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n April 21, thousands of visitors

invaded Louisville, KY, including

>100 scientists from around the
globe. Most of the visitors were there to en-
joy the festivities that were in progress as a
prelude to the Kentucky Derby. In addition to
the Derby celebration, the scientists were
there for the First International Meeting on
Quadruplex DNA, the first-ever full confer-
ence on the roles of quadruplex DNA in biol-
ogy and chemistry. The field is relatively
new. It is quite promising for helping scien-
tists understand cancer and perhaps other
diseases and for the development of new
types of anticancer drugs. The meeting
opened on Saturday evening with a recep-
tion on the 16th floor of the historic Brown
Hotel in downtown Louisville. The confer-
ence attendees had the pleasant choices
of catching up with friends, enjoying the
food and drink, or gazing through the large
windows of the reception area as the world’s
largest fireworks display exploded over the
nearby Ohio River (Figure 1). The excitement
of being part of the first meeting in this
area, and the excellent talks in several differ-
ent quadruplex research areas, held the in-
terest of the conference group until its end
at midday on April 24. No heated discus-
sions took place during the conference ses-
sions; however, areas clearly exist in this
relatively new field in which significantly dif-
ferent views must be reconciled.

The conference was organized by

Jonathan B. (Brad) Chaires (University of
Louisville) and Laurence Hurley (University
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Figure 1. The “Thunder over Louisville” Ken-
tucky Derby fireworks, which could be seen
from the Quadruplex Meeting opening recep-
tion. Fireworks image courtesy of caomai on
Flickr: http://flickr.com/photos/caomai/
133976076/

of Arizona), with extensive support from
the James Graham Brown Cancer Center.
The program included 23 speakers, five
sessions, and a two-day poster session
with >60 posters. The five sessions were
Quadruplex Structure and Stability; Molec-
ular Modeling, Assembly, Dynamics; Hu-
man Telomeres; G-Quadruplexes and Biol-
ogy; and Quadruplex Drug Targets and
Therapeutics. Current key research in qua-
druplex structure, biology, and drug target-
ing was also covered. DNA quadruplexes
are formed from one or more strands of
guanine-rich DNA that can fold or associ-
ate into a four-strand structure that is sta-
bilized by H-bonds and ion interactions
among four G bases in a structural unit
(Figure 2, panel a). The four G bases, which
can be syn or anti, create a planar struc-
tural unit with a total of eight Hoogsteen
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5’ Quadruplex DNA was
discovered in 1962 at
the National Institutes of
Health (NIH) by David
Davies and coworkers.
Davies presented a his-
torical background in the
opening address of the
conference. In the origi-
nal research, his group
proposed a H-bonding
scheme, basically as
shown (Figure 2,

panel a), as well as the
four-G stacking arrange-

Figure 2. Structure of quadraplexes and models of telomeres.

a) H-bonded, four-G stacking unit of quadruplexes: In the model
on the right, a K* ion can be seen (pink) coordinated to the G car-
bonyl oxygens (red) that point to the center of the four-G tet-
ramer unit that forms the core structure of G4 DNA quadruplexes.
Other atoms in the model are green, C; blue, N; and white, H. b)
Possible folding models for the human telomere G4 DNA structure.
The G bases in the G4 units can be either anti (blue) or syn (red)
as shown for a parallel (left) or propeller, a basket (center), or a
hybrid (right) conformation. c) Molecular model of a human te-
lomere hybrid structure (5) with bases in green, backbone sugars
and phosphate shown as a ribbon, and coordinated K* as yellow
spheres. The model is for the major human telomere conformation
found in the mix of species in K* solution (2, 3, 5-9).

H-bonds. The planar tetrad of G bases can
stack with other similar units to form a qua-
druplex conformation. The H-bonded four-G
unit creates a central space that serves as a
metal ion coordination site to form a com-
plete stable tetramer—metal ion unit of G4
DNA. The optimum metal ion under physi-
ological conditions is K*, and quadruplex
stability depends on ion type and concentra-
tion. The quadruplex strands can be in par-
allel or antiparallel orientations, and with
different sequences of loop bases, a large
number of different quadruplex structures is
possible (Figure 2), many of which were dis-
cussed in detail at the meeting. The loop se-
quences that connect the G4 planar units in
a parallel or antiparallel orientation can
have a pronounced effect on the overall
quadruplex conformation (Figure 2,

panel b).
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ment that forms each
quadruplex helical unit.
The discovery resulted
from several of those un-
expected observations
that have led to many
scientific breakthroughs;
these involved G-base
association into a qua-
druplex, and gel forma-
tion from a concentrated
solution of GMP.

