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Abstract

Human telomeric DNA consists of tandem repeats of the sequence d(TTAGGG). Compounds that
can stabilize the intramolecular DNA G-quadruplexes formed in the human telomeric sequence have
been shown to inhibit the activity of telomerase and telomere maintenance, thus the telomeric DNA
G-quadruplex has been considered as an attractive target for cancer therapeutic intervention.
Knowledge of intramolecular human telomeric G-quadruplex structure(s) formed under
physiological conditions is important for structure-based rational drug design and thus has been the
subject of intense investigation. This review will give an overview of recent progress on the
intramolecular human telomeric G-quadruplex structures formed in K* solution. It will also give
insight into the structure polymorphism of human telomeric sequences and its implications for drug
targeting.
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1. Introduction

Telomeres are specialized DNA protein complexes that cap the ends of linear chromosomes
and provide protection against gene erosion at cell divisions, chromosomal non-homologous
end-joinings and nuclease attacks [1-3]. Human and vertebrate telomeres consist of tandem
repeats of the hexanucleotide d (TTAGGG),, 5-10 kb in length 5’ to 3’ toward the chromosome
end [4-7], terminating in a single-stranded 3'-overhang of 100-200 bases that plays an important
role in telomere structure and function [8-10]. The structure and stability of telomeres are
closely related with cancer [11-14], aging [15,16], and genetic stability [3,17,18]. Telomeric
DNA is extensively associated with various proteins, such as Pot1 (protection-of-telomeres 1),
TRF1 (telomeric-repeat-binding factor 1) and TRF2. In normal cells, each cell replication
results in a 50- to 200- base loss of the telomere. After a critical shortening of the telomeric
DNA is reached, the cell undergoes apoptosis [19]. However, telomeres of cancer cells do not
shorten on replication, because of the activation of a reverse transcriptase telomerase that
extends the telomeric sequence at the chromosome ends [20]. Telomerase is activated in

*Corresponding author: Telephone: (520) 626-5969, Fax: (520) 626-6988, Email: yang@pharmacy.arizona.edu

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dai et al.

Page 2

80-85% of human cancer cells [21], and has been suggested to play a key role in maintaining
the malignant phenotype by stabilizing telomere length and integrity [22].

The G-rich telomeric sequence can fold into G-quadruplex (Figure 1), a DNA secondary
structure consisting of stacked G-tetrad planes connected by a network of Hoogsteen hydrogen
bonds and stabilized by monovalent cations, such as Na* and K*. Vertebrate telomeric DNA
repeats are highly conserved, which is suggested to be related with the G-quadruplex formation
[14,23]. The G-quadruplex formation by the single-stranded human telomeric DNA was shown
to inhibit the activity of telomerase [24]. In addition, human Pot1 was shown to disrupt
telomeric G-quadruplexes presumably by trapping the single-stranded form of telomeric DNA,
thus allowing telomerase extension [25]. Pot1 is a highly conserved telomeric protein that binds
to the 3’ end of single-stranded telomeric DNA and plays an important role in telomere end-
capping and protection [26-28]. Compounds that stabilize the intramolecular DNA G-
quadruplexes formed in the human telomeric sequence have been shown to inhibit the activity
of telomerase and disrupt telomere capping and maintenance, making the intramolecular
human telomeric DNA G-quadruplex an attractive target for cancer therapeutic intervention
[11,13,14,29-31].

Structural information of the human telomeric G-quadruplex formed under physiologically
relevant conditions is necessary for structure-based rational drug design. Because the K*
structure is considered to be biologically more relevant due to the higher intracellular
concentration of K*, it has been the subject of intense investigation [32-45], although the
Na* structure was reported more than a decade ago [46]. In 2002, a crystal structure of the
parallel-stranded G-quadruplex was reported using a 22-nt human telomeric sequence in the
presence of K* [47]. Recent results have shown that hybrid-type intramolecular G-
quadruplexes (Figure 2A) appear to be the predominant conformation formed in human
telomeric sequences in K* solution [48-55]. The hybrid-type structures are distinct from the
Na*-structure in solution (Figure 2B) and the crystal structure in the presence of K* (Figure
2C). The hybrid-type conformation appear to be the major form for human telomeric sequences
in solution in the presence of K*, despite the co-presence of high concentration Na* ion [48].
Furthermore, addition of K* readily converts the Na*-form conformation to the K*-form
hybrid-type structures. Depending on the flanking segments, the telomeric sequences can form
two distinct but related hybrid-type structures, i.e., hybrid-1 or hybrid-2 telomeric G-
quadruplexes [49,53] (Figure 2A). The hybrid-2 type structure appears to be the major
conformation on the extended human telomeric sequences [49]. Both hybrid-type structures
contain three G-tetrads linked with mixed parallel/antiparallel-G-strands. The two hybrid-type
G-quadruplexes differ in their loop arrangements, strand orientations, tetrad arrangements, and
capping structures. Specifically, the three TTA loop segments adopt sequential side (double-
chain-reversal, propeller)-lateral (edge-wise)-lateral conformations in the hybrid-1 structure
and lateral-lateral-side conformations in the hybrid-2 structure, respectively. A naturally-
occurring adenine triple platform was found to cap the 5’-end of the hybrid-1 telomeric G-
quadruplex [50] while a T:A:T triple platform was found to cap the 3'-end of the hybrid-2
telomeric G-quadruplex [49]. The distinct capping structures appear to be crucial for the
favored formation of the specific hybrid-type structure, and may provide specific drug binding
sites. It has also been shown that human telomeric sequences are in equilibrium between
hybrid-1 and hybrid-2 structures in K* solution, which is largely determined by the 3'-flanking
sequence [49]. Furthermore, both hybrid-type G-quadruplexes suggest a straightforward means
for multimer formation with effective packing in the elongated human telomeric sequence and
thus provide important implications for drug targeting of G-quadruplexes in human telomeres
[48-50]. The structure polymorphism and dynamic equilibrium of the human telomeric
sequence appear to be intrinsic to this highly conserved sequence. The low energy barrier
between different forms of the human telomeric sequence may provide a means for different
protein recognition to control the biology of human telomeres.
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In addition to human telomeres, DNA G-quadruplex structures have also been found to form
in the promoter regions of oncogenes (see review by L. Hurley in this issue) and other
biologically relevant regions of the genome [56]. Interestingly, the structural studies have
shown a great conformational diversity in different G-quadruplexes [49,50,57-59], such as
folding topologies, loop conformations, and capping structures, indicating that these structural
motifs may be differentially regulated and targeted.

