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ABSTRACT: G-Rich sequences are known to form four-stranded structures that are based on stacks of
G-quartets, and sequences with the potential to adopt these structures are common in eukaryotic genomes.
However, there are few rules for predicting the relative stability of folded complexes that are adopted by
sequences with different-length G-tracts or variable-length linkers between them. We have used thermal
melting, circular dichroism, and gel electrophoresis to examine the topology and stability of intramolecular
G-quadruplexes that are formed by sequences of the typdi(éhd d(GT2)4 (n = 3—7) in the presence

of varying concentrations of sodium and potassium. In the presence of potassium or sodigiy d(G
sequences form intramolecular parallel complexes with the following order of stahility:3 > n=7
>n=6>n=5>n=4.d(GT)sis anomalously stable. In contrast, the stability of §{&x increases

with the length of the G-tracth(=7 > n=6>n=5> n=4 > n = 3). The CD spectra for d(3),

in the presence of potassium exhibit positive peaks around 260 nm, consistent with the formation of
parallel topologies. These peaks are retained in sodium-containing buffers, buhwhdn5, or 6, CD
maxima are observed around 290 nm, suggesting that these sequences [espegi@)ly dée some
antiparallel characteristics. d{%), adopts a parallel conformation in the presence of both sodium and
potassium, while all the other d{&)s complexes exhibit predominantly antiparallel features. The properties

of these complexes are also affected by the rate of annealing, and faster rates favor parallel complexes.

G-Rich sequences are known to fold into four-stranded factor lo. (24), fragile X-syndrome Z5), and other trinucle-
structures that contain stacks of G-quartets4). These otide repeat sequencef], the retinblastoma susceptibility
structures can be formed by the association of four separategene 27), the chickens-globin gene 28), and the insulin
DNA strands §), the dimerization of two strands that each gene R9). There is also an overabundance of G-rich
contain two G-tracts@), or the intramolecular folding of a  sequences in the regulatory regions of muscle-specific genes
single strand that contains four G-tracts-(L0). Quadruplex (30). Genome searches reveal that G-rich sequences with the
formation requires the presence of monovalent catidds (  potential to form quadruplexes are abundant in the human
12) (especially potassium), while stable folding is usually genome 81—33), the most common of which are successive
inhibited by lithium (3). The cations fit within the central ~ G-tracts that are separated by single T or A residues. We
core of guanine carbonyls and can lie between or within the have performed simple BLAST searches on repeated se-
plane of each quartet. quences of the type d¢E), and find that these occur 147,

There is considerable interest in quadruplexes since G-rich65, 120, and 2 times and once in the human genome when
sequences with the potential to adopt these structures aren = 3—7, respectively, and for (& T), for which there are
found in several biologically important DNA regions, such 15, 75, and 6 occurrences when= 3—5, respectively [we
as gene promoters and telomerésl@). Telomeres consist  find no examples of d(&T)s and d(GTT)4).
of long repeats of G-rich sequences, (GGGTJi)humans Quadruplexes are known to adopt several different topolo-
and higher eukaryotes, (&)n in Tetrahymenaand (GTa)n gies, depending on their sequence and the ionic conditions.
in Oxytricha A number of other nontelomeric G-rich DNA  he four strands are all parallel in the intermolecular
sequences may also form quadruplexes, and these have beetﬁhadruplex %), and the nucleotides are all in thenti

identified in the NHE element of the-mycpromoter (5— conformation. However, multiple forms have been proposed

18), the promoters of the Kias (19), bcl2 (20, 21), andc-kit for intramolecular : :
7 C . guadruplexes in which the bases are both
oncogenes2?), the VEGF gene43) and hypoxia inducible ¢y anganti (1). The strands can be arranged antiparallel to
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parallel structure in the presence of potassium. Several recent o 1. Sequences of Oligonucleotides Used in This Work
studies have shown that sequences closely related to the

. . . oligonucleotide sequente name
human telomeric repeat adopt a mixed topology with one 9 g
_ ; ; G T series
double chalr.1 reversal and two edgeW|s§ loaps—39). 5 -F TGGGTGGGTGGGTGGGT-Q a
Some G-rich sequences form exceptionally stable com- 5-F-TGGGGTGGGGTGGGGTGGGGT-Q &
plexes, such as the NHE elementoafnycand the inhibitor 5-F-TGGGGGTGGGGGTGGGGGTGEEEET-Q 5B