G4 DNA engendered
little interest in the years that followed, un-
til the realization that cancer cells could per-
haps be selectively targeted through their
telomeres. Telomeres protect chromosomes
from end-to-end fusion and against the
loss of coding DNA at the ends of chromo-
somes during replication. Dividing cells un-
dergo a progressive loss of ~100 DNA base
pairs at each cell division because of the in-
ability of DNA polymerase to copy the final
base pairs of the lagging strand. Somatic
cells start with a protective sequence of re-
peated —TTAGGG- single-strand telomere
DNA that is progressively lost during cell rep-
lication. Four of these sequence repeats
can form an intramolecular quadruplex with
TTA connecting loops in the human te-
lomere, as illustrated (Figure 2, panels b
and c). Most cancer, but not somatic, cells
have the telomerase gene activated so that
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they make the enzyme and can regenerate
their telomeres during multiple cell replica-
tions. The meeting coincided with the 10-
year anniversary of a publication by the
groups of Hurley and Stephen Neidle (Uni-
versity of London) (7). It was the first to
clearly show that the telomerase enzyme
could be effectively inhibited by compounds
that induce its G-rich recognition sequence
to fold into a stable unimolecular quadru-
plex structure. The quadruplex—drug com-
plex could not serve as an appropriate rec-
ognition structure for telomerase activity.
This publication, and others that followed,
showed the importance of G-rich DNA se-
quences in cancer biology and have gener-
ated increasing excitement about quadru-
plex DNA. It should be emphasized that it is
not necessary for a compound to target an
existing cellular quadruplex to have biologi-
cal activity. Induction of a quadruplex or
change of a quadruplex conformation on
binding may be the most powerful method
to exert the desired biological effect. In addi-
tion to the telomere quadruplex and telom-
erase inhibition, targeting other cellular qua-
druplexes for development of new anti-
cancer drugs was a theme of several talks
and posters at the meeting.

Some idea of the geographical diversity
of quadruplex research is illustrated by the
fact that the four speakers after Davies in
the opening session have laboratories in the
U.K., France, the U.S., and Singapore. Vari-
ous models have been proposed for how a
sequence of G-rich DNA can fold to create a
four-strand quadruplex (several examples
are in Figure 2). A key goal of the first ses-
sion and the conference as a whole was to
organize and expand our understanding of
how quadruplexes fold and how their stabil-
ity is affected by loop sequence, solvent
conditions, drugs, and protein binding. Fold-
ing to a G4 structure is a complex problem
for the single-strand G-sequences of te-
lomeres, but it becomes even more difficult
for duplex G-rich regions in chromosomes
that must separate from the complementary
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C-strand before they can form a quadruplex
structure (the structure and interactions of
the resulting C-strand are an important de-
veloping research area). Presentations by
Anh Tuan Phan (Nanyang Technological Uni-
versity, Singapore), Jean-Louis Mergny
(Muséum National d’Histoire Naturelle,
France), and Richard Shafer (University of
California at San Francisco) highlighted ex-
perimental findings on quadruplex confor-
mations. Mateus Webba da Silva (University
of Ulster, U.K.) pointed out that some gen-
eral rules for classifying and predicting qua-
druplex structures are now being generated.
Phan presented some basic principles of
quadruplex structure and an overview of
NMR structural studies on several impor-
tant G4 sequences obtained in the labora-
tory of Dinshaw Patel (Memorial Sloan-
Kettering Cancer Center) (2—4). A major
problem that structural biologists in the qua-
druplex field have faced is the structural di-
versity of many G-rich sequences, including
that of the telomere. The human telomere at
biologically relevant K* concentrations, for
example, is a mixture of species that can
change with solution conditions, base modi-
fications, and flanking and loop base se-
quence. Efforts to isolate the major con-
formational species have focused on
modification of sequences that flank the ba-
sic G-quadruplex sequence and stack on
the ends of the quadruplex structure as well
as on modified bases that can lock a par-
ticular base into the syn or anti conforma-
tion. The bases illustrated in the folding
models (Figure 2, panel b), for example,
have syn and anti orientations at different
positions and can be favored by modified
bases in either the syn or anti conformation
at those positions. Phan and Patel (2- 4), Hi-
roshi Sugiyama (Kyoto University, Japan) (5,
6), and Danzhou Yang (University of Arizona)
(7-9) found similarly folded hybrid struc-
tures for different modifications of the hu-
man telomere sequence in K* (Figure 2,
panel b, right, and Figure 2, panel ¢). Phan
described NMR structural work over a num-
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ber of years on modified sequences of the
telomere and other important quadruplexes
that have resulted in detailed models of
quadruplex conformation. To test the vari-
ous quadruplex conformational models,
Shafer created variants of the human te-
lomere sequence where riboguanosine (1G)
was substituted in place of the natural de-
oxy sugar (10). This substitution is a power-
ful method for locking the conformation of
the nucleoside into the anti conformation
and can be used to evaluate syn/anti pat-
terns (such as those shown in Figure 2,
panel b). His results emphasized the diver-
sity of possible conformations of the te-
lomere quadruplex and showed that de-
pending on the rG substitution position,
conformations from fully parallel to antipar-
allel/hybrid species could be obtained for
the telomere.

