular quadruplex unwinding assays, T-ag can and NMM provides strong evidence that these inhibitors act
unwind duplex DNA2/3 by approximately 50% in the by binding to the G-quadruplex DNA substrate, preventing
absence of inhibitor (Figure 7). In the presence of Telll, its unwinding by T-ag, as opposed to binding to T-ag. To
which is a potent inhibitor of the G-quadruplex unwinding gain more insight into the G-quadruplex DNA binding
activity of T-ag, the duplex helicase activity is only characteristics that may be involved in effective T-ag
moderately inhibited (Figure 7). Telll is a selective G- G-quadruplex helicase inhibition, the binding of two repre-
qguadruplex helicase inhibitor; there is an approximately 500- sentative ligands to intramolecular G-quadruplex DNA was
fold difference in the concentrations required for G-quadru- examined using surface plasmon resonance.
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RU. not reach equilibrium as quickly as seen for TMPyP4. The

A observed kinetic behavior may reflect the presence of two
different binding modes for Telll: one tight, high-affinity
mode reflected in the overall slow dissociation observed and
a second nonspecific mode of binding observed more readily

Resp. Diff

2 | ARSI at higher concentrations of Tel11l. The binding response in
' : _ the steady-state region does not fit well to a 1:1 binding site
) e model, in agreement with results obtained by fluorescence
titrations of Telll with G2-DNAL.
2 : , : : : , DNA Binding Affinity Alone Does Not Lead to T-ag
' Ty Helicase Inhibition.To provide further insights into the
RU duplex- and G-quadruplex DNA binding factors that give
« B rise to potent T-ag helicase inhibition by these ligands, the
interaction of representative inhibitors with the2d@NA1
o] et e and ds-DNAZ2/3 substrates was determined by fluorescence
E = = titration in the helicase buffer. Examples of selective (NMM
g \ and Telll), nonselective (Tell2), and inactive (TMPyP4)
n | . : \\ G-quadruplex helicase inhibitors that display changes in
"’° ’ S —— fluorescence upon DNA addition under the helicase assay

conditions were employed for these studies.

Titrations of a solution of NMM (1«M) with G'2-DNA1
e e a6 we  me we aw sw s and ds-DNA2/3 (Figure 9A) in helicase buffer demonstrate

100 200 300 400 500 600 700

Time (s) the previously reported G-quadruplex DNA-specific increase
FiGURE 8: SPR sensorgrams for the interaction of TMPyP4 (A) I the fluorescence of this ligand@. Nonlinear least-squares
and Telll (B) with the human telomeric intramolecular G- fitting of the observed fluorescence increase to a simple
quadruplex. The concentrations of TMPyP4 are 50, 150, 300, 450, equilibrium binding model 45) affords a dissociation
and 1350 nM, respectively, from bottom to top. Concentrations of ~qnstant for NMM binding to this G-quadruplex DNA of

Telll solutions are 5, 10, 50, 100, 150, 200, and 350 nM, A . ;
respectively, from bottom to top. Experiments were conducted at 0.09 + 0.04 uM and a binding site size of 0.44 0.04

25 °C in HBS-EP buffer containing 200 mM K quadruplex (Table 2). The apparent stoichiometry of one
NMM to two quadruplexes has precedent in the previously
T ted ability of end-stacking ligands such as PIPER to
Although TMPyP4 does not inhibit the G-quadruplex repor
unwinding activity of T-ag, a fast on and off rate for the bridge two G-quadrup!exeésl). The lack of fluorescence
binding of this ligand to the intramolecular human telomeric cha@nge upon the addition of ds-DNA2/3 to NMM leads to a

sequence ‘Siotinylated (TTAGGG)TT is evident in the lower limit for the dissociation constant for the NMM-duplex

SPR analysis shown in Figure 8. After injection of a TMPyP4 DNA,compIex of 50”M'.The binding _sele(_:tivity of NMM
flow solution across the immobilized G-quadruplex DNA, for G'2-DNAL1 revealed in these titrations is reflected in the

binding reached a steady-state equilibrium almost im- selectiyity for G-quadruplex DNA helicase inhibition by
mediately at all concentrations employed. Similarly, at the NMM in the T-ag assays (Table 1 and Supporting Informa-
end of the injection, TMPyP4 dissociated rapidly from the tion).
DNA substrate when the flow solution was replaced with ~ Similar fluorescence titrations carried out with TMPyP4
running buffer. The observed RU in the steady-state region displayed a more complex behavior (Figure 9B). Addition
was plotted against the concentration of TMPyP4 to calculate of either G2-DNAL or ds-DNA2/3 to solutions of TMPyP4
a steady-state equilibrium binding constakh (= 6.04 x (1 uM) caused an initial decrease of ligand fluorescence that
10° M~ andKp = 0.17uM). Kinetic ko, andke values were was only observed at very low concentrations of added DNA.
determined using the 1:1 Langmuir binding model in the In the presence of higher concentrations of DNA, the ligand
BlAevaluation software (1.24 10° M~'s ! and 0.155 s!, fluorescence increased. Both 2Z2DNA1 and ds-DNA2/3
respectively; fitting of binding curves is shown in the have single-stranded DNA tails, and the initial fluorescence
Supporting Information). quenching observed for these two DNA structures may be
In contrast, the binding of Tel11 to the same G-quadruplex due to single-strand DNA-mediated aggregation of this
sequence exhibits different kinetic characteristics (Figure 8). ligand, as has been seen for related cationic porphyris (
Most notably, although an initial fast dissociation was Because the T-ag unwinding of these two DNA substrates
observed at higher concentrations of Telll, at all concentra-is differentially inhibited by TMPyP4, this putative single-
tions, the majority of the dissociation phase appeared to bestranded DNA interaction with TMPyP4 cannot be the origin
much slower than that of TMPyP4. In fact, fitting of thg of the helicase inhibition. Fitting the portion of the titration
rate was complicated by the observed dissociation behavior.curve associated with the G-quadruplex- or duplex-DNA-
Fitting of kox separately fromk,, in the BlAevaluation mediated fluorescence increas#)( affords apparent dis-
software beginning 74 s after the start of dissociation gave sociation constants of 1.0 and 0.A®, respectively (Table
a value of 1.36x 10732 st at all concentrations of Telll. 2). This binding preference of TMPyP4 for the duplex DNA
This observed off rate is 2 orders of magnitude slower than helicase substrate is in accord with the selective inhibition
the dissociation of TMPyP4 from the same DNA substrate. of the duplex helicase activity of T-ag displayed by this
In addition, at lower concentrations of Tell1, binding does porphyrin (Supporting Information).
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Ficure 9: G-quadruplex- and duplex-DNA binding by selected G-quadruplex-interactive agents determined by fluorescence titrations with
ds-DNA2/3 and ®-DNAL in helicase reaction buffer. The ligands NMM (A), TMPyP4 (B), Telll (C), and Tell2 (2M)Land various
concentrations of @-DNA (solid squares) or ds-DNA2/3 (open circles) were mixed in buffer containing 10 mM Tris-HCI buffer (pH 7),

10 mM KCI, 10 mM MgC}, 0.5 mM 1,4-dithiothreitol, 0.1 mM EDTA, and 10% glycerol. The solutions were allowed to equilibrate, and
their fluorescence was measured. The curves represent the nonlinear least-squares fits of the data to the quadratic binding equation.

Table 2: G-Quadruplex and Duplex DNA Binding by =+ 5 binding sit(_as per Q_—DNAl_. The dissociation constant
G-Quadruplex-Interactive SV40 T-ag Inhibitors for dS'DNA2/$ IS Or_‘ly slightly higher, 0.42 0.60xM, with
Kq G2-DNAL® Kq ds-DNA2/3 25 i 8 binding sites per DNA In contrast to the ap-

(binding site sizé) (binding site size) proximately 400-fold selectivity exhibited by Telll for
compound uM) (M) G-quadruplex versus duplex DNA helicase inhibition, this
¥mgﬂ o4 01-03;002;0(4 (¢ O=£4445—Lgé()>4) glfgi 0.08 1= 114 0.2) PDI displays less than a 2-fold binding preference for the

y .0+ 0.9 (1= 0.44=+ 0. . 08 =1.1=+0. )

Telll 0.27+0.11 =28+ 5) 0.43+ 0.25 (1 = 26+ 8) G quadru_ple_x DNA substrate (Table 2). .
Tell2 095+060 1=23+11) NE The anionic Tell2 also undergoes fluorescence quenching

a Determined by fluorescence titration of Z3DNA or ds-DNA2/3 in the presence of the GDN.A SUbStrate'. however, UPon.
into solutions of ligands (M) in helicase buffer (10 mM Tris  addition of dS'DNA2/3v very lItFIe change in ﬂuorelscence IS
(pH 7), 10 mM KCI, 10 mM MgC}, 0.5 mM 1,4-dithiothreitol, 0.5 observed (Figure 9D). The increased selectivity for G-
mM EDTA, 10% glycerol). Dissociation constants were determined quadruplex DNA binding by Tell2 as compared to Telll
by nonlinear least-squares fitting of the increase or decrease of hgs heen noted®6). The dissociation constant for GDNA1

fluorescence due to ligand binding to DNA as described in the .. . . )
Experimental ProceduresExpressed as the ratio of ligand to DNA binding by Tel12 (0.95: 0.60uM) is a least 50-fold lower

structure.* No binding was observed in the presence of up to a 5-fold Fhan that for ds-DNA2/3, for Whi.Ch a |9wer limit of 50M
excess of DNA. is estimated (Table 2). Despite this high level of G-

guadruplex DNA binding selectivity, Tell2 does not selec-
The fluorescence due to solutions of Telll.{¥) was tively inhibit the G-quadruplex DNA unwinding activity of

quenched upon addition of eithefZSDNAL or ds-DNA2/3 T-ag (Table 1 and Supporting Information). While the
(Figure 9C), similar to what has been reported earlier for inhibitory effects of Tell2 on the G-quadruplex helicase
this ligand @8). This quenching occurs at concentrations of activity of T-ag can be understood on the basis of its
DNA well below that of the ligand, indicating that multiple association with the G-quadruplex DNA substrate, the origin
ligands bind to each DNA structure, which is also similar to of the duplex helicase inhibition is not clear.

what was observed previousI$§). Fitting the fluorescence These DNA binding data reveal that factors in addition to
data to a simple multisite binding model5) resulted in a binding affinity for the substrate DNA play a role in effective
calculated dissociation constant of 0270.11uM with 28 T-ag helicase inhibition. The binding affinities for the
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G-quadruplex DNA helicase substrate of these four ligands tion that the duplex and G-quadruplex unwinding activity
differ by only a factor of 10, yet the helicase inhibitory of T-ag are comparable, along with the identification of
potency for these ligands ranges from very potent (submi- sequences that may adopt a G-quadruplex conformation in

cromolar 1Gg) to inactive. The interaction of Tell2 with
G-quadruplex DNA, although similar in affinity to that for
TMPyP4, is more effective in preventing T-ag unwinding
than that of TMPyP4. The large difference in T-ag G-
quadruplex DNA helicase inhibition between the anionic PDI
Tell2 and the cationic PDI Telll is not reflected in a
similarly large difference in binding affinity for these two
ligands to the DNA substrate.

The precise requirements for effective inhibition of the
quadruplex helicase activity of T-ag by G-quadruplex-
interactive compounds remain unclear. The previously
reported observation that certain GROs inhibit the duplex
helicase activity of T-ag28) may be due to the G-quadruplex
structures of these GROs binding tightly to T-ag and
preventing helicase activity. In this scenario, G-quadruplex
ligands that bind to and facilitate this interaction of quadru-
plex structures and T-ag would be more effective inhibitors

the SV40 genome, indicate that hexameric, replicative
helicases may play a role in resolving G-quadruplex DNA
structures during DNA replication. The mechanism by which
hexameric helicases unwind G-quadruplex DNA is not
known; however, it is distinct from that employed by the
RecQ helicases. The interaction of T-ag with G-quadruplex
DNA substrates is different from that of the RecQ helicases,
which involve a conserved RQC domain. T-ag does not
contain a RQC domain or any other protein domain previ-
ously identified as a G-quadruplex DNA binding motif.
These differences between the RecQ helicases and T-ag are
reflected in the different types of G-quadruplex-interactive
ligands that inhibit these two distinct families of G-
qguadruplex helicases. Studies of the T-ag G-quadruplex
helicase inhibition by a range of G-quadruplex-interactive
agents indicates that binding affinity alone does not predict
effective helicase inhibition. Specific binding interactions

than ligands whose binding to G-quadruplex structures with the substrate DNA may be more effective in preventing
inhibits T-ag binding. This is similar to the case reported access to or processing of the DNA substrate as compared
for NMM inhibition of BLM, in which NMM binding to to other binding interactions, and these may vary from one
quadruplex DNA does not inhibit BLM binding but rather family of G-quadruplex helicases to another. Additional
serves to stabilize the interaction and prevent both dissocia-factors, such as the kinetics of dissociation of the ligand-
tion and translocatiord(l). However, NMM is only a modest ~ G-quadruplex complex and the binding stoichiometry of these
inhibitor of the quadruplex unwinding by T-ag, and this could G-quadruplex ligands, may also play a role in effective
be due to differences in the way that these two different helicase inhibition. PDI Tel11, identified as the most potent
helicases interact with G-quadruplex DNA or to a different inhibitor of the G-quadruplex helicase activity of T-ag, binds
means of inhibition by G_quadrup|ex |igands in the case of to the substrate DNA with hlgh StOiChiometry and dissociates
T-ag. T-ag lacks the RQC domain that is responsible for slowly from the complex formed with an intramolecular
G-quadruplex DNA binding by RecQ-family helicases such G-quadruplex. Interestingly, despite a relative lack of
as BLM, and so it is quite likely that the specific interactions Selectivity in binding to the G-quadruplex versus the duplex
made between T_ag and quadrup]ex DNA are different from DNA Substrate, Telll is hlghly selective for Inhlbltlng the
those of RecQ helicases. On the other hand, those ligand<G-quadruplex helicase activity of T-ag; the duplex helicase
that inhibit the quadrup|ex helicase activity of T_ag most aCtiVity is Only inhibited at concentrations of Telll 400-
strongly, the PDIs Tel01, PIPIER, and Tel11, share an ability fold higher than those required to inhibit the quadruplex
to bind to G-quadruplex DNA with high stoichiometry, helicase activity. The identification of potent and selective
indicating that this is an important feature for T-ag inhibition inhibitors of the G-quadruplex helicase activity of T-ag
that is different from the model for RecQ helicase inhibition Provides tools for probing the specific role of this activity
by NMM. in SV40 replication. These studies may lead to new insights

There is a growing interest in G-quadruplex DNA- into the role of G-quadruplex structures in DNA replication

interactive agents as potential telomere- and telomerase-f'inOI may ultimately allow the targeting of these structures

targeting agentsl( 72—74) or transcriptional regulatorg§— in the design of highly selective inhibitors of viral replication.
79), although no suqh agents have. been. clinically proven. AckNOWLEDGMENT

Proposed therapeutic approaches involving G-quadruplex- o o ]
interactive agents require selective targeting, not only of Prof. Daniel Simmons, University of Delaware, is grate-
G-quadruplex structures but also of specific G-quadruplex- fully acknowledged for providing immunochromatography-
associated proteins. The demonstration of T-ag quadruplexPurified recombinant T-ag.

_hel@case inhibition by certain G—quadrgplex—interactive_ agents g ;pPORTING INFORMATION AVAILABLE

indicates that helicases must be considered as potential targets

of these compounds. As different families of G-quadruplex ~ Synthetic details, PAGE gels, table of QGRS in SV40,
helicases may interact differently with their substrates, certain DMS protection gels, and SPR kinetic fits. This material is
types of G-quadruplex ligands may be better inhibitors of available free of charge via the Internet at http://pubs.acs.org.

specific helicase families.

CONCLUSION

Previous reports of G-quadruplex helicase activity have
focused on the RecQ family of helicases. While not all DNA
helicases have the ability to unwind G-quadruplex DNA

structures, SV40 T-ag does have this ability. The demonstra-
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