. : . . 5-F-TGGGGGGTGGGGGGTGGGGGGTGGGGGGT-Q TG
of HIV integrase d(@T)s, which persist even in the presence g r 166GEEEETEEEEGGGTOOGOGGGTGOOGOGET-Q TG

of the complementary C-rich strand(). However, there  G,T, series
are few clear rules for predicting which G-rich sequences 5-F-TGGGTTGGGTTGGGTTGGGT-Q 3>

form the most stable quadruplexes or what topologies they gE%ggggﬁggg&iﬁgggg%ﬁigéSGGTQ ‘5‘%

will adopt. Quadruplex stability and topology are affected 5.F-TGGGGGGTTGGGGGGTTGGGGGGTTGGGGGGT-Q TG
by the length of the loops between the G-tradth;(Gs tracts 5-F-TGGGGGGGTTGGGGGGGTTGGGGGGGTTGGGGGEGT-QIs

separated by short T-loops generate parallel topologies, while  aF represents fluorescein and Q dabcyl.
longer T-loops form antiparallel complexetl). The stability

is also affected by the sequence of the loof@ @2, 43)

and the bases that flank the quadruplé4-{46). However,
there have been few studies on how formation is affected
by the length of the G-stack. One might simply predict that
longer G-stacks will increase quadruplex stability; however,
for an intramolecular complex, this will affect the distance
spanned by the connecting loops and may alter the folding : _ :
pattern. Work with the thrombin-binding aptamer, which is gor_mcleotlde solutions (M) were prepared in 10 mM
based on two stacked quartets, has shown that the meltind"?h'um phosphate (pH 7.4) containing either 50 mM potas-

o o i hloride or 50 mM sodium chloride. The samples were
temperature is increased by20 °C upon addition of an extra sium ¢ .
G-quartet 43). In contrast, theTetrahymenasequence heated to 95C and annealed by being slowly cooled to 15

; : °C over a period of 12 h. Spectra were recorded between
d(G4T2)n, which differs from the human sequence by .
exchanging A for G in each repeat, could in principle 220 and 320 nm in 5 mm path length cuvettes. Spectra were

generate four stacked G-quartets linked by two-base Ioops.a\{eragﬁd over 16 scgns,flevhich éver% regor.((jjer? "’}t 1100 nm/
However, although this is observed for the intermolecular m|g Vf\;'t gresiponse t|meb S ar:j fa an Wr'] th of 1. nm. d
dimer @7), the intramolecular complex instead folds to form A butter baseline was subtracted from each spectrum, an
only three quartets with variable loops consisting of TGGT, the spectra were normalized to have zero ellipticity at 320
TTG, and TT 68). nm.

We have therefore explored how the length of the G-stack q It:Iuor_eS((:jence II\q/IeItrl]ngl?_l_u?]:eCscTnce melt'ng Cll”vgs we_tr)e d
affects quadruplex stability and structure using synthetic etermined in a Roche LIghtLycler as previously describe

; : : _ 40, 42, 49) in a total reaction volume of 20L. Oligonucle-
oligonucleotides with d(6), and d(GT,), sequencesn(= ( ) ; . .
3—7). The stability has been assessed by determining theOt'de.S (fmal concentration of 0.28M) were prepared in 10
melting temperatures under different ionic conditions, using m.M I|th[um phosphate.(pH 7.4), Wh'.Ch was supplemen_ted
a fluorescence melting assay as previously descried ( with various concentrations of potassium or sodium chloride.

42, 49), while structural changes are assessed from the cp Ihe LightCycler has one excitation source (488 nm), and

spectra, since parallel and antiparallel quadruplexes generatéhe changes in ﬂuorescen(_:e were .measure.d at 520 nm. For
characteristic CD spectra4, 50—52). several of the oligonucleotides, initial experiments revealed