Speakers and audience members
pointed out that as the rules and additional
types of quadruplex structures become es-
tablished, it is necessary to develop a stan-
dard system of reference and systematic no-
menclature to describe quadruplexes and
their complexes. Such a system is essential
to make all experimental and theoretical re-
sults for quadruplexes readily available for
the entire field. Mergny described the prob-
lem of switching from a duplex to a quadru-
plex structure and provided some kinetics
insight into the process (11, 12). This is a
critical point for the biology of quadruplexes
and for the development of quadruplex tar-
geting drugs that must induce or trap a tran-
sient quadruplex conformation. A different
approach to quadruplex dynamics was de-
scribed by Jifi Sponer (Academy of Sciences
of the Czech Republic). He discussed ad-
vances and limitations of computer simula-
tions of DNA quadruplexes and reported on
an improved force field for the AMBER soft-
ware package. Sponer cautioned about the
limits of quantitative molecular modeling for
complex systems such as DNA quadru-
plexes (13, 14). Cautionary comments were
also made by Mergny and others about the

use of the standard telomeric repeat ampli-
fication protocol assay for the evaluation of
telomerase activity changes after the addi-
tion of drugs. The development of appropri-
ate assays for quadruplex-targeting drugs is
an area where much work must be done
and standardization is needed.

The second session of the meeting de-
scribed some new directions in G-quadru-
plex research. In addition to the important
role of quadruplex DNAs in chromosomal te-
lomeres, much evidence now shows that
they can act as switches that “turn on” or
“turn off” particular genes by using a du-
plex—quadruplex transition. The scientists
at the conference were excited about this
area because the quadruplex conforma-
tional switches have been shown in vitro to
regulate oncogenes that are critical for the
development of cancer (15, 16). This is
clearly a promising new possibility for the
design of anticancer drugs. Shankar Balasu-
bramanian (University of Cambridge, U.K.)
described bioinformatics methods to search
for sequences that have the potential to
form quadruplexes in chromosomal DNA
(17). The results indicate that 43% of all hu-
man genes have a G-quadruplex-forming se-
quence in their promoters, a 6-fold enrich-
ment over the genome average. Some of the
sequences correspond to nuclease hyper-
sensitive sites. This suggests that they have
the ability to form nonduplex structures, in-
cluding quadruplexes, which could play an
important role in the regulation of gene ex-
pression (18). In addition to biological roles,
G-quadruplexes can provide scaffolds for
supramolecular assembly. Jeffery Davis (Uni-
versity of Maryland), for example, reported
on the construction of an artificial ion chan-
nel using lipophilic guanine derivatives (19)
and, following cross-linking using olefin me-
tathesis, demonstrated selective ion trans-
port by the structure. Naoki Sugimoto (Ko-
nan University, Japan) presented results on
modified quadruplexes that can lead to
metal-ion-dependent nanomachines and
devices (20). He described new results on
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Even a short time ago, no strong scientific evidence existed that DNA quadruplexes

actually had a cellular function.
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the use of G-quadruplex motifs to construct
logic gates (21). The use of G4 DNA with
modified bases to create specific molecular
structures for nanoresearch is very promis-
ing. It seems certain that new ideas, de-
vices, nanomotors, and applications in this
area will appear in the next few years.

The human telomere quadruplex contin-
ues to be a major research topic; it was the
subject of the third session of the confer-
ence, which continued the discussion of the
telomere structure from the first session.
Yang presented exciting new NMR structural
results from her laboratory on the telomere
in K. As described in the first session, the
telomere quadruplex is known to be a mix-
ture of species in K™ solution, and the Yang
group has used flanking sequence modifi-
cations to favor specific species for struc-
tural analysis. She reported structural com-
parison of two different stable hybrid folds
that together can explain the observed mix
of species that has complicated the under-
standing of the human telomere quadruplex
(7-9). These results, along with structures
from Phan and Patel (2, 3), are elucidating
the long-evasive structure of the human te-
lomere in a K™ environment. Sugiyama’s
laboratory has used 8-BromoG to lock indi-
vidual units of the human telomere into the
syn conformation in an approach that is a
complement to the rG method to lock the
anti conformation described by Shafer (5,
6). This method does not require flanking
sequence modifications, and the original te-
lomere sequence can be studied at high
resolution. Results with 8-BromoG substitu-
tions from the Sugiyama laboratory offered
early evidence for the major hybrid fold
(Figure 2, panels b and c) (5) and provided
a high-resolution NMR structure for the te-
lomere (6). Sugiyama noted that hybrid qua-
druplex units can stack into superhelical
structures with a chiral cleft between the
units. He and his group designed and stud-
ied chiral helicene-type “wedge” molecules
that provide enantioselective binding to the
superhelical quadruplexes. This extension
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of design methods to larger quadruplex as-
semblies offers the potential to design new
compounds with increased affinity and
specificity. The theme of induction or stabi-
lization of a quadruplex structure in te-
lomere DNA to inhibit telomerase for new
anticancer drug development was also con-
tinued in this session. Neidle and coworkers
in both talks and posters presented results
for the design of new types of quadruplex-
targeting agents. The large, relatively planar
surface of the quadruplex units forms a
unique stacking surface at the ends of each
G4 DNA. Several groups are using this sur-
face to design G4 selective binding com-
pounds. The Neidle group uses a combina-
tion of crystallography and molecular
modeling to design the agents and help
them to understand their G4 interactions
(22, 23). Neidle reported on a new model-
ing approach that uses two linked, sepa-
rately folded telomere units to evaluate drug
interactions in a larger context that may pro-
vide a better representation for in vivo inter-
actions. The critical question of the mecha-
nism of biological action of compounds that
stabilize quadruplexes was the subject of
the presentation by Jean-Francois Riou (Uni-
versity of Reims, France). He noted that the
majority of cancers have telomerase acti-
vated for telomere length maintenance, and
as a result, compounds that lock the te-
lomere DNA into a G4 structure, which is
not a template for telomerase, have excel-
lent potential for development as telomer-
ase inhibitors and anticancer agents. The
Riou laboratory has collected clear evidence
for in vivo telomerase inhibition in cancer
cells by G4 binding compounds with anti-
cancer activity. He suggested that this is a
probable mechanism of action for some
compounds (23). In addition, he described
a possible compound-induced telomere
uncapping-protein release mechanism for
the activity of G4 targeting compounds.
These results are very important in the de-
veloping understanding of the biological
mechanisms of quadruplex binding mol-

WILSON AND SUGIYAMA

ecules and how they selectively affect can-
cer cell function (24).

The fourth session of the conference fo-
cused on the biological functions of quadru-
plexes. Even a short time ago, no strong
scientific evidence existed that DNA quadru-
plexes actually had a cellular function. The
results in this session are illustrative of re-
cent, dramatic advances in quadruplex biol-
ogy. Brad Johnson (University of Pennsylva-
nia) noted that even though sequences with
quadruplex-forming potential are rarer in
yeast than in humans, the simplicity of yeast
makes it a good system in which to probe
the in vivo function of quadruplexes. He pre-
sented several lines of evidence that qua-
druplexes play a role in transcriptional regu-
lation in yeast. Nancy Maizels (University of
Washington) pointed out that the double-
helical structure of DNA can be significantly
modified when DNA is “working”, in tran-
scription or replication, for example, com-
pared with when it is simply storing informa-
tion. She described several important G-rich
DNA sequences that have the potential to
form quadruplexes as part of their essential
cellular activities. The Maizels laboratory
has collected results from electron micros-
copy and other methods that strongly sup-
port formation of G-loops and G4 DNA qua-
druplex structures during transcription of
G-rich DNA sequences, such as immuno-
globulin switch regions and oncogenes that
are targets of genomic instability. This direct
evidence for quadruplex formation as part
of normal cell biology is again an important
step in the proof of biological relevance of
quadruplex structures and of their potential
as therapeutic targets (25-28). The results
from the Maizels laboratory provide impor-
tant ideas and models for the development
of compounds to induce or trap quadruplex
DNA conformations in cells. The presenta-
tions of Hans Joachim Lipps (University Wit-
tern/Herdecke, Germany) and Daniela
Rhodes (MRC) continued the discussion of
possible biological roles of quadruplexes.
They described collaborative work showing
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that telomere end-binding proteins (TEBPs)
control the formation of G-quadruplexes in
vivo. They proposed a mechanistic model
for cell-cycle-dependent telomere conforma-
tion by TEBPs (29, 30).

The final meeting session continued the
focus on quadruplexes as drug targets and
included their use as therapeutic agents. A
guanine-rich DNA 26-mer, AS1411, origi-
nally designed as a triple-helix-forming oli-
gomer (AGRO100), has been found to bind
the protein nucleolin, which is overex-
pressed on the surface of many tumor cells.
AS1411 forms a stable G-quadruplex and
functions essentially as a nucleolin-specific
aptamer. Many aptamers form quadru-
plexes, and AS1411 may be the firstin a se-
ries of quadruplex drugs that have highly
specific interactions with cancer cell recep-
tors (31, 32). AS1411 is the first aptamer
tested in humans, and its physical and bio-
logical properties, as well as its very promis-
ing and exciting phase | clinical-trial results,
were described by Donald Miller and Paula
Bates (University of Louisville). The aptamer
has potent antitumor activity and very low
toxicity, and it will go to phase Il clinical tri-
als soon. Other G-quadruplex structures
may be related to human disorders, such
as fragile X syndrome, which is known to be
caused by an expansion of CGG repeat
units. Michael Fry (Technion—Israel Institute
of Technology) reported that the intermedi-
ately expanded (CGG) repeat in the mRNA
of fragile X syndrome carriers forms a
G-quadruplex that retards translation. De-
stabilization of the RNA secondary structure
by quadruplex-disrupting hnRNPs alleviated
the block to translation (33).

Throughout the talks and posters, scien-
tists presented strategies for targeting four-
strand G4 DNA structures to stabilize or dis-
rupt them, depending on the type of gene
and the desired biological outcome. Many
drugs designed to target telomeres could
also function by inducing or trapping pro-
moter quadruplexes. The long-term goal,
however, is to develop compounds that can
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selectively interact with specific quadruplex
structures. Edwin Lewis (Northern Arizona
University) described detailed biophysical
studies on multistoichiometry drug—G4 DNA
complexes that require participation of dif-
ferent regions of the c-MYC and bcl-2 qua-
druplexes (34). These detailed studies, a
collaboration between the Lewis and Hur-
ley laboratories, are providing information
for our understanding of the energetic ba-
sis of drug—quadruplex interactions. This in-
formation is an essential complement to
quadruplex structural results in the efforts
to understand quadruplex interactions and
design new drugs to selectively target qua-
druplexes. Jeffrey Whitten (Cylene Pharma-
ceuticals) presented the latest clinical and
mechanistic results for CX-3543, the first
drug that appears to act by targeting DNA
quadruplexes. CX-3543 is derived from the
fluoroquinolone class of drugs and appears
to selectively target ribosomal DNA (rDNA)
quadruplex-forming sequences and to in-
hibit ribosomal RNA synthesis in cancer
cells. CX-3543 may function through disrup-
tion of the nucleolin—rDNA interaction that
is especially critical in cancer cells. Initial hu-
man trials have produced promising anti-
cancer activity with low nonspecific toxicity.
The fact that a promising drug is in phase |l
clinical trials, despite the relatively short
time that quadruplex DNA targeting has
been investigated, is very encouraging. Sev-
eral groups have compounds that are ap-
proaching the clinical-trial stage.

W. David Wilson (Georgia State Univer-
sity) presented an overview of biosensor-
surface plasmon resonance studies from his
laboratory on a broad range of quadruplex
interactive compounds (35). His laboratory
has characterized the interaction of DB832
(prepared by the laboratory of David Boy-
kin), a new type of quadruplex-targeting
compound. DB832 has high stoichiometry
and an exciton-induced CD spectrum on
binding with the human telomere G-
quadruplex, and these observations sug-
gest that it does not bind by end stacking.

The majority of quadruplex-targeting com-
pounds discovered to date have extended,
intercalator-like aromatic surfaces and bind
by stacking on one or both ends of quadru-
plex G4 structures. In contrast, DB832 may
be a paradigm for the design of compounds
that are sensitive to quadruplex groove
structure. Targeting the quadruplex grooves
can provide an enhanced ability to distin-
guish between quadruplex and duplex con-
formations as well as among different qua-
druplex structures (35). Wilson also
described, along with posters from Bruce Ar-
mitage and coworkers (Carmegie Mellon Uni-
versity), hybridization methods that use the
same PNA sequence to target both the G-
and C-rich strands of oncogene promoters.
Such homologous and complementary tar-
geting of both strands is obviously an ad-
vantage for opening the duplex and for tar-
get selectivity (36).

The meeting ended with overview com-
ments by Chaires and Hurley and a discus-
sion of possible dates and locations for the
Second International Meeting on Quadru-
plex DNA. Given the success of the first
meeting and the dramatic current pace of
quadruplex research, great enthusiasm
abounded for holding a second meeting
soon.
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