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ABSTRACT: Under physiological concentrations of Nand K", human telomeric DNA can self-associate

into G-quadruplexes. On the basis of circular dichroism, gel electrophoresis, gel filtration, and UV-melting
experiments, we report here that the double repeat of human telomere (d-TTAGGGTTAGGG; HUM2)
forms parallel as well as antiparallel quadruplexes in the presencg,afkereas Nafacilitates only the
antiparallel form. Here, the gel techniques and CD studies have proved to be complementary in detecting
the molecularity and pattern of strand orientation. By correlating the gel and CD experiments, the antiparallel
G-quadruplex was identified as a tetrameric species, whereas the parallel G-quadruplex was found to be
dimeric. Both structural species were separated through gel filtration, which when run on native
polyacrylamide gel electrphoresis (PAGE), confirmed their molecularity. UV-melting profiles also confirm
the presence of two biphasic and one monophasic structural species in the presericanaf Ka,
respectively. Though our observation is consistent with the recent NMR report (Phan, A. T., and Patel,
D. J. (2003)J. Am. Chem. Soc. 1255021-15027), it seems to differ in terms of the molecularity of the
antiparallel quadruplex. A model is proposed for an antiparallel tetrameric quadruplex, showing the
possibility of Watsor-Crick hydrogen bonds between intervening bases on antiparallel strands. This article
expands the known structural motifs of DNA quadruplexes. To the best of our knowledge, four-stranded
antiparallel quadruplexes have not been characterized to date. On the basis of the model, we hypothesize
a possible mechanism for telometielomere association involving their G-overhangs, during certain stages

of the cell cycle. The knowledge of peculiar geometries of the G-quadruplexes may also have implications
for its specific recognition by ligands.

Telomeres are specialized structures comprising DNA andthe function of telomerase by stabilizing G-quadruplex
protein, capping the ends of eukaryotic chromosomes. Thestructures 10—11). Davis (12) has elegantly reviewed the
possible functions of telomeres include maintaining the significance of G-quartet assemblies in areas ranging from
structural integrity of chromosomes, ensuring complete structural biology and medicinal chemistry to supramolecular
replication of their extreme ends, and helping to establish chemistry and nanotechnology.
the three-dimensional architecture of the nucleus and/or i is now well established that the G-rich sequences can
chromosome pairing 1{-3). The G-rich strand of the  gelfassociaten sitro to form different types of DNA
telomere has a single-stranded extension toward #8®@  quadruplexes, all containing guanine base tetrads or quartets
and can be written in a general form ag&T)» whenn > (G-tetrad); planar structures composed of four Hoogsteen
1 andm = 1—4. The resulting single-stranded overhang, or pase paired guanines in a cyclic array, thanks to the multiple
telomere tail, is capable of forming complex intrastranded pyqrogen bonding donor and acceptor sites of the nucleobase
associations4). In addition to telomere ends of eukaryotic guanine, which makes it “sticky”1@). Many laboratories
chromosomes, runs of G's may also be found in other paye reported that DNA oligonucleotides having repetitive
locations including the-mycpromoter ), the tripletrepeat  4¢ts of guanine bases can form G-quadruplex structures
region that can cause a variety of neurological disord®s ( that display an amazing polymorphism under cellular envi-
the recombination and mutation hot spas @nd the switch 1 5ymental conditions, such as pH, cations, and temperature.
region of immunoglobinsg). Monovalent cations, notably Kand Na, greatly stabilize

Telomerase, a ribonucleoprotein complex which ensures G-quadruplex structures presumably by coordinating with
replication of the telomeres, may be proposed as attractiveeight carbonyl oxygens sandwiched between two coplanar
targets for the discovery of new anticancer agef)s A& quartets. The structure of synthetic oligonucleotides corre-
number of small molecules have been discovered to inhibit Sponding to telomeric G-rich strands has been discussed
extensively in recent, excellent review$3(-16). Several
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can be all parallel, three parallel and one antiparallel, or with parallel as well as antiparallel conformations in the presence
two pairs of adjacent parallel strands and with alternating of K*, whereas in the presence of Nahe G-quadruplex
antiparallel strands (Figure 6al%, 18). Though the qua-  species are restricted to antiparallel forms. Though our
druplex structures seem to be overwhelmingly polymorphic, observation of coexisting parallel and antiparallel quadruplex
the G-tetrad is conserved as the basic structural motif. It hadspecies is consistent with the recent NMR rep@f)/ it
been assumed that the quadruplex with all strands parallelseems to differ in terms of the molecularity of the antiparallel
was particular to intermolecular quadruplexes and that all quadruplex species, addressed here as the tetramer. Though
quadruplexes involving one or two telomeric strands would the antiparallel G-quadruplexes composed of four strands can
adopt one of the above said three antiparallel arrangementse imagined, to the best of our knowledge, not one has been
(Figure 6aii, iii, and iv). Antiparallel tetramolecular quadru- characterized till date. A model is proposed for the antipar-
plexes have not been describel7,(18). Single tracts of allel tetramer G-quadruplex stabilized by Wats@rick
guanine associate to form mostly parallel four-stranded hydrogen bonding between intervening bases on the anti-
structures. Double repeats of guanine separated by two orparallel strands. A possible biological relevance of the
more of the other bases have a tendency to fold into dimeric proposed model is discussed.
structures. Unimolecular antiparallel quadruplexes can only
be formed by oligomers that contain at least four separate MATERIALS AND METHODS
stretches of two to four contiguous guaninég, (16, 19). The oligonucleotides, synthesized infol scale by Bio
The ends of all human chromosomes consist of a repeatedBasic Inc., Canada, were received in lyophilized powder
non-coding d-(TTAGGG) DNA sequence 40). Existing form. The oligomers were supplied in purified form via 16%
studies have focused primarily on telomeric sequences inpolyacrylamide gel electrphoresis (PAGH) ¥ M urea,
which the intervening bases have been T or T24)(Tiny supplemented with an electrophoretogram exhibiting a single
telomere DNA constructs have been studi@®)( which band and stated purity of 99%. They were storeet 20 °C
provide a model to study the dupleguadruplex junction and were used without further purification. The concentration
region at the end of chromosomal region. The single-, of the oligonucleotides was determined spectrophotometri-
double-, and four-repeat sequences of the human telomerecally by using the extinction coefficient) calculated by
have been extensively studied by X-ray, NMR, and other the nearest neighbor metho@9 and by measuring the
spectroscopic and biochemical metho@4, (23—26). Re- absorbance at 260 nm at elevated temperatures’@0
cently, fluorescence resonance energy transfer (FRET) hagollowing the method described earlies). The € values
also been applied to study DNA quadruplex formati@i, ( used for the DNA oligonucleotides d-TTAGGGTTAGGG
28). (HUM2) and d-TTTGGGTTTGGG (HUM2C) were 147000
The NMR structure of G-quadruplexes formed by single and 110600 M* C m™%, respectively, whereas for d-
and four repeats of the human telomere sequence wasCTTGAGCTCAAG (PAL) and for d-TTGGGGTTGGGG
reported several years ag@4( 25). The single copy (TETRA), the values were 115940 MC m* and 114600
TTAGGG formed a parallel four-stranded structure it K~ M~1 C m?, respectively. PAL and TETRA were used as
with all of the guanine in anti-conformation, whereas the molecular size markers in gel assays. Random 35-base and
four repeats (almost) of same sequence in a 22-mer d-60-base single-stranded oligomers d-GACTGACTTAAGCGC
[AGGG(TTAGGG)] adopted the intramolecular quadruplex ATAGCTAGCTCGACTGA (M35;e = 324600 M1 C m™?)
structure in N&. The same four-repeat sequence ih kas and d-GACTGACTTAAGCGCATAGCTAGCTC-
recently been studied by X-ray crystallograpB@)( Interest- GACTGAGACTGACTTAAGCGCACTAGCT (M60;e =
ingly, the oligonucleotide folded intramolecularly into a 581900 M C m™1) were also used as control size markers.
parallel propeller-type conformation with all four G-strands The stock solutions of the oligomers were prepared by
parallel (G-stretches oriented in same direction). The report directly dissolving the lyophilized powder in MilliQ water.
also described the structure of double repeat d-(TAGGGT- Reagent grade inorganic salts were purchased from Sigma
TAGGGT) as a dimeric quadruplex having the same propel- and were used without further purification. The buffer
ler and loop architecture. solution consisted of 20 mM sodium cacodylate (pH 7.4)
More recently, distinct topologies have been described for and 0.1 mM EDTA and were adjusted to desired ionic
the two-repeat human telomere d-(TAGGGTTAGGGT) strength with NaCl, KCI, or MgGl.
sequence in solution26). This NMR study demonstrated Non-Denaturating Gel Electrophoresior performing gel
that the said sequence can form parallel and antiparallelassays, oligonucleotide samples were prepared in 20 mM
G-quadruplex structures in"Kcontaining solutions; impor-  sodium cacodylate buffer (pH 7.4) at desired concentrations.
tantly, both the structures were found to be dimeric. Detection The final volume of the sample in the buffer was 2D.
of a second quadruplex species in solution through NMR in Importantly, prior to performing gel assays in non-denatur-
contrast to X-ray studie28) may be reflected in different  ating conditions, the purity of the commercially made
experimental conditions used for quadruplex annealing.  oligomers was checked by running them on 20% PAGE
As a part of our ongoing research interest in the structural using 7 M urea. They all migrated as single bands; however,
studies of multistranded DNA and its interactions with the G-rich oligomers, as expected, moved slower than the
ligands, we observed some interesting structural propertiessequence with identical size but random base composition.
of the double repeat sequence of the human telomere (d-For non-denaturating gel assays, the sampleg|20f total
TTAGGGTTAGGG), designated as HUM2 from here on. volume were heat treated at 9& for 5 min and slowly
Using gel electrophoresis, gel filtration, circular dichroism, cooled to room temperature over about 10 h. The oligo-
and UV-melting experiments, we showed here that the doublenucleotide (at 1Q«M strand concentrations) samples were
repeat sequence of the human telomere (HUM2) adoptsincubated at 4°C for 3 h before loading onto 10%
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polyacrylamide gel pre-equilibrated af@ for 2 h. The gel
contained 20 mM sodium cacodylate with 100 mM NacCl,
100 mM KCI, and 10 mM MgCJ, and 0.1 mM EDTA, and
the running buffer consisted of&LTBE with 100 mM NaCl,
100 mM KCI, or 10 mM MgC}. For simplicity, the salts
are designated as NaK™, or Mg?" cations at appropriate
places in the text. Tracking dye consisted of Orange-G or

bromophenol blue. The gels were run at a constant voltage|

of 40 V in a cold room (4°C). After electrophoresis, the
gels were stained with ethidium bromide or Stains-all
(Sigma) solution and finally visualized under UV-light/white
light and photographed by Alphalmager 2200 (Alpha Info-
tech Corporation). Performing gel studies at room temper-
ature 25 °C) did not change the mobility pattern of
oligomers compared to gels run in cold room. Also, identical
results were obtained with staining using ethidium bromide
or Stains-all.

UV-Thermal DenaturatioriThe UV—thermal denaturation
experiments were performed on a Varian make CARY-100
spectrophotometer equipped with a Peltier thermo program-
mer interfaced with a Pentium Ill computer for data
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Ficure 1: (a) 10% native PAGE mobility pattern of the oligo-
nucleotide sequences. Laness HUM2 d-(TTAGGGTTAGGG)

in increasing concentrations of Ng50, 100, 200, 300, and 400
mM). Lane 6: PAL d-(CTTGAGCTCAAG) used as the 12-mer
duplex marker. (b) 10% native PAGE mobility pattern of the
oligonucleotide sequences. Lane 1: PAL d-(CTTGAGCTCAAG)
used as the 12-mer duplex marker. Lanes62 HUM2 d-
(TTAGGGTTAGGG) in increasing concentrations of K50, 100,
200, 300, and 400 mM).

sample (200uM) was loaded onto the equilibrated size-

collection and analysis. The stoppered quartz cuvettes of 10exclusion column, and chromatography was performed

mm optical path length and 1 mL volume were used for the
experiments. The cell holder was thermostated with a
circulating liquid (80% water and 20% ethylene glycol). The
oligonucleotide samples were prepared by taking their

at room temperature, with the same flow rate, collecting
50—-60 uL fractions. The fractions were monitored for

DNA by absorbance at 260 nm. The same collected DNA
fractions were finally analyzed on 10% non-denaturating

appropriate range of strands concentrations and heating theoAGE.

samples up to 98C for 5 min followed by slow cooling.

The temperature dependence on the absorption value of theRESULTS AND DISCUSSION

DNA (melting curves) was monitored at two wavelengths:
265 and 295 nm. The temperature of the cell holder was
increased from 17 to 9%C at a rate of 0.8C/min. A Teflon-

coated temperature probe, immersed directly in a control

The present study reports on biophysical studies of a 12-
mer oligonucleotide (HUM2, d-TTAGGGTTAGGG) con-
sisting of two repeats of human telomere DNA. The

cuvette, measured the sample temperature. Melting profilesG-quartet structure was proposed as a general model for the

were found to be irreversible, that is, the heating and cooling
curves were not superimposable. This is in accord with the
data obtained for rather similar syster4,32). The thermal
melting temperatureTy) was determined from the peak of
the computer generated first derivative of the thermal
denaturation profile. The accuracy of the reporfgdvalues
is £1°C.

Circular Dichroism Spectroscopy.o obtain information
on the secondary structure of the HUM2 oligonucleotide,
circular dichroism (CD) spectroscopy was used. CD Spectra

structure of telomeric DNA sequence83( 34). G-rich
oligonucleotides can be very polymorphic with structures
adopted being dependent on several factors, including base
sequence, strand concentration, and the cation present. The
double repeat sequence of the human telomere was studied
for the quadruplex model because of its well characterized
and documented structurg3 26). In our attempt to analyze

the structure of the double repeat sequence (HUM2) ih Na
and K" solutions at physiological pH, a novel quadruplex
structure with distinct topology was identified, which extends

were recorded on a JASCO-715 spectropolarimeter interfacedthe degree of polymorphism shown by human telomeric

with an IBM PC compatible computer calibrated with
D-Camphor sulfonic acid. Five scans of the spectrum were
collected over a wavelength range of 22820 nm at a
scanning rate of 100 nm/min. The average of multiple scans

DNA.

Differential Electrophoretic Pattern in Na K, and
Mg*™t. The gel electrophoresis technique is sensitive to
structural conformations and has been extensively used to

was used for analysis. The scan of the buffer alone recordedmonitor the conversion from unfolded strands to intramo-
at room temperature was subtracted from the average scan&cularly folded quadruplexes, bimolecular hairpin structures

for each DNA strand. Samples were scanmed IL cmpath
length quartz cuvette of 1 mL volume capacity. Data were
collected in units of millidegrees versus wavelength and were
normalized to total DNA strand concentration.

Gel Filtration ChromatographyA 1.5 x 20-cm glass
column (Bio-Rad) was filled up to 16 cm with Bio-Gel P-10
(medium) gel filtration matrix (Bio-Rad) and equilibrated
in a cold room (4°C) with several column volumes of gel
filtration buffer (20 mM sodium cacodylate buffer (pH 7.4),
100 mM KCI, and 0.1 mM EDTA) at a flow rate of 1012
mL/h using a peristaltic pump. The concentrated DNA

(dimers), or four-stranded complexes (tetramers), and to
differentiate these structures from each othgd).(A 10%
polyacrylamide native gel electrophoretic pattern of HUM2
incubated in 20 mM sodium cacodylate buffer (pH 7.4)
containing increasing concentrations of NaCl ranging from
50 to 400 mM is shown in Figure la. The 12-mer PAL
(palindromic) sequence used as a 12-base pair control (lane
6) showed a single band. HUM2 at varied concentrations of
NaCl (lanes 1-5) also showed a single band, reflecting the
presence of single structural species. The observed increase
in band intensity with ascending concentration of Meflects
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that the association is favored by an increase in monocation
concentration. The exact status of HUM2 in terms of
molecularity, when compared with that of the control
oligomer band, was assumed to be tetrameric on the basig
of its extent of retardation. Nevertheless, the possibility of
the same as a dimeric form cannot be ruled out at this stage
In light of well-established previous reports, this observation .- o : ||

seems to be intriguing. The 1.5 repeat of human telomere - ' _ i :
d-(GGGTTAGGG), in the presence of 70 mM Nawas h (a) - (b)) )
shown to form an antiparallel hairpin dimer quadruplex as ggure 2: (a) 10% native PAGE mobility pattern of the oligo-
inferred from non-denaturating gel and CD studies, and the nucleotide sequences. Lane 1: PAL (d-CTTGAGCTCAAG)
possibility of the two hairpin dimers stacked end to end via used as the 12-mer duplex marker. Lanes 2 and 3: TETRA (d-

G-tetrad planes was also realize?ll Formation of the =~ TTGGGGTTGGGG) in 300 and 100 mM Narespectively. Lanes
su erstrugture (dimer of a dimer) )((:ould be ruled out in 4and 5: HUMZ (d-TTAGGGTTAGGG) in 300 and 100 mM Na

P X . respectively. (b) 10% native PAGE mobility pattern of the
HUM2, as only one end of the oligomer has free guanine. gjigonucleotide sequences. Lane 1: PAL (d-CTTGAGCTCAAG)
We reasoned that the formation of the dimer of a dimer used as the 12-mer duplex marker. Lane 2: TETRA (d-

(superstructure) is only possible with the reported truncated TTGGGGTTGGGG) in 100 mM K. Lanes 3 and 4: HUM2 (d-

human telomere repeat leaving both tiednd 3-ends of ~ TTAGGGTTAGGG) in 300 and 100 mM K respectively. (c) 10%
native PAGE mobility pattern of the oligonucleotide sequences in

the oligomers with free guamneﬁ](). So far, our opinion 10 mM Mg, Lane 1: PAL d-(CTTGAGCTCAAG) used as the
about the molecu|al’ aI’ChIteCture fOI’med by HUM2 |nVO|VeS 12-mer dup|ex marker- 60-mer Sing|e strand marker’ M-60.

a structure comprising four strands. Because the two andLane 2: HUM-2C (d-TTTGGGTTTGGG). Lane 3: HUM2 (d-
four repeats of human telomeric sequences, in the presencd TAGGGTTAGGG). Lane 4: TETRA (d-TTGGGGTTGGGG).
of sodium, are reported to form antiparallel quadruplexes

(21, 25, 35, 36), there seems to be a fair possibility that the TETRA dimeric control (lanes 2 and 3) and PAL (lane 1).
HUM?2 tetramer is an antiparallel quadruplex structure with It is clear that for both of the oligomers, the band intensity
possible arrangements of alternating antiparallel or adjacentincreases with the increase of Neoncentration, that is, the
parallel strands1(s, 18). bands in 300 mM Na(lanes 2 and 4) are more intense than

Similarly, to characterize the structure formed by HUM2 the bands at 100 mM Na(lanes 3 and 5). Similarly, in
in the presence of K the samples prepared in varied Figure 2b, where the HUM2 |r_1Kshowed two dlstlnct.bands
concentrations of K (50 mM to 400 mM) were run on a  (lanes 3 and 4) as found in Figure 1b, the fast-moving lower
10% non-denaturating polyacrylamide gel. The results are band of HUM2 was found to be migrating in a manner
shown in Figure 1b. The oligomer HUM2 exhibited two €quivalent to that of the dimer control (Figure 2b, lane 2)
distinct bands at all concentrations of Klanes 2-6). The ~ and PAL (Figure 2b, lane 1). This observation indicated the
two bands clearly appeared in the gel and indicate the molecularlty o_f the two struct.ural species formed by HUM2
presence of two structural species facilitated by. Khis in K*. Accordingly, the species corresponding to the upper
observation is in agreement with two recent reports, where band is a tetramer (four-stranded), whereas the lower band
the double repeat of the human telomeric sequence has beefePresents the dimeric structure involving two strands. At
shown to coexist as parallel and antiparallel G-quadruplex this point, it is also important to mention that the dimeric
structures in solutions containing"K26, 37). The electro- species present in the lower band of the gel (F|g_ures 1b and
phoretic mobility of the fast-moving lower band is compa- 2b) could be two types of quadruplexes (antiparallel or
rable to the mobility of the 12-mer duplex of the palindromic Parallel) or may be a population of both conformations. This
control sequence (Figure 1b, lane 1). This indicates the _rmght be the reason for the more intensity of the lower bands

possibility of the fast-moving structural species of HUM2 in comparison to that of the upper one. Moreover, the
being present in dimeric form. It is important to mention Ccomparative low intensities of the higher band could be due
here that though HUM2 and PAL are identical in sequence 0 the low population of tetramer species at the oligomer
length (12 nucleotides), their dimers migrate with differential concentration used in the gel.

electrophoretic mobility, i.e., HUM2, being a G-rich se- We also performed gel studies to obtain information on
guence, moves slower than PAL. The presence of HUM2 the structure through the molecularity status of the double
existing as a dimer is in agreement with X-ray and NMR repeat of the human telomere (HUM2) sequence in the
reports @3, 26). The electrophoretic mobility of the slow presence of Mg. The analysis of HUM2 in native PAGE
moving upper band now can be assumed equivalent to thatcontaining 10 mM MgGl depicted in Figure 2c confirmed
of a tetramer. The mobility of the single band of HUM2 that it exists as a dimer, migrating equivalent to that of the
(Figure 1la, lanes-15) is equivalent to the upper band in 12-bp duplex (PAL) size marker. Also shown are the dimers
K* (Figure 1b, lanes 26), confirms the identical molecu-  of well documentedretrahymenalouble repeat and of the
larity of the structural species present, and can very well be mutated HUM2 used as controls. Thus, it is clear that in
assumed a tetramer. Mg?*, the quadruplex is dimeric in nature.

Going a step further in this direction, we used a two-repeat  Thus, the altered gel mobility of the structural species of
TetrahymenaTETRA) telomeric sequence of the length HUM2 during electrophoresis here, in non-denaturating 10%
identical to that of the HUM2 sequence as a dimer control polyacrylamide gel in the presence of Nand K' ions,
(34). In Figure 2a, the electrophoretic mobilities of HUM2  brought evidence for the existence of dimeric and tetrameric
bands in N& (lanes 4 and 5) could be inferred as tetrameric quadruplex species of different geometries. Generation of a
species, when compared with the fast moving bands of thetetramer quadruplex structure in monovalent cation by the




Antiparallel Tetrameric G-Quadruplex

Biochemistry, Vol. 46, No. 24, 2007123

6.0 [ (T,AG,),/ Na* Increasing Strand conc. (T,AG),/K' Increasing Strand Conc.
—~ d oy -
5 45fF \
g | \
e 3.0F ~ | i
Q - - \
> . ‘ 3
i 15p - |
Qg ) S o -'.- ---------- A‘“‘«m
2 oof = 77
= 15} el \/ 4uM
= I ——16uM
30} - — 28M
b
2.0 - (a) L A 'l (I ) L L 'l
(T,AG,), /K Increasing Salt conc. | (T,AG,),/ Mg"™
< 15} .
]
g l
i g T . ]
\
3 /' \
% 05} i . \\ 4
- ’
x 7 \
= 4 N
0.0 \\.-//[ " \/ N—"
-0.5 (uc) 1 1 1 (ld) 1 1 1
225 250 275 300 225 250 275 300
Wavelength (nm) ‘Wavelength (nm)

Ficure 3: Circular dichroism spectra of HUM2 in 20 mM sodium cacodylate buffer (pH 7.4) and 0.1 mM EDTA (a) at strand concentrations
of 4 uM (---), 8 uM (eee), 12 xM (HEH), and 16uM (—) in 100 mM NacCl; (b) at strand concentrations of:M! (Aa4a), 16 uM (HEN),
and 28uM (eee) in 100 mM KCI; (c) at salt concentrations of 100 mivk«), 500 mM (----), and 1000 mM-{) KCI; and (d). at 10 mM

double repeat of the human telomere sequence has emergeprofile, and therefore, it has proved to be a very sensitive
as an interesting finding. Moreover, an independent gel-shift technique for probing the structure of telomeric moda2lk (
study on the same sequence ifi Kas well illustrated the 41, 42). Though recent report€8, 44) have suggested the
induction of dimeric and tetrameric quadruplex species by need for caution in the interpretation of CD spectra relating
the ligand PIPER 38). However, the tetramer was not quadruplex properties, in most cases, they have proved to
characterized in structural terms, that is, parallel and anti- be a useful guide46).
parallel quadruplex. In a more recent study on telomere We asked, what types of structures of HUM2 are involved
oligonucleotidest?d radioprobing data has demonstrated that in tetramer and dimer formation? Knowledge of the type of
antiparallel conformation was present in"Kand Na DNA quadruplex involved (parallel or antiparallel), combined
solutions. The preferable conformation of d-(AGGG(T- with gel results, would in turn provide information on the
TAGGGY); in the Na containing solution was a basket-type number of strands involved in G-tetrad formation.
antiparallel quadruplex, whereas the presenceofaéored Because an alkali metal ion can determine the type of
the chair-type antiparallel quadruple3dj. Interestingly, an G-quadruplex formed, HUM2 samples in the range 6.6
almost identical repeat with guanines substituted with «M were incubated in 100 mM NaCl, 20 mM sodium
inosines shows parallel arrangements of strandsirakd cacodylate buffer (pH 7.4), and 0.1 mM EDTA. CD spectra
mixed parallel and antiparallel conformations in"N@OQ). of HUM2 at strand concentrations of 4, 8, 12, anduM in
A study conducted more than a decade ago on thedxa Na" at 20 °C are displayed in Figure 3a. The sequence
K* complexes of d-(TTTTGGGG) and d-(TTTTGGGGT), exhibited a strong positive band at 295 nm and a negative
also elegantly attempted the question of the possibility of band at 263 nm, identical to the CD spectra attributed to
an antiparallel tetramer in NaBecause d-(TTTTGGGG) antiparallel G-quadruplex assembligl6,(21). Increase in
generated higher order products iff Kut not in N&, the the CD amplitude at 295 nm with ascending concentration
author suspected that the tetrameric structure of strands couldbf HUM2 oligonucleotide signifies the increased population
be antiparallel in N& but parallel in K. Furthermore, the  of antiparallel species.
use of UV cross-linking established the parallel-stranded  Similarly, the CD spectra of HUM2 in 100 mM KClI, at
guadruplex structure4). Our conclusion on the formation  the increasing oligomer concentrations of 4, 16, ang/28
of an antiparallel tetramer structure by HUM2 sequence is were recorded and are displayed in Figure 3b. Out of the
based on a clear correlation between non-denaturating PAGEfhree concentrations used, to our surprise, aldconcen-
CD, UV-melting experiments, and Gel-exclusion chroma- tration of HUM2 a single positive peak at 265 nm corre-
tography and is discussed in following sections. sponding to the presence of parallel quadruplex species was
Correlation with CD Spectral CharacteristicEhe circular observed, whereas at the intermediate concentrationN)6
dichroism spectroscopic method has been particularly provedconsistent to our earlier observation, two positive bands
to be informative in elucidating the conformation of nucleic observed at 265 and 295 nm highlighted the presence of
acid secondary structures. Extensive CD studies have re-parallel and antiparallel species. Finally, at 28! strand
vealed that G-quartet structures have a characteristic CDconcentration of HUMZ2, the 265 nm peak disappeared, and
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only the 295 nM positive peak survived, indicating the itis now possible to correlate a particular CD characteristic
presence of only antiparallel quadruplexes. Thus, as expectedwith a particular type of DNA quadruplex. Accordingly, we
HUM2 showed oligomer concentration dependence, display- conclude that Nainduces a tetrameric antiparallel quadru-
ing an increasing intensity of the 295 peak accompanied by plex in HUM2, whereas K stabilizes the dimeric parallel
a decreasing intensity for the 265 nm peak with every rise and tetrameric antiparallel structures. Consistent with our
in oligomer concentration. On the basis of the correlation of observation, a recent study of various vertebrate telomeric
CD results with gel studies, the two quadruplex species repeats using CD and NMR has concluded that in the case
appearing in the 100 mM Kat moderate strand concentra- of TTAGGGTTAGGG, a high concentration (140 mM) of
tions (10-16 uM) were interpreted in terms of different  sodium favors antiparallel quadruplex structuré@) (How-
molecularities, that is, two- and four-stranded structures. Theever, the main conclusion of this report that propeller
observed concentration dependence in the CD experimentparallel) quadruplex structures are favored in the presence
complying well with the simple mass action considerations, of high concentrations of potassium seems to differ with our
conclusively favored the four-stranded form. results in potassium. The reason for this discrepancy is our
The CD spectra of HUM2 under identical buffer conditions experimental conditions, which differ in terms of the salt
but as a function of salt concentrations (100, 500, and 1000 concentrations used. The concentrations diied by Rujan
mM K*) are displayed in Figure 3c. The CD spectrain K et al. were 0, 1, 10, or 100 mM KCI, whereas our
showed a negative band at 240 nm followed by two pOSitive experiments used a range of 50000 mM KCI. Interest-
bands at 265 and 295 nm. Because a positive band centereghgly, the nature of the CD spectra of TTAGGGTTAGGG
at 260-265 nm and a negative band at 240 nm are at 100 mM KCl reported by Rujan et al. (Figure 3, middle
characteristic of parallel quadruplex structudd,(42), the  panel in ref46) is in agreement with the one recorded by us
presence of two positive bands at characteristic wavelengths nder identical conditions (Figure 3c). The spectrum displays
indicates a mixture of parallel and antiparallel quadruplex g major positive peak at 26@65 nm, followed by a minor
species. With an increase in'iconcentration, the ellipticity  positive peak at 295 nm, indicating the simultaneous presence
of the 295 nm positive peak increases, whereas-263  of parallel and antiparallel quadruplex structures. Because
nm peaks remains more or less same. This signifies thato,r el as well as CD experiments showed an increase in

increase_in K (_:oncentration facilitates the_ fprmation of the antiparallel G-quadruplex species at a higher concentration
tetrameric antiparallel quadruplex. Surprisingly, even 1 M anq6 it is likely that the conclusion of Rujan et al. is valid
KCI could not shift the equilibrium completely toward ON€  {or a narrow range of potassium (i.e:100 mM KCI), where
]:)Ofrlr\lna?]:/vgga}g(r:l;gfsxe'dil;cr)trzelrgq(?:EI’\/IV\tIcr)]elnl\;h?hgocngesn;:eact;?; the major species are the parallel (propeller) quadruplex.

’ Differential Thermal Stability of the Quadruplexes of

exhibited the signatures of only antiparallel quadruplex i . .
forms; with every increment of salt concentration, the 295 HUM2. Representative thermal melting profiles of HUM2

nm positive peak showed an increase in molar ellipticity (data (10#M strand concentration) in 20 mM sodium cacodylate
not shown). Our observation shows that Kavors the  Puffer (pH 7.4) containing either 100 mM NaCl or KCI are
formation of both types of quadruplexes, whereas,Navors ~ Shown in Figure 4. The melting curve of HUMZ2 in the
only the antiparallel species. presence of 100 mM NaCl was found to be monophasic,

Furthermore, we also studied the status of HUM2 in the indicating the melting of one type of the self-associated form
presence of magnesium. To our surprise, the CD spectrum©f the oligonucleotide. In view of the conclusion drawn from
recorded at 10 mM MgGldisplayed a positive peak at 265 Fhe gel-shift study and CD experiments clearly interpreted
nm and negative peak at 240 nm, which was diagnostic of in terms of the_ tetrameric antiparallel ql_JadrupIex_form, the
parallel quadruplex forms (Figure 3d). No signatures of the observed melting behavior of HUM2 (Figure 4a) inNa
antiparallel form of the quadruplex were detected. Thus, it @ Monophasic manner was expected. The calculated melting
is clear that in M@', the dimeric quadruplex (concluded from temperature of 55C, could be theTy of the proposed
PAGE, Figure 2c) is found to be a parallel-stranded qua- tetrameric form of antiparallel G-quadruplex. On the contrary,
druplex and should possibly adopt a propeller-type quadru- in the presence of 100 mM KClI, an apparently broad and
plex structure, as reported by X-ray studig8)( Mg?* has biphasic melting profile was obtained (Figure 4b), indicating
been shown to induce structural transition from antiparallel the existence of two species, and each showed distinct
to parallel G-quartet by destabilizing the form@&s). The quadruplex melting transitions. A lower temperature transi-
quantitative effect of the divalent cation on G-quartet tion with a Ty value of 58°C is followed by a higher
structures, however, is not clear. temperature transition with &, value of 80°C. Keeping in

It is an accepted fact thal M Na" or K* mimics the mind that K" induced inter/intramolecular G-quartets are
generic activity of 10 mM M§" as a backbone counterion. more stable than their Nacounterparts 14), it can be
However, even after increasing the concentrations of the correlated that the lower temperature transition witfiya
monovalent cations up to 1 M, the Nand K" ions did not value of 58°C corresponds to the melting of the antiparallel
behave equivalently, and neither ion could accurately predict quadruplex species, whereas the higher temperature transition
the structure in Mg'. of the biphasic curve presumably is the melting of the stable

It is worth mentioning here that the antiparallel quadru- dimeric parallel quadruplex species. This sequential melting
plexes studied so far were reported either to be monomo-can be explained in terms of the entropy penalty of complex
lecular or bimolecular, whereas the parallel quadruplex were formation and is consistent with the conventional insight that
found to be tetramoleculad, 18). It is only recently that  the tetramer should form at lower temperature because of
parallel quadruplexes were also seen as dimeric structurests higher unfavorable entropic contribution. This perception
(23, 26). Comparing our gel-shift analysis with CD results, has already been accepted and well documert@d (
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T T T T —1.06 linear 4-stranded quadruplexes are formed in the presence
100} HUM/Na" of K* (50). Such apparent discrepancies or sequence-
m dependent differences have also been reported for other
J1.04 metals (3, 51). On the basis of gel, NMR, and CD results,

it was found that a change in counterions from*Na

K* specifically induced conformational transitions in d-
(TTGGGG), resulting in a change from the intramolecular

to apparent multistranded structures accompanied by an
enhancement of melting temperature bg5 °C (42).

In a separate studyQ), the effect of K on the structure
and stability of human telomeric oligonucleotides has shown
that the stability of G-quartet structure depends on the num-
ber of repeats and cations. The oligonucleotide d-(TTAGGG)
which forms an antiparallel intramolecular G-quartet structure
melts at 49°C in 70 mM NacCl, whereas its Kinduced
structure melts at 63C. Similarly, under identical conditions,
the 1.5 copy sequence d-(GGGTTAGGG) melts at 31 and
42 °C in 70 mM NaCl and KCI, respectively. CD results

‘ confirmed the presence of parallel and antiparallel quadruplex

06l 2%5nm / ﬁ%%m species in K; however it was not specified as to which

N . . . (b) 19 structural type of the quadruplex corresponded to the reported
20 40 60 80 100 Tw value. The highelfTy value for the HUM2 sequence

Temperature, °C obtained in the presence offKelative to the value in Na
FicurRe 4: Thermal denaturation profiles of HUM2 (d-TTAGGGT- is in agreement with these reports. The structural species
TAGGG) in 20 mM sodium cacodylate buffer (pH 7.4) and 0.1 c¢orresponding to the higher temperature transitity 80
m'(\)/'ni'fo'?eT(f‘a‘ioznég'rr‘:%?(cl)ogn?'\z"gg?% [g%l:%”d 100 mM KCI (b) o) could be the parallel quadruplex dimer form, meticu-
' lously identified by X-ray and NMR method23, 26).

Quadruplex melting monitored at 265 nmy6A shows a Separation of Structures Adopted by HUM2, Using Gel
sigmoidal (hyperchromic) curve, whereas monitoring the Filtration. Gel filtration or gel-permeation chromatography
absorbance change with temperature at 295 nmys(A  (GPC) is based on simple logics of size-exclusion chroma-
displays a characteristic inverse sigmoidal (hypochromic) tography (SEC), where biomolecules are separated on the
curve @1). HUM2 at 265 nm shows a monophasic sigmoidal basis of their molecular weights. Molecules that are smaller
curve while at 295 nm in Nlacontaining solution exhibited  than the pore size of the gel can enter the particles and
an inverse monophasic sigmoidal curve (Figure 4a). Analysis therefore have a longer path and longer transit time than
of the 265 and 295 nm profiles led to identical melting larger molecules that cannot enter the particles; hence, larger
temperatures, théy value being 55C. An inverse sigmoidal ~ molecules come out first.
curve obtained in UV-melting experiments at 295 nm again  For the separation of two different oligomeric structural
supports the presence of the G-quartet-containing structurespecies (tetramer and dimer) formed by HUM2 sequence,
adopted by HUMZ2. Interestingly, similar results were gel filtration was performed. A concentrated sample of
obtained when the thermal denaturation on HUM2 was HUM2 (200 uM) containing 100 mM KCI was allowed to
performed in the presence of'K Likewise, monitoring pass through an equilibrated size-exclusion column of Bio-
absorbance at 295 nm produced a biphasic inverse meltingGel P-10 matrix, and chromatography was performed at a
profile, confirming the existence of two quadruplex species. low flow rate for sometime, collecting fractions of 560
Recently, d-(GGGT) has been shown to form an interlocked uL each. The absorbance of fractions was measured at 260
guadruplex dimer, whereas UV-melting studies indicated the nm and was finally plotted against the elution volume (in
existence of two structures quite distinguished by Bw-  uL) of the oligomer (Figure 5a). As expected, the elution
and highTy species. CD and NMR studies concluded that profile showed two prominent peaks. The major, first peak
they were parallel quadruplexes of distinct moleculadi§) (eluted first) showing higher absorbance value corresponds

Numerous studies on telomeric sequences have describedo the tetrameric form of the quadruplex, whereas the second
the differential stabilities of G-quadruplex structures in terms peak (eluted later) with comparatively less absorbance was
of the effect of counterions: the quartet structures are interpreted as the dimeric (quadruplex) form of the HUM2.
sensitive to monovalent cation$3, 14). Both Na" and K" The molecularity of the structural forms was further con-
are known to effectively stabilize many quadruplex structures firmed when the two eluted fractions were run on a non-
where K" is more potent than Na It has been proposed denaturating gel. Their gel-mobility pattern when compared
that a sodium-potassium conformational switch regulates with that of the control size markers confirmed the molecu-
the structure opted by the tetraplex forming oligonucleotides larity of the structures. The slow-moving band of the first
(49). There is also some variability in the literature regarding eluted fraction (Figure 5b, lane 1) compared with the mobility
the effect of K" and Na on the nature of the quadruplexes of a 60-base oligonucleotide marker (Figure 5b, lane 2) was
they stabilize. An opposite behavior to the earlier repd®) (  suggested to be the tetrameric quadruplex (48 base), whereas
has been illustrated for the sequence d-(GGGTTTTGGG) the fast-moving band of the second eluted fraction (Figure
and d-(GGGGTTTTGGGG), where Nanly stabilizes the  5b, Lane 6) migrating equivalent to a duplex marker PAL
hairpin dimer quadruplex, whereas both hairpin dimer and (24 base) (Figure 5b, lane 4) and the dimeric control HUM2C
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Ficure 5: (a) Gel-filtration chromatograph of HUM2 (d-TTAGGGTTAGGG) on a Biogel P-10 column with elution buffer being 20 mM

Na cacodylate containing 100 mM*Kand 0.1 mM EDTA. The fractions corresponding to the peaks designated as 1 and 6 were run in
lanes 1 and 6 of the gel in Figure 5b. (b) Ten percent native PAGE mobility pattern of the oligonucleotide sequences. Lane 1: first elution,
HUM2 (d-TTAGGGTTAGGG) 100 mM K (TETRAMER). Lane 2: 60-mer single strand marker, M-60. Lane 3: 35-mer single strand,
marker M-35. Lane 4: PAL (d-CTTGAGCTCAAG) used as the 12-mer duplex marker. Lane 5: HUM-2C (d-TTTGGGTTTGGG) in the
presence of 100 mM K Lane 6: second elution, HUM2 (d-TTAGGGTTAGGG) 100 mM KDIMER).

(Figure 5b, Lane 5) was unambiguously attributed to the sequence. Although we do not present direct evidence that
dimeric quadruplex (24 base). Thus, gel filtration gave us demonstrates a specific strand polarity for the four-stranded
an analytical evaluation of the presence of dimeric and complex, the possibility of the tetraplex containing strands
tetrameric forms of HUM2 oligonucleotide in the presence with opposite polarity has not been denied in literature. Such
of K*. possibilities are depicted in Figure 6a (ii, iii, and iv).
Possible Structural Model for Tetrameric Antiparallel ~ Furthermore, to validate the proposed model, we have also
Quadruplex.In order to rationalize the results presented in mutated HUM2 by substituting the central -A- with -T-, thus
this article, we propose a structural model for the antiparallel leaving hardly any possibility for WatserCrick hydrogen
quadruplex comprising four strands formed by the double bonding as suggested (Figure 6b). Comparing the mutated
repeat of human telomere d-(TTAGGGTTAGGG). The sequence d-TTTGGGTTTGGG (HUM2C) with the original
proposed model predicts the type of molecular architecture d-TTAGGGTTAGGG (HUM2), a substantial difference was
that should occur in a manner consistent with structural and observed in their gel mobilities in the presence of(Rigure
kinetic considerations of G-quadruplexd$,(14). Accord-  5b). Accordingly, HUM2C (Figure 5b, lane 5) moves with
ingly, a quadruplex structure made up of four strands of PAL (lane 4), confirming its dimeric status, which in turn is
d-(TTAGGGTTAGGG) (HUM?2) with antiparallel orienta-  equivalent to the dimer of HUM2 (Figure 5b, lane 6, second
tion acquiring an anti-antisyn-syn conformation of the eluted fraction of gel filtration), whereas the HUM2 tetramer
guanine base is proposed. Such an arrangement was coniFigure 5b, lane 1, eluted first fraction of gel filtration)
firmed for Oxytrichasequence d-(GGGGTTTTGGGG) by migrated above the marker M-35 (Figure 5b, lane 3),
NMR (52) showing the adjacent strands alternatively parallel reflecting a mobility equivalent to that of the tetrameric
and antiparallel with a pattern of syn-syanti-anti glycosidic =~ species. It can be assumed that in the absence of the
angles for each quartet. The interesting part of the proposedpossibility of A=T base-pairing between HUM2C strands,
model structure is that the intervening -TTA- bases that occur it adopts a folded dimeric structure such as that of the
between G-tetrad-forming guanines might form two Wat- Tetrahymenalouble repeat (d-TTGGGGTTGGGG, Figure
son-Crick base pairs linking two strands of opposite polarity 2a and b). Thus, this control experiment is in accord with
(Figure 6a iii and 6b). These two Watse@rick AT base our interpretation of an antiparallel four-stranded model and
pairs can only be visualized if HUM2 adopts a structure with €stablishes up to some extent that twe R base pairs are
adjacent strands being alternatively parallel and antiparallel. possibly involved in the tetrameric structure adopted by
For facilitation of hydrogen bonding between the comple- HUMZ2.
mentary bases in the intervening region of G-tracts, one of The model also explains that though the tetramer has six
the strands should be displaced by three bases toward thé&-quartets in comparison to those in the dimer (with only
5'- side. Thus in total, two of the four strands with identical three G-quartets), it is less thermally stable than the latter.
polarity will be slipped by three bases, leaving the antiparallel This difference can be attributed to the fact that the proposed
quadruplex with protruding'gsends of two parallel strands. tetrameric antiparallel quadruplex (four-stranded) has more
The central thymine of the TTA- loop segment on each of  open and fraying ends than the dimer, which might lead to
the four strands of the tetramer might possibly bulge out of the early melting (destabilization) of the tetrameric structure.
the helix axis, in turn to facilitate better stacking between Another reason might be that though there are six G-quartets
AT/TA base pairs. Moreover, the possibility of a T-tetrad and four base pairs, the structure is not a continuous one.
in a parallel-stranded DNA quadruplex has already been The upper set of three G-quartets in the proposed antiparallel
reported by NMR $%3), but we are not sure at this stage tetraplex is separated from the lower set by three bases
whether any such arrangement for the central thymines canupsetting the stacking interactions between the six G-quartets.
take place in the proposed antiparallel tetramer of the HUM2 Similarly, each set of the two AT base-pairs is also
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end on both sides of the quadruplex in interactions through
Watson-Crick A—T base pairing cannot be ruled out. Such
assemblies or higher molecular weight species were not

observed in the native or denaturating gels.

At this point, it is important to disscuss some other

(i (ii) (iii) (iv) possibilities of tetrameric structure. The HUM2 sequence
Fig. 6(a) may form a dimer of dimers. Such a structure would have
the terminal TTA sequences simply oriented away from the
stack, as has been observed in some X-ray struct@®s (
Accordingly, two antiparallel hairpin dimers may dimerize
head to head with three G-tetrads stacking on top of each
other, resulting in a dimer of dimers with a continuous stack
of six G-tetrads. Also, there might exist another possibility
of two hairpin dimeric (antiparallel) G-quadruplexes zipping
one another through thé-5TA overhangs with the forma-
tion of T-A—T—A tetrads.

Although we cannot absolutely exclude the possibility of
the two hairpin dimeric (antiparallel) G-quadruplex, we have
discussed our view points of analysis and maintain that the
antiparallel quadruplex population identified in PAGE ex-
periments is tetrameric in nature.

As apparent from the CD spectra, in the presence of
sodium, only the antiparallel quadruplexes are formed, and
the molecularity of the same was suggested to be tetrameric
through gel assays. The possibility of a tetramer existing as
a dimer of dimers can be ruled out on the basis of the
following analysis. First, had it been a dimer of dimers, then
owing to an established equilibrium between its unit dimer
and dimer of dimer species there should be at least some
dimer visible as one more band in gels containing sodium,
Fig. 6(b). Tetramer Fig. 6(c).Dimer which would move in a manner equivalent to that of PAL
(Proposed Model) (Ref: 23, 26) (the 12-bp duplex). No additional band was observed in
sodium-containing native gels. Second, the UV thermal
denaturation profiles were always found to be monophasic

5! 5

™ - in the presence of sodium. A dimer of dimers would melt in
1 Y : e s :
e -"‘3‘ P 4 2 two stages, with a lower transition reflecting in the separation
% of two dimers followed by a higher temperature transition
' corresponding to disordering of the unit dimer. No such
: biphasic melting curve was obtained in sodium. However,
S 1;,; \4_.;" we observed biphasic curves in the presence of potassium,
interpreted correctly as the lower temperature melting of the

Fic. 6(d). Possible Biological 1 duri 1l cvel antiparallel tetramer and higher temperature disordering of
ig. 6(d). Possible Biological model during cell cycle the parallel dimer (propeller type) quadruplex species.
FIGURE 6: Proposed models for the antiparallel (tetramer) quadru- At this point, it is important to highlight the recently
plex. emerged structures of two-repeat human telomere segment
d-(TAGGGTTAGGGT) solved independently in crystaBj
separated from the other by an internal bulge of four Ts, and in solution 26) containing K as the counterion. The
thus affecting the overall stability of the tetramer. On the X-ray study defined a novel dimeric G-quadruplex, with all
contrary, the parallel quadruplex formed by the dimeric of the strands parallel with guanine in anti conformation and
association of two HUM2 strands may be stabilized by three three linking trinucleotide loops positioned on the exterior
well stacked G-quartets and by the Wats@rick, A—T base of the quadruplex core in a propeller-like arrangement.
pairing within the -TTA- loop of each strand, making it a Alternatively, the NMR structure of the identical sequence
compact and more stable structure than the antiparalleldetected the coexisting dimeric parallel (propeller-like) and
tetramer; such a possibility has been suggestéjl Thus, antiparallel quadruplex species with different thermodynamic
the inclusion of A and T into guanine-rich sequences gives properties and different kinetics of folding and unfolding
a possibility of structures partially stabilized by Watson  (Figure 6c). A very recent platinum cross-linking study of
Crick base pairing. The presence of potential WatsBrick the human telomere sequence AGAGs); and (T,AG3)4
base pairs within a guanine-rich sequence has a profoundalso suggested that the antiparallel structure exists in the
effect on the final structure of a folded quadruplex, and such presence of both Naand K" ions @35). The literature is
a possibility has been suggeste&i)( rich in reports about different folding patterns of the G-rich
With the proposed model, the possibility of G-wire telomere strand into different types of G-tetraplexes. To date,
formation through the engagement of TTA arms at the 5 the exact structure of human telomeric G-quadruplexes in



7128 Biochemistry, Vol. 46, No. 24, 2007 Kaushik et al.

K* solution is extremely controversial. The truncated or the Specificity in protein binding to quadruplex structures in
full four-repeat sequence has been extensively studied bycomparison to single- and double-stranded DNA raises the
various biophysical methods, including CD, NMR, and X-ray possibility that such proteins could serve not only to
(23, 26, 55—57). The recent models proposed for d-AGGG- recognize preformed quadruplexes but also to promote the
(TTAGGG); in KT solution include a mixture of mixed formation of quadruplexem vivo. Generatedn vitro, one
parallel/antiparallel and chair-type G-quadruplBf)( whereas of the single-chain antibody fragments (scFv) Sty3, with a
d-AAAGGG(TTAGGG)AA was found to form a hybrid- high affinity for the parallel-stranded G-quadruplex, could
type intramolecular G-quadruplex structure with mixed discriminate between parallel or antiparallel quadruplex
parallel/antiparallel strands57). Addition of Kt readily species formed by the same guanin®®rhangs sequence
converts the Na-form conformation to the K-form hybrid- of a ciliate telomereQ1). Telomeres are now shown to have
type G-quadruplex. Furthermore, secondary structures of thea role in chromosome separation during mitosis. A telomerase
fragments G(TTAG3)n, wheren = 1—16 have been studied, template mutation caused a physical block in anaphase
and it was found that folding of these fragments into chromosome separatior64). The role of telomere cap
tetraplexes depends on the number of TEAEpeats. The  structure in meiosis has also been suggested in budding yeast
suggested topologies along with the antiparallel and parallel (65).
bimolecular tetraplexes include a tetraplex consisting of three  On the basis of existing knowledge and conclusions drawn
parallel chains and one antiparallel chai®)( This unique from well documented works, we have attempted to reveal
structure of the four-repeat human telomeric sequence withthe biological relevance of our proposed model. The model
(3 + 1) topology has recently been investigated by NMR in depicted in Figure 6d for antiparallel G-tetraplex structure
K* solution 66). could be created by the association 6fo8erhangs of the
Biological Releance of the Proposed Tetrameric Anti- telomeres of two chromosomes (four sister chromatids)
parallel Quadruplex StructureG-quadruplexes formed by aligned and brought together on the equatorial plane of the
the human telomeric sequences have received much interesspindle during metaphase and similarly between the 3
over more than a decade because of their well illustrated overhangs of two sister chromatids (V shaped) placed
polymorphic behavior, structural distinctiveness, and their opposite each other during anaphase. In eukaryotic cells, the
biological significance. The'astrand of the telomere DNA  chromosomal protein cohesin holds the sister chromatids
consisting of tandemly repeated sequence motifs that typi- together until they separate into daughter cells during mitosis.
cally contain clusters of 3 Gs extends over the complemen- This could facilitate the '3overhangs to associate them end
tary strand as an overhang. Our sequence of interest has beeto end (antiparallel) via their telomeres. Cohesin sites are
such an overhang with a double repeat of TTAGGG. The highly conserved in mitosis and meiosis, suggesting that
same is not only restricted to humans but also present inchromosomes share a common underlying structure during
eukaryotes, protozoan, slime moulds, flamentous fungi, and developmental programs. The proposed structure has the
other vertebrates. The 12-nt long sequence TTAGGGT- possibility of Hoogsteen (6G) and Watsof Crick (A—T)
TAGGG is shown to form an antiparallel G-tetraplex in the hydrogen bonds, representing the self-recognition and com-
presence of sodium, and this information provides a model plementarity existing simultaneously. Although there seems
for the physiological structural status of the single-stranded to be a possibility that telomere end-binding proteins (TEBPS)
G-rich overhangs protruding from the genomic duplex at may play an important role in telomeréelomere interactions
telomeres. and may control the formation of G-quadruplex DiWAviv0
Despite unifying origin, the most intriguing aspect of (60), the intrinsic property of self-association by guanine-
G-quadruplexes is their extensive polymorphisms, that is, rich sequences may be the prime driving force in the
they can adopt inter and intramolecularly folded structures. formation of the antiparallel G-tetraplex. The concept of self-
G-rich telomeric single strands can fold into DNA quadruplex recognition between single-stranded G-rich termini has been
structures, which may inhibit telomerase activity by inac- used to propose a general mechanism for the DNA-mediated
cessibility of the telomeric primers to telomeras8)( There association of chromatid84, 66). G-quadruplex structures
is no report that might have concluded that there are must be dynamic and can be reformed whenever the cells
biological roles for DNA G-quadruplexes built on stacked need them. For example, Paeschke et al. have found out that
guanine tetrads, but recent discoveries of manifold human G-quadruplex formatiom vivo is regulated by the cell cycle-
proteins that recognize them-vivo strongly suggest that  dependent phosphorylation of TEBRG0).
this is the casel( 60, 61). The most direct evidence for On similar lines, more than 15 years ago, Sen and Gilbert
G-quadruplex DNA existing in cells is that antibodies raised had proposed a scheme for the parallel-stranded G-tetraplex
against G-quadruplex DNA label the macronuclei of a ciliate formed within the four homologous chromatids during
Stylonychia lemnag¢61). A recent report by Chang et al. meiosis. In the stages of prophase-l, the homologous
also verifies the existence of the quadruplex structure at chromosomes appear precisely aligned side by side, facilitat-
telomere proximal regions in metaphase chromoso®®s ( ing the association of telomeres through G4-DNA formation
Whereas there are proteins that recognize G-quadruplexeg67). Quite recently, Peter Baumann has also proposed a
and promote their formation, there also exists a class of model for the association and dissociation of G-quadruplexes
proteins that catalyze their disintegratidsd(63). mediated by TEBR and phosphorylation of TEBR re-
Telomere-binding proteins might show specificity or spectively. Shown is the possibility of a stable complex
selectivity for structural features rather than for a particular formed by G-rich overhangs from two or more telomeres,
sequence and thus would preferentially bind to one form of which may mediate chromosome associatid).(
quadruplex (parallel/antiparallel) of tetrameric topology rather ~ The molecular nature of the very tip (G-rich@verhang)
than an intramolecularly folded or dimeric G-quadruplexe. of the telomeres is crucially important for carrying out
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various cellular functions. They may function as anchors used quadruplex. There seems to be quite a possibility of two
in telomere-telomere associations and as antennas that deteciWatsor-Crick base pairs being present between the inter-
ionic conditions that facilitate the quadruplex formation of vening (-TTA-) sequences on the opposite strands, well
a particular type. The strands could be used to senseaccommodated between blocks of three tetrad stacks. The
appropriate changes at physiological conditions within the model could be a biologically relevant nucleic acid structure.

nucleus. The forms and stability of G-quartet structures can Extremely diverse conformations in human telomeric DNA
pe modulated by the fluctuations in the M&™ concentration expand the repertoire of G-quadruplex structures and may
in the cell and the number of such sequence repeats presenjaye implications for the proteins and drugs that recognize
at the 3-overhang of the ends of chromosomes. Any change G.rich sequences5g). Our finding of a tetramolecular
in K* concentration could alter the chromatin structure at antiparallel quadruplex formed by the full double repeat of
telomeres by taking advantage of the unique sensitivity of hyman telomere d-(TTAGGGTTAGGG) seems to be one
quadruplex formation to Naand K" concentrations13). of the growing indications about the polymorphic tempera-
Direct evidence ofn vivo chromosome association under ment of G-quadruplexes. In view of our results, it is
the control of ratio of [N4] and [K'] has not yet been jntriguing to note the reported coexistence of parallel and
obtained, but a postulated theory that the biological role of antiparallel dimeric forms by an almost identical sequence
telomere tails may promote chromosome association (e.9.,d-(TAGGGTTAGGGT), differing in one base from HUM2
synapsis during meiosis) under the control of specific alkali (T at 3-end) by NMR. The dimeric antiparallel quadruplex
metal ions does exis60). A recent biophysical study on species of d-(TAGGGTTAGGGT) identified by NMR2)
telomeric DNA highlights the possibility of external loop iy the presence of Kwas not detected in X-ray analysis
structures in the vertebrate telomeres under conditions of high(23). Similarly, it seems that one base difference in the
potassium and low sodium concentrations found in nuclei sequence studied here and earlier by NMR and X-ray
(46). There are several proteins that bind with high affinity methods 26, 23) could account for the inability of the latter
to G-quadruplex structures. Defects in these proteins can leadsequence to form the antiparallel tetrameric quadruplex. Also
to errors in replication, transcription, and recombination as the difference in oligomeric concentrations used during
well as increases in the rate of tumor formation and aging NMR, X-ray CD, UV-melting, or gel studies might be one
(3, 70, 71). Interconvertible quadruplex structures in terms  of the reasons for the structural heterogeneity of the various
of molecularity or structural type might selectively be stryctures formed by the studied guanine-rich sequences.
recognized by proteins or synthetic ligands. Our proposed Markedly, there seems to be a delicate balance of experi-
model of the antiparallel guanine tetraplex could be a mental and solution factors, such as the effective cation
biologically relevant conformation of DNA. Such structures  concentration, oligomer concentration, and the necessity to
might be involved in the molecular mechanism by which prepare a single species for structure determination, mode
sister chromatids cohere and separate in a timely manner inof crystallization, and so forth. In an independent study, we
specific cell cycle stages. found it difficult to solve the NMR structure of a DNA
hairpin conformation, which is demonstrated to exist only
CONCLUSIONS in the range of 1640 uM oligomer concentration, above

; - hich it converts into a bulge duplex form7Z 73).
In the present study, the polymorphic behavior of the W
double rgpeat of hur}rlwan teFI)orr)llere psequence HUM2 d- Furthermore, a very recent study from the Shafer gr@p (

(TTAGGGTTAGGG) was investigated. Our analysis sup- using CD and gel studies has added to the structure of the
ports the formation of one and two structural species in human telomeric sequence revealed by X-ray stucﬂ@}s (
presence of Naand K, respectively. Using complementary and showed that the same sequence can adopt an antiparallel

techniques (gel electrophoresis, circular dichroism and UV rather than pqrallel G-quadruplex structure. A recent report
melting, and gel-filtration chromatography), we analyzed the 1|°rom| the ?halre”s lgroug?@) Ialsotcor:flrme?l dthe ”Xgmo'
structural type and molecularity adopted by HUM2 sequence. .ectuhar antiparalle fq:ra ru dp ﬁx S “IJC ur(; 0 f}]ﬁt 33 h
Gel-shift assays revealed the presence of two bands with!" th€ presence of Naand has also shown that a muc
differential mobilities in the presence of'Kwhereas a single greater conformational heterogeneity exists in solution than

band was obtained in Na Comparing the mobilities of in crystal._ There has been much debate as to the exact
oligomeric bands with suitable controls, we concluded that conformation of the quadruplexes under physiological condi-

the presence of Kinduces tetrameric and dimeric quadru- tions, and it has become increasingly apparent that the human
plex structures, whereas Neonly generated tetramers. quadruplex may be more structurally heterogeneous than that

Separation of the oligomeric species through gel filtration of other species.
further supported the presence of tetrameric and dimeric
structures of HUM2.

In the CD analysis, the structural type of the G-quadruplex We gratefully acknowledge the critical and valuable
was determined with the standard information available in comments by the anonymous referee, which helped us to
the literature about the CD signatures for the parallel and improve the manuscript.
antiparallel quadruplexes. Correlation of gel assays and CD
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