that there was considerable hysteresis between the heating
MATERIALS AND METHODS and annealing profiles when the temperature was changed
at a rate of 0.2C/s, indicating that the process was not at
OligonucleotidesAll oligonucleotides were synthesized thermodynamic equilibrium. Melting experiments were there-
on an Applied Biosystems ABI 394 automated DNA/RNA fore performed at a much slower rate of heating and cooling
synthesizer on the 0.2 or Amole scale. Phosphoramidite (0.1 °C/min) by changing the temperature in°C steps,
monomers and other reagents were purchased from Appliedeaving the samples to equilibrate for 10 min at each
Biosystems or Link Technologies. The sequences of the temperature before the fluorescence was recorded. Under
oligonucleotides used in this work are given in Table 1. All these conditions, no hysteresis was observed (except for some
oligonucleotides were prepared with-filorescein and '3 experiments with &I,). In a typical experiment, the oligo-
dabcyl (fluorescein C6 phosphoramidite and dabcyl cpg nucleotides were first denatured by heating to°@5for 5
purchased from Link Technologies Ltd.) for use in the min. They were then annealed by cooling to°8at a rate
fluorescence melting experiments, and the same sequencesf 0.1 °C/min and melted by heating to 9& at the same
were used for the circular dichroism studies. The basesrate. The fluorescence was recorded during both the anneal-
adjacent to the fluorophore and quencher were the same foring and melting steps. In some instances, the formation of
all the oligonucleotides to prevent any differences in their intramolecular or intermolecular complexes was examined
effects on quadruplex formation and stability. by determining the melting curves using a range of oligo-
Gel ElectrophoresisNondenaturing gel electrophoresis nucleotide concentrations (from 20 nM tou2/).
was performed using 16% polyacrylamide gels, which were  Data Analysis. T, values were obtained from the maxima
run in TBE buffer that had been supplemented with 50 mM of the first derivatives of the melting profiles using the
NaCl or KCI. Bands in the gels were visualized under UV LightCycler software or, together withH, from van’t Hoff

light. The oligonucleotide concentration was/2d, and the
samples were slowly annealed in the appropriate buffer.
Denaturing electrophoresis was performed using 14% poly-
acrylamide gels containin8 M urea.

Circular Dichroism.CD spectra were recorded on a Jasco
J-720 spectropolarimeter as previously descrilz&). Oli-
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analysis of the melting profiles. In some instances, the 15 —— G3T
melting curves showed a linear change in fluorescence with - gg _
temperature in regions outside the melting transition. We st /\ K

accounted for this by fitting a straight line to the first and 109 @71 |
last portions of the fluorescence curve. The fraction folded '
was calculated as previously describ&8)(from the differ-

ence between the measured fluorescence and the upper and 05 1
lower baselines. All reactions were performed at least twice,
and the calculatedy, values usually differed by<0.5 °C
with a 5% variation inAH. SinceAG = 0 at theTy,, AS
was estimated to bAH/T,,. Values forAG at 310 K were
then estimated fromAG = AH — TAS (assuming thaC,

W

0.0 45 ; / ' ; .
\ﬁ\é‘/ 260 280 300 320

Wavelength (nm)

Ellipticity (8) deg.cm”.dmol™ x 10°

= 0). This analysis assumes a simple two-state equilibrium 05~
between the folded and unfolded forms. The presence of 0
polymorphic quadruplex structures will lead to shallower Na
melting profiles and therefore smaller apparent values for
AH. The number of specifically bound monovalent cations 05 4
(An) was calculated from the slopes of plotsAG against '
log[M*] as previously describedb4, 55).
RESULTS \
0.0 —- - . : ;
We have recorded the CD spectra and thermal melting \f‘éf// 260 280 300 320
profiles of two series of oligonucleotides that contain G-tracts Wavelength (nm)
of varying lengths. Oligonucleotides in the first series contain
four identical G-tracts with lengths between three and seven 054

bases, which are separated by single thymines. In the secondfiGURE 1: CD spectra of the fluorescently labeled oligonucleotides

; _ : f the series d(@)4. The oligonucleotides (M) were dissolved
series, the G-tracts are each separated by two thymines. Botriﬁ;] 10 mM lithium phosphate (pH 7.4) containing 50 mM potassium

series of oligonucleotides were prepared for use in fluores- cpiorige (top traces) or 50 mM sodium chloride (bottom traces):
cence melting experiments and contain fluorescein at'the 5 plack for GT, red for GT, green for GT, blue for GT, and cyan
end and dabcyl at the-8nd. Previous studies have shown for G7T.

that the addition of fluorescent groups has only small effects

on quadruplex stability5e). exhibit structural polymorphism with a significant fraction