2. Intramolecular human telomere G-quadruplex structures formed in K+

solution

Distinct structures are formed by a 22-nt human telomeric sequence wtTel22 in Na* solution
and crystalline state in the presence of K*

The minimal requirement for an intramolecular telomeric G-quadruplex is a four G-tract human
telomeric sequence 5'-GGG(TTAGGG)3 (wtTel21, Figure 3A). More than a decade ago, the
intramolecular human telomeric G-quadruplex structure in Na* solution by NMR was reported
using the 22-nt human telomeric sequence 5-AGGG(TTAGGG);3 (wtTel22, Figure 3B) [46].
witTel22 is a four G-tract human telomeric sequence with a 5'-flanking-A and no 3'-flanking
sequence. The structure in Na* solution is a basket-type, mixed antiparallel/parallel stranded
intramolecular G-quadruplex, consisting of three G-tetrads connected with one diagonal and
two lateral TTA loops (Figure 2B). In 2002, using the same 22-nt human telomeric sequence,
a crystal structure of the intramolecular human telomeric G-quadruplex in the presence of
K* was reported [47], which was a parallel-stranded structure (Figure 2C) distinctly different
from the Na* solution structure. The crystal structure in the presence of K* consists of three
G-tetrads connected with three symmetrical side, propeller (double-chain-reversal) TTA loops.

The 22-nt human telomeric sequence wtTel22 does not form a single G-quadruplex in K*

solution

However, the wtTel22 sequence does not form a single G-quadruplex structure in K* solution,
as indicated by the imino proton peaks in the 1D NMR spectra [48] (Figure 4A). The NMR
data of the wtTel22 sequence in K* solution indicate the presence of multiple G-quadruplex
conformations with relatively sharp peaks. A large number of variant four G-tract sequences
containing the same core sequence of wtTel22 with different flanking segments has been
screened, and the 3'-flanking segment has been found to be critical for the formation of a stable
G-quadruplex structure in K* solution [48]. 'H NMR has identified that a few sequences form
one stable major G-quadruplex in K* solution, including the 26-nt sequence Tel26 (Figure 4C).

Tel26 forms a hybrid-type G-quadruplex structure in K* solution: the hybrid-1 type human
telomeric G-quadruplex

The Tel26 sequence 5-AAAGGG(TTAGGG)3AA was used for full NMR structure
determination in K* solution [48,50]. Tel26 contains the core 22-nt human telomeric sequence
witTel22 (5'-AGGG(TTAGGG)3) with modified flanking segments (Figure 3B). By using site-
specific labeling of 15N, 13C-enriched guanine in Tel26, the H1 and H8 protons of the twelve
guanines involved in the three G-tetrads were assigned. The thymine H6 protons were assigned
by using deoxyuridine (dU) substitution for each dT of the Tel26 sequence. Complete
assignment of the proton and 31P resonances of Tel26 was accomplished by using multiple 2D
homonuclear and heteronuclear NMR experiments. Based on these NMR experiments, the
folding topology (Figure 2A) [48] and the molecular structure (Figure 5A) (PDB ID 2HY9)
[50] of the intramolecular G-quadruplex formed by Tel26 in K* solution have been determined.
Tel26 adopts a hybrid-type (hybrid-1) intramolecular G-quadruplex consisting of three G-
tetrads linked with mixed parallel/antiparallel G-strands in K* solution (Figure 2A). The three
TTA loop segments sequentially adopt double-chain-reversal (side), lateral, and lateral loop
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conformations. Using NOE-restrained distance geometry (DGSA) and molecular dynamics
(RMD) methods, the NMR structure determination was performed from a starting model of an
arbitrary extended single-stranded DNA. A total of 552 NOE distance restraints, of which 279
are from inter-residue NOEs, were incorporated into the NOE-restrained structure calculation.
Dihedral angle restraints were used for the glycosidic torsion angles as well as for a number
of unusual torsion angles ¢ of loop residues based on the 3J3p3-couplings. The NMR
structures are very well defined, including the three TTA loops and the two flanking sequences
at the 5'- and 3'- ends (Figure 5A). The RMSD of the 10 lowest energy structures is 1.22 A for
all residues; and is only 0.91 A for residues 3-25, including the 5'-flanking A3, three TTA
loops, and the 3'-flanking A25. Remarkably, global interaction information is well observed
in the G-quadruplex structures because of extensive DNA folding. Thus very well defined
molecular structures of a G-quadruplex can be derived from an arbitrary extended single-
stranded DNA by the NMR-restrained structure calculation, analogous to that of a globular
protein.

An adenine triple capping structure specific to the hybrid-1 type human telomeric G-
guadruplex is observed for the hybrid-1 structure

In the molecular structure of the hybrid-1 G-quadruplex formed by Tel26 in K*, a well-defined
adenine triple platform is found to form with three naturally occurring adenine residues, A21,
A3, and A9, capping the top end of the hybrid-1 type human telomeric G-quadruplex (Figure
5C) [50]. A potential hydrogen bond may be formed between A3 and A21. The naturally
occurring adenine triple capping structure appears to be specific to the hybrid-1 type structure
of the human telomeric DNA sequence. An A:T base pair (A25:T14) capping at the bottom
end was also observed in the hybrid-1 telomeric G-quadruplex formed by Tel26. However,
A25 is a mutated residue from the native thymine in the human telomeric sequence (Figure
3B), which may explain our observation that the 3'-flanking T-to-A mutation selectively
stabilizes the hybrid-1 type telomeric G-quadruplex in K* solution [48].

The wild-type 26-nt human telomeric sequence wtTel26 forms a second hybrid-type G-
guadruplex structure in K* solution: the hybrid-2 type human telomeric G-quadruplex

Tel26 forms two well-defined G-quadruplex conformations when freshly dissolved in K*
solution, as indicated by two separate sets of relatively sharp guanine imino peaks. The powder
of oligonucleotide Tel26 was prepared by lyophilization after it was thoroughly dialyzed in
water. One conformation (~ 40%) slowly converts to the other (~ 60%) overnight, and the
complete conversion takes about a day (Figure 4D and 4E). This observation led to the careful
examination of the native 26-nt human telomeric sequence wtTel26, (TTAGGG)4TT (Figure
3B)[49]. The 1D H NMR spectrum of the wtTel26 sequence in K* solution shows a major
intramolecular G-quadruplex structure with twelve resolved imino proton resonances between
10.5-12 ppm (Figure 4B); however, this major conformation only accounts for ~ 75% of the
total population, with about 25% population of minor conformations shown as weak and
broader resonances. Thus itis a more challenging process to get complete resonance assignment
for wtTel26. The complete spectral assignment for all proton resonances of wtTel26 was
accomplished by using the 2D NMR methods and a large number of different conditions
[49]. Based on the NMR experimental data, the folding topology (Figure 2A) and molecular
structure (Figure 5B, PDB ID 2JPZ) of the major G-quadruplex formed by wtTel26 in K*
solution have also been determined [49]. WtTel26 adopts a second hybrid-type (hybrid-2)
intramolecular G-quadruplex consisting of three G-tetrads linked with mixed parallel/
antiparallel G-strands in K* solution; however, this hybrid-type structure is different from the
hybrid-1 structure in loop arrangement (Figure 2A). The three TTA loop segments sequentially
adopt lateral, lateral, and double-chain-reversal (side) loop conformations. The solution
structure of the hybrid-2 type human telomeric G-quadruplex formed by wtTel26 in K* solution
was determined by an NOE-restrained distance geometry (DGSA) and molecular dynamics
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(RMD) approach, starting from an arbitrary extended single-stranded DNA. A total of 727
NOE distance restraints, of which 324 are from inter-residue NOE interactions, were used in
the NOE-restrained structure calculation. Dihedral angle restraints were used for the glycosidic
torsion angle () based on the experimentally determined syn and anti conformations. Like the
hybrid-1 human telomeric G-quadruplex structure [50], the hybrid-2 telomeric G-quadruplex
structure is very well defined. For the 10 best NMR refined structures, the RMSD is 1.38 A
for all residues except the 5'-terminal T1.

A T:A:T triple capping structure specific to the hybrid-2 type human telomeric G-quadruplex
is observed for the hybrid-2 structure

In the molecular structure of the hybrid-2 G-quadruplex formed by wtTel26 in K*, a very well-
defined T:A:T triple platform is found to form with T8 and A9 of the first TTA lateral loop
and T25 of the 3’-flanking segment, capping the bottom end of the hybrid-2 human telomeric
G-quadruplex (Figure 5D) [49]. Potential H-bonds may be formed between T8 and T25, and
between T25 and A9. The three residues of the T:A:T triple platform, T8, A9 and T25, all stack
very well with the bottom tetrad. This T:A:T triple capping structure appears to be specific to
the hybrid-2 type structure (Figure 2A) of the human telomeric DNA sequence. The important
role of the T:A:T capping structure in stabilizing the hybrid-2 human telomeric G-quadruplex
structure was demonstrated by mutational analysis of wtTel26 with single A-to-T and single
T-to-U substitutions [49].

The hybrid-1 and hybrid-2 human telomeric G-quadruplexes are closely related yet distinct
in their folding and structures

Both hybrid-type structures contain three G-tetrads linked with mixed parallel/antiparallel G-
strands, but they differ in loop arrangements, strand orientations, G-tetrad arrangements and
capping structures (Figure 2A). The hybrid-1 structure has sequential side-lateral-lateral loops
with the first TTA loop adopting the double-chain-reversal conformation, whereas the hybrid-2
structure has lateral-lateral-side loops with the last TTA loop adopting the double-chain-
reversal conformation. Both structures contain three parallel G-strands and one antiparallel G-
strand: in hybrid-1 the third G-strand is antiparallel whereas in hybrid-2 it is the second G-
strand that is antiparallel. Both hybrid-type structures contain five syn guanines and mixed
asymmetrical G-arrangements. The first and second G-tetrads (from the 5’ end) have reversed
G-arrangements and the second and third G-tetrads have the same G-arrangements: For the
hybrid-1 structure, the first G-tetrad is (syn:syn:anti:syn) (starting from the first G-strand and
around the G-tetrad) and the bottom two are (anti:anti:syn:anti), whereas for the hybrid-2
structure, the first G-tetrad is (syn:anti:syn:syn) and the bottom two are (anti:syn:anti:anti).

The two hybrid-type human telomeric G-quadruplexes show distinct molecular structures with
four grooves of different widths (Figure 5A and 5B). For the hybrid-1 structure, the widths of
the four grooves are 13.06 A (groove 1), 11.89 A (groove I1), 8.04 A (groove Il1), and 9.20 A
(groove 1V), with groove | occupied by a double-chain-reversal loop [50]. For the hybrid-2
structure, the widths of the four grooves are 11.74 A (groove 1), 8.62 A (groove 11), 13.56 A
(groove 111), and 9.88 A (groove V), with groove 111 occupied by a double-chain-reversal loop
[49]. A groove width is measured by the closest P-P distance across groove. Both the hybrid-
type human telomeric G-quadruplexes have the backbone 5 torsion angles in the range of 110°
to 150°, consistent with the C2’-sugar pucker conformations.

Capping structures determine the selective formation of hybrid-1 or hybrid-2 telomeric G-
guadruplex structure

The native 26-nt human telomeric sequence wtTel26 and the modified 26-nt sequence Tel26
contain the same core four G-tract 22-nt human telomeric sequence 5-AGGG(TTAGGG)3
(wtTel22), with Tel26 containing the modified 5'- and 3'- flanking-AA instead of the native
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TT (Figure 3B). However, in K* solution, wtTel26 forms a major hybrid-2 structure whereas
Tel26 forms a predominant hybrid-1 structure (Figure 2A) [49, 50]. The molecular structures
of the two hybrid-type human telomeric G-quadruplexes indicate that specific capping
structures selectively stabilize the specific hybrid-type telomeric G-quadruplex.

In the hybrid-2 telomeric G-quadruplex, the top end is covered by the 5'-flanking segment and
the second TTA lateral loop, with the bottom end covered by the first TTA lateral loop and the
3'-flanking segment (Figure 2A). A well-defined T:A:T triple capping structure is formed at
the bottom end of the hybrid-2 G-quadruplex and appears to selectively stabilize the hybrid-2
structure formed by wtTel26 [49] (Figure 5D). This T:A:T triple capping structure formed by
T8, A9, and T25 is specific to the hybrid-2 folding and is not possible to form in the hybrid-1
folding (Figure 2A). In the modified Tel26 sequence (Figure 3B), T25 is mutated to A25, and
as such the T8:A9:T25 triple can no longer form (Figure 2A) hence the hybrid-2 structure is
no longer favored. Rather, Tel26 forms a hybrid-1 telomeric structure, in which the top end is
covered by the 5'-flanking segment, the first TTA side loop, and the third TTA lateral loop,
and the bottom end covered by the second TTA lateral loop and the 3'-flanking segment (Figure
2A); thus two capping platforms specific to hybrid-1 can form: a naturally occurring adenine
triple capping structure at the top end of the G-quadruplex (Figure 5C), and an A25:T14 base
pair capping structure involving the mutated A25 at the bottom end (Figure 5A) [50].

Insights into the G-quadruplex loop conformations

The hybrid-type human telomeric G-quadruplexes contain a 3-nt double-chain-reversal side
loop, which is the first TTA segment and the third TTA segment in the hybrid-1 and hybrid-2
structures, respectively [48,50] (Figure 2A). Such double-chain-reversal loop conformations
are favored by short loop sizes of 1 and 2 nt, as shown in other G-quadruplex structures [48,
57,58,60-63] (Figure 6). A loop longer than 2 nt is in general not as favored for the double-
chain-reversal loop conformation, likely due to unfavored base-solvent interactions of groove-
positioned loop residues whose stacking interactions are lacking. Interestingly, however, in the
molecular structures of the two hybrid-type human telomeric G-quadruplexes, the adenines of
the TTA double-chain-reversal loops adopt a similar conformation, which is positioned above
and partially stacked with the top G-tetrad. In particular, the A9 residue of the first TTA double-
chain-reversal loop of the hybrid-1 structure is positioned partially above the top tetrad and
participates in the adenine triple capping structure (Figure 5A), while A21 of the third TTA
double-chain-reversal loop of the hybrid-2 structure is also positioned partially above the top
G-tetrad (Figure 5B). This specific conformation essentially makes the 3-nt TTA double-chain-
reversal loop equivalent to a 2-nt sized loop in the groove, as only the two thymine residues
are positioned in the groove region. This may explain why a 3-nt double-chain-reversal loop
can be present in the hybrid-type human telomeric G-quadruplexes. The presence of a 3-nt
double-chain-reversal loop may also contribute to the structural flexibility and polymorphism
of the hybrid-type telomeric G-quadruplexes.

Human telomeric sequences form a mixture of hybrid-1 and hybrid-2 structures, the
population of which largely depends on the 3'-flanking sequences

As human telomeric sequences can form two different intramolecular hybrid-type G-
quadruplex conformations in K* solution, various extended four-G-tract human telomeric
sequences were systematically examined using site-specific incorporation of 15N-labeled
guanines for unambiguous assignment of tetrad guanine imino protons for each sequence
[49]. While human telomeric sequences form predominantly hybrid-type G-quadruplex
structures in K* solution, we found they are in equilibrium between hybrid-1 and hybrid-2
conformations, and that the equilibrium of the two conformations appears to be largely
determined by the 3'-flanking sequence (Figure 3A).
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The hybrid-2 structure appears to be the major conformation formed in K* solution by extended
four-G-tract human telomeric sequences with a 3'-flanking-TT (wtTel26, wtTel25b, witTel24b)
and a 3'-flanking-T (wtTel25a) (Figure 3A). Furthermore, the hybrid-2 structure appears to be
the major conformation formed in K* solution by the 27-nt human telomeric sequence wtTel27
with a 3'-flanking TTA segment [49]. In contrast, the hybrid-1 structure appears to be the major
conformation in human telomeric sequences with no 3'-flanking segment (wtTel23 and
wtTel24, Figure 3A) [53]. These results are in good agreement with the structural data, that
the 3'-flanking-T (T25) is necessary for the formation of the T:A:T triple capping structure,
which selectively stabilizes the hybrid-2 type telomeric G-quadruplex (Figure 5D) [49]. The
telomeric sequences lacking this 3'-flanking-T are unable to form the T:A:T capping and thus
unable to form a stable hybrid-2 structure.

Structure polymorphism of G-quadruplexes formed in extended human telomeric sequences
in K* solution

Importantly, in all four-G-tract human telomeric sequences we examined, both hybrid-1 and
hybrid-2 forms appear to form and coexist in K* solution [49]. For extended human telomeric
sequences (such as wtTel26 and wtTel27), the hybrid-2 form appears to be the major
conformation in K* solution, accounting for approximately 75% in wtTel26 and 65% in
wtTel27, but the hybrid-1 form can also be detected in both sequences (Figure 3A). However,
the kinetics of the interconversion between the two conformations appears to be slow on the
NMR time scale, as very few exchange peaks were observed in NOESY experiments. Actually,
even for the truncated wtTel22 sequence which shows the coexistence of at least two major
conformations with comparable populations, the exchange rate between the multiple
conformations is in the slow-exchange regime on the NMR time scale as demonstrated by
separate sharp NMR peaks [48] (Figure 4A).

The energy difference between the two hybrid-type telomeric G-quadruplex conformations
appears to be rather small, as the equilibrium of hybrid-1 and hybrid-2 structures can be readily
shifted by minor changes, such as the lengths or minor modifications of the flanking sequences.
For example, while wtTel26 and Tel26 contain the same 22-nt four-G-tract core sequence and
differ only in the 2-nt flanking segments (Figure 3B), they respectively form hybrid-2 and
hybrid-1 as the major conformation in K* solution (Figure 2A)[49]. Another example can be
found for the wtTel24a and wtTel25a sequences, whose only difference is the 5'-flanking
segment, i.e., TA for wtTel24a and TTA for wtTel25a (Figure 3A). While both sequences
contain the 3'-flanking-T that can form the T:A:T triple capping that specifically stabilizes the
hybrid-2 structure, the population of the hybrid-2 form is 75% in wtTel25a (with 25%
hybrid-1), but only about 55% in wtTel24a. This is likely due to the fact that the 5'-terminal-
T of the truncated sequence wtTel24a can form another 5’-end fold-back capping structure
which stabilizes the hybrid-1 form [52]. The low energy barrier may also suggest that the in
vivo equilibrium of the two forms can be affected and readily shifted by different factors, such
as body temperature, ion concentration, and protein binding.

Structure polymorphism of human telomeric G-quadruplexes may be related with the highly
conserved asymmetric human telomeric DNA sequence

The human telomeric sequence is highly conserved. Both hybrid-type human telomeric G-
quadruplexes are asymmetric structures (Figure 2A), which are related with the intrinsic
asymmetric residue distribution of the tandem TTA loops in the human telomeric DNA
sequence. This structural asymmetry determines the possibility of the formation of the two
very closely related but distinct hybrid-1 and hybrid-2 structures. Unlike the G-rich sequences
in gene promoter regions [57, 58, 60-67], the telomeric DNA sequence is unique in that it
contains the same tandem repeats with the same linker segments. Thus, in atelomeric sequence,
any four-G-tract region has the same potential of forming an intramolecular G-quadruplex
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structure. The linker segment in the human (and vertebrate) telomeric sequence is TTA,
whereas linker segments in the telomeric sequences of most lower organisms contain thymines
only. The presence of adenine in the TTA loops adds an asymmetry in human telomeric
sequences, thereby providing a more selective basis for different capping structures and thus
different G-quadruplex conformations. For example, the T:A:T triple capping with T8, A9 and
T25 can be formed in the hybrid-2 folding only, whereas the adenine triple capping with A3,
A9, and A21 can be formed in the hybrid-1 folding only (Figure 2A).

Potential of the hybrid-type human telomeric G-quadruplexes to form higher-order multimers

Human telomeric DNA terminates with a 3’ single-stranded overhang of 100-200 nt.
Significantly, both the hybrid-type human telomeric G-quadruplexes structures provide an
efficient scaffold for a compact-stacking structure of multimers in human telomeric DNA
(Figure 7). The 5’- and 3'- ends of the hybrid-type G-quadruplex structure point in opposite
directions, allowing the hybrid-type G-quadruplex to be readily folded and stacked end to end
in the elongated linear telomeric DNA strand (Figure 2A). The energy barrier between the two
hybrid type structures is low, and as such it can be easily surpassed by binding of a specific
ligand, thus changing the G-quadruplex conformation. Consequently, the changed G-
quadruplex structure may disrupt existing protein interactions and introduce new protein
recognitions. Intriguingly, the capping structures observed, such as the adenine triple in the
hybrid-1 structure and the T:A:T triple in hybrid-2 structure, can provide not only stacking
interactions between the two adjacent telomeric G-quadruplexes but also specific binding sites
for small molecule ligands to target G-quadruplexes in the elongated human telomeres (Figure
7.

Review of multiple biophysical studies

A large number of biophysical and crosslinking studies have been reported on the K*-structure
of human telomeric G-quadruplexes [32-34,36-40]. Structure polymorphism of the human
telomeric G-quadruplexes, particularly for the 22-nt wtTel22 sequence, has been reported by
various methods. The different CD spectra have been observed for human telomeric sequences
in Na* and K* solution [32,37,39,40]. Multiple structures formed by wtTel22 in Na* and K*
solution have also been reported in a 12I-radioprobing study [36], a FRET study [33], a
platinum cross-linking study [34], a chemical ligation study [40], and a photon correlation
spectroscopic study [39]. The hybrid-type G-quadruplex structure can explain the results and
predictions made in previous biophysical studies where physiologically relevant conditions
were used with the wild-type human telomeric sequence. In a recent biophysical study [38]
sedimentation coefficients and 2-aminopurine (2-AP) fluorescence were used to probe the G-
quadruplex structure formed by wtTel22 in K* solution. The order of the accessibility of the
single substitution of 2-AP as probed by fluorescence quenching was consistent with the
hybrid-1 type structure. The sedimentation coefficient of wtTel22 in Na* solution was in good
agreement with the calculated value from the Na*-solution structure of wtTel22, while the
sedimentation coefficient of wtTel22 in K* solution was found to be different from the
calculated value of the parallel-stranded structure as observed in the crystalline state [47].
Actually, a calculation on the hybrid-1 structure [50] gave a sedimentation coefficient (S) value
of 2.09 with two K* ions bound, which is in good agreement (1.5% difference) with the
experimentally observed value of 2.11 (unpublished data from Prof. John Trent at the
University of Louisville). It was also shown in the same report that the addition of PEG200,
which may mimic the crystal condition, can shift the conformation of wtTel22 to a parallel-
stranded structure [38]. A more recent study has elaborated on this observation, that the
presence of a high concentration PEG200 as a crowding agent can completely shift the
conformation of wtTel21 (Figure 3A) to the parallel-stranded structure [68]. This result again
indicates a small energy barrier of different telomeric G-quadruplexes. Molecular crowding
agents are volume exclusion macromolecules intended to increase the true concentration of the
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test molecule to mimic the crowded biological fluids. It is of note that the concentration used
for NMR structure determination is in the 2-3 mM range, more than 40 fold higher than the
crowding condition used in CD and fluorescence studies with PEG200 [68]. In addition,
molecular crowding agents are not supposed to have specific interactions with the test
molecular structures [69,70], whereas PEG has been shown to induce enhanced hydrophobic
surface area and hydrophobic interactions with the test molecules [71-74]. However, it is
important to note that while the hybrid-type G-quadruplexes are the predominant structures
formed by the human telomeric DNA sequence under aqueous conditions, the small energy
barrier of different forms, including the parallel form, can make them readily shifted by
different protein and ligand bindings.

CD has become a useful technique for the characterization of G-quadruplex-forming
oligonucleotides. CD spectra are sensitive to DNA base stacking, e.g., guanine base stacking
in G-quadruplexes, which is related to the orientations of G-strands [48,51,75,76]. Guanines
having the same anti glycosidic conformation along a G-strand give rise to a positive peak at
260 nm and a small negative peak at 240 nm in CD, as observed in the parallel-stranded G-
quadruplex formed in the promoter region of c-Myc [60]. Guanines with alternating anti and
syn glycosidic conformations give rise to a positive peak at 295 nm and a negative peak at 265
nm in CD spectra [48,75], as observed in the antiparallel-stranded G-quadruplex motifs such
as the basket-type G-quadruplex formed by wtTel22 in Na* (Figure 2B and 8A) and the chair-
type G-quadruplex formed by a thrombin-binding aptamer [77]. Interestingly, the two hybrid-
type telomeric G-quadruplexes formed by wtTel26 and Tel26 in K* solution exhibit very
similar CD signature profiles (Figure 8A). The hybrid-type telomeric G-quadruplexes contain
both the alternating and non-alternating glycosidic conformations for adjacent guanines on a
G-strand, and thus exhibit a hybrid CD profile, namely, a positive peak around 290 nm and a
smaller peak around 265 nm, and a smaller negative peak at 240 nm. The positive peak around
290 nm is likely due to the alternating guanine glycosidic conformations along G-strands
between the top and middle G-tetrads in the hybrid-type telomeric G-quadruplexes, while the
positive peak around 265 nm and the negative peak around 240 nm are likely due to the non-
alternating guanine glycosidic conformations between the middle and bottom G-tetrads (Figure
2A).

Hybrid-type structures are the predominant conformations for wtTel26 and Tel26 in K*
solution, even in the co-presence of a high concentration of Na*

The wtTel22 sequence AGGG(TTAGGG)3, which forms a well-defined basket-type G-
quadruplex in Na* solution [46] (Figure 2B). In contrast, the extended sequences wtTel26
(TTAGGG)4TT and Tel26 AAAGGG(TTAGGG)3AA do not form a well-defined G-
quadruplex conformation in Na* solution, as indicated by broad envelopes in 1D H NMR,
although the CD spectra still indicate a basket-type conformation [48,49]. This is likely due to
the steric interference between the diagonal loop and the two extended flanking segments of
wtTel26 and Tel26 in the basket-type structure, as they are all positioned on the same end of
the basket-type G-quadruplex (Figure 2B).

In K* solution, the hybrid-type structures (Figure 2A) appear to be the more stable, and thus
the predominant, conformation for witTel26 and Tel26, even in the co-presence of a high
concentration of Na*. Addition of K* to Na* solution readily converts the preformed basket-
type Na* structure to the hybrid-type K* structure [48] (Figure 8B). In contrast, addition of
Na* to 50 mM K* solution, even to a concentration of 200 mM, does not change the hybrid-
type K* structure (Figure 8C). The same results are also observed for the truncated 22-nt
wtTel22 sequence, that the addition of K* can convert Na*-form to K*-form in the presence
of Na*, while the addition of Na* does not have any effect on the K*-form structure. Full
conversion of the Na*-form to the K*-form for the extended 26-nt sequences takes several
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hours to an overnight incubation depending on the K* concentration, whereas such conversion
for the truncated 22-nt wtTel22 sequence is faster than can be detected by either CD or NMR
[48].

Close examination of the hybrid-type and basket-type telomeric G-quadruplex structures
reveals a possible mechanism of the interconversion of the two forms through a strand-
reorientation mechanism [48] (Figure 9). The 5’-G-strand of the basket-type G-quadruplex may
dissociate from the structure and swing back to the other side of the second G-stand to form a
parallel-stranded structural motif with a double-chain-reversal loop. The first two G-tetrad
planes do not need to be completely melted for the new conformation as the other six guanines
still keep the same relative positions and glycosidic sugar conformations, while the bottom G-
tetrad is likely to be melted and dissociated to rearrange the guanine conformation. This
suggested partial melting is consistent with recent reports showing a multi-step melting
transition of telomeric G-quadruplexes [78,79].

3. Concluding remarks

Recent results show that the hybrid-type G-quadruplex structures appear to be the major
conformations formed in four-G-tract human telomeric sequences in K* solution, with a
dynamic equilibrium between hybrid-1 and hybrid-2 conformations that appears to be largely
determined by the 3'-flanking sequence. The two hybrid-type telomeric G-quadruplexes are
distinct and yet closely related. Different capping structures appear to determine the favored
formation of a specific hybrid-type telomeric G-quadruplex structure, and may provide specific
binding sites for drug interaction. Both hybrid-type G-quadruplex structures suggest a
straightforward means for multimer formation with effective packing in human telomeres and
provide important implications for drug targeting of telomeric G-quadruplexes. The structure
polymorphism and dynamic equilibrium of telomeric G-quadruplexes, which appear to be
intrinsic to the highly conserved telomeric sequence, may be important for the biology of
human telomeres. Nature may have chosen this specific sequence with its asymmetry and the
low energy barrier between different forms, which may provide a means to affect the protein
recognition and to control the biology of telomeres. It is important to note that while the hybrid-
type G-quadruplexes are the predominant forms under aqueous conditions, other
conformations may still be selectively recognized by different protein binding.
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A schematic drawing of an intramolecular G-quadruplex (right) that is composed of three G-
tetrads. A G-tetrad with H1-H1 and H1-H8 connectivity patterns detectable in NOESY

experiments is also shown (left).
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Figure 2.

(A) Schematic drawing of the folding topologies of the Hybrid-1 (major conformation in Tel26)
and Hybrid-2 (major conformation in wtTel26) intramolecular telomeric G-quadruplexes in
K* solution. Yellow box = (anti) guanine, red box = (syn) guanine; red ball = guanine, green
ball = adenine, blue ball = thymine. (B) Folding topology of the basket-type intramolecular G-
quadruplex formed by wtTel22 in Na* solution as determined by NMR. (C) Folding topology
of the propeller-type parallel-stranded intramolecular G-quadruplex formed by wtTel22 in the
presence of K* in crystalline state. The numbering system is based on wtTel26.
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witTel22 AGGGTTAGGGTTAGGGTTAGGG

Figure 3.

(A) Four-G-tract native human telomeric sequences with different flanking sequences. The
numbering system is shown above wtTel27. (B) Four-G-tract human telomeric DNA sequences
that have been used for structure determination. The numbering system is shown above
witTel26.
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Figure 4.

The imino proton region of the 1D 1H NMR of wtTel22 (A), wtTel26 with assignment (B),
and Tel26 with assignment (C) in K* solution. The imino proton region of the 1D 1H NMR of
the 1hr (D) and overnight (E) K* solution samples of Tel26 is also shown.
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Figure 5.

(A) Stereo view of the representative model of the NMR-refined structure of the hybrid-1 type
telomeric G-quadruplex formed by Tel26 in K* solution. (B) Stereo view of the representative
model of the NMR-refined structure of the hybrid-2 type telomeric G-quadruplex formed by
wtTel26 in K* solution. (C) The top view of the adenine triple (red) capping the top G-tetrad
(cyan). (D) The bottom view of the T:A:T triple capping the bottom G-tetrad (blue), with the
potential hydrogen-bonds shown in dashed lines. The loop adenines are in red, and the loop
thymines are in green. The top G-tetrad (as in Figure 2A) is in cyan, the middle G-tetrad is in
magenta, and the bottom G-tetrad is in blue.
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Comparison of G-quadruplex-forming sequences. Loops colored in red have been shown to
adopt parallel-stranded double-chain-reversal side loops (see text for more details).
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Figure 7.

A model of DNA secondary structure composed of compact-stacking multimers of hybrid-type
G-quadruplexes in human telomeres, with an equilibrium between hybrid-1 and hybrid-2 forms
in K* solution. The hybrid-1 and hybrid-2 telomeric G-quadruplexes have distinct molecular
structures, as shown by the representative NMR structures (guanine = yellow, adenine = red,

thymine = blue).
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Figure 8.

(A) CD spectra of wtTel26, Tel26, and wtTel22 in 100 mM Na* or K* solution at 25 °C. Similar
CD signatures are observed for wtTel26 and Tel26 in K* solution, while similarly distinct CD
signatures are observed for wtTel26, Tel26, and wtTel22 in Na* solution. (B) Titration
experiments of K* in the presence of 150 mM Na* for Tel26, and (C) titration experiments of
Na* in the presence of 100 mM K™ for Tel26, monitored by CD spectroscopy.
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Figure 9.

Schematic diagram of a possible mechanism of the interconversions between the basket type
(Na*) and the hybrid-type (K*) forms of telomeric G-quadruplexes. The hybrid-1 structure is
used for illustration. The hybrid-type G-quadruplex structure is the most stable and thus the
predominant form in the presence of K*, regardless of the presence or absence of Na*. The
interconversion rate is much slower for the extended four repeat telomeric sequence Tel26 (A)
than for the truncated four repeat telomeric sequence wtTel22 (B).
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