adopting an antiparallel configuration (though it is possible
Circular Dichroism that unpaired guanines in the loops might also affect the CD
spectra). However, these spectra are also typical of mixed
Several studies have shown that the CD spectra of parallel/antiparallel topologiesig, 20). In the presence of
quadruplexes can be used to indicate whether they fold in asodium, GT again shows a single peak at 260 nm, indicative
parallel or antiparallel configuratiod4, 50—52). Antiparallel of a parallel complex, while the other oligonucleotides
quadruplexes exhibit a positive CD signal at around 295 nm, display significant ellipticity at 295 nm. In sodium, the
with a negative signal or shoulder around 260 nm. In contrast, relative intensity of the 295 nm peak compared to that at
parallel quadruplexes display a positive signal around 260 260 nm is greatest for 43.
nm, with a negative peak at 240 nm. Unfolded oligonucle-  These results confirm that the oligonucleotides all fold to
otides do not display these spectral signatures. Clearly, thesdorm G-quadruplexes but suggest that their structures may
signals not only reflect the arrangements of the strands butbe polymorphic. They predominantly fold into a parallel
also are sensitive to thsynanti orientations around the  configuration (especially ), though these coexist with
glycosidic bonds. Parallel topologies haveatti glycosidic  significant amounts of the antiparallel form (especialTG
angles, while antiparallel ones hasgnandanti in varying in the presence of sodium). Via a comparison of these results
ratios depending on the particular arrangement. Nonethelesswith those published for sequences of the typeT(f (41),
they are a good indicator of changes in the global quadruplexit is clear that adding G bases to the sequence has an effect
configuration. different from the effect of adding extra T bases to the loops.
d(G.T)s. The CD spectra of oligonucleotides with a d(GsT3)4 and d(GT)4 have the same repeat length; however,
d(GqT)4 sequencer( = 3—7) in the presence of potassium the former adopts an antiparallel topology, while the latter
or sodium are presented in Figure 1. These were obtainedis largely parallel.
after slowly cooling the oligonucleotides from 98, though d(GiT2)s. The CD spectra of sequences containing four
identical spectra were observed when the complexes wererepeats of GTI, (n = 3—7) in the presence of sodium or
rapidly cooled. It can be seen that, in the presence of potassium are shown in Figure 2. In the presence of
potassium, all the sequences display a major positive peakpotassium, the spectra are different when the complexes are
around 260 nm with a minimum around 240 nm, which is rapidly cooled on ice (inset) or slowly annealed. After the
typical of a parallel arrangement of the strandgl @nd GT rapid cooling, the spectra are similar to those of thd G
exhibit no ellipicity around 290 nm, though the other series, with a strong peak at 260 nm and a weaker one at
sequences show some signal in this region which is greates95 nm, indicating that the parallel configuration is the major
for G¢T. This second peak suggests that these sequences mafprm. In contrast, the peaks at 295 nm are much more
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FicurRe 2: CD spectra of the fluorescently labeled oligonucleotides
of the series d({ ). The oligonucleotides (BM) were dissolved

in 10 mM lithium phosphate (pH 7.4) containing 50 mM potassium
chloride (top traces) or 50 mM sodium chloride (bottom traces):
black for GT, red for GT,, green for GT,, blue for GT,, and
cyan for GTo.
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Ficure 3: Fluorescence melting curves for oligonucleotides of the

series d(@T)s. The melting profiles were determined in 10 mM

lithium phosphate (pH 7.4) containing different concentrations of

potassium or sodium chloride as indicated. The curves have been

normalized to the same final fluorescence value: black feF,G

red for GT, green for @T, blue for GT, and cyan for GT.
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pronounced when the oligonucleotides are slowly annealed.Unlabeled sequences that showed examples of very different

G3T, appears to be mainly parallel, while,G has a
significant shoulder at 295 nm.sG, is predominantly in
the antiparallel form, though the proportion of the antiparallel
species appears to decrease wigT£and GTo.

spectra (GT, GsT, and GT,). These are shown in Figure 1

of Supporting Information and reveal only subtle changes
in the details of the spectra. The positions and relative
intensities of the peaks at 260 and 295 nm are largely

In the presence of sodium, the spectra exhibit large peaksunaffected by removal of the fluorescent groups.

at 295 nm, indicative of antiparallel complex formation. Even
the shortest sequencezKg, reveals a significant shoulder
in this region, though it is predominantly in the parallel form.
In contrast, GT,, GsT,, and GT, are mainly in an antiparallel
form with no positive peak at 260 nm.;& is mainly

antiparallel but has a significant shoulder around 260 nm.

Fluorescence Melting

d(G.T)s. Typical fluorescence melting curves for these
oligonucleotides are shown in Figure 3, and Thegand AH
values determined at different ionic concentrations are
summarized in Table 2. These labeled oligonucleotides are

These spectra in the presence of sodium are independent oflesigned so that the fluorescence is quenched upon formation

the rate of cooling.

of the quadruplex, as the fluorophore (fluorescein) and

For these CD studies, we were concerned that the quencher (dabcyl) are close together. These groups are
fluorophore and quencher might affect the conformational separated when the complex melts, and there is a large
equilibrium. We therefore determined the CD spectra of increase in fluorescence. This cannot be used to distinguish

Table 2: Melting Temperatures amxH Values Derived from Fluorescence Melting Curves for Oligonucleotides of the

Type (GT)a (n= 3-7)

Tm (°C) AH (kJ/mol)
n=3 n=4 n=>5 n==6 n=7 n=3 n=4 n=5 n==6 n=7
10 mM Li 48.3 41.8 43.7 43.4 43.1 122 102 104 111 100
0.1 mM K+ 58.4 46.1 50.0 51.8 54.3 210 119 175 227 236
1 mMK* 73.8 58.6 65.5 67.6 71.3 291 200 272 322 326
5mM K* 85.4 71.3 76.4 79.1 86.5 299 273 324 391 381
10 mM K* 76.0 80.8 83.3 88.4 291 282 374 351
1 mM Na 52.7 44.3 46.5 47.2 47.4 141 110 117 120 118
10 mM Na" 59.8 46.5 52.3 52.3 54.0 177 118 179 177 213
50 mM Na" 66.0 55.5 62.8 65.4 68.7 197 164 221 253 291
100 mM Na 69.7 60.8 67.7 71.9 75.1 246 186 239 294 314
200 mM Na 75.3 68.1 75.6 814 82.6 198 202 214 340 346

2 The values were determined in 10 mM lithium phosphate (pH 7.4) containing different concentrations of sodium or potassium. Each value is
the average of four determinations (two melting and two annealing profilgs)alues are accurate to within O°&, while AH values varied by

~5%.
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between the different folded forms, as the fluorophore and
quencher are close together in both the parallel and the
antiparallel topologies. All the sequences exhibit fluorescence
changes that are consistent with quadruplex formation, and
they are all much more stable in the presence of potassium
than sodium. We confirmed that these transitions are not
intermolecular complexes by examining the concentration
dependence of the melting profiles (from 20 nM tal9).
These results (shown in Figure 2 of the Supporting Informa-
tion) show that th&, values are independent of concentra-
tion. We can therefore assume that these are intramolecular
complexes over this range of concentrations. All these
melting curves were fully reversible at this rate of heating
and cooling (0.1°C/min).

The first panel of Figure 3 shows the transitions in the
presence of 10 mM lithium alone. Surprisingly, these
complexes display a melting profile (withTa, of ~45 °C), Vo 04 1 ___f__:;,/"f
even in the absence of potassium or sodium. This is similar & 02 o
to the effect seen with sequences containing fogltrécts ~ |10 mM Na “ | 100 mM Na
that are connected by non-nucleosidic linker2) (Although 0.0 - - — 00 - - -
this may indicate some quadruplex formation, it may be % % ° %0 33 %0 0 %
significant that these complexes all have very similagand Tem[_’eratum c ) .

AH values, in contrast to their behavior in the presence of Ficure 4. Fluorescence melting curves for oligonucleotides of the

. . . series d(@T2)s. The melting profiles were determined in 10 mM
sodium or potassium. The addition of even low concentra- jiuim phosphate (pH 7.4) containing different concentrations of

tions of potassium causes a dramatic increase in stability, potassium or sodium chloride as indicated. The curves have been
and the complexes are too stable to measure at potassiunmormalized to the same final fluorescence value: black fgF, G
concentrations of 10 mM. red for GT, green for @T, blue for GT, and cyan for GT.

In the presence o£1 mM potassium, &I is the most
stable while GT is the least stable. In general, the stability of stability is as follows: GT, < G4T, < GsT, = GgT» <
increases with the length of the G-traat€ 4 <n=5 < G;T, (though there is some hysteresis withTgfor which
n =6 < n=7), though the behavior of & is anomalous the melting temperatures are 3, 8, and®@bhigher than the
since it is more stable than;G. All the complexes become  annealing temperatures in the presence of 0.1, 1, and 5 mM
more stable when the potassium ion concentration increasespotassium, respectively). These structures are unstable in the
AH values for these transitions were estimated from van't presence of sodium concentrations below 10 mM, and the
Hoff analysis of the melting profiles, assuming a two-state order of stability is as follows: &, < G,T, < GsT, =
equilibrium, and these are also summarized in Table 2. Theg,T, = G,T,.
presence of polymorphic quadruplex structures will lead to
shallower melting profiles and therefore smaller apparent |gnic Strength Dependence
values of AH. This may explain why there is no simple
correlation betweerhH and the number of G bases in each  The AH values for these transitions exhibit a strong
G-tract, though in general the values are higher for the longer yependence on the ionic strength, which is consistent with
G-tracts (with the exception of ). the presence of specific ion binding sites within the qua-

The results of s!m|lar experiments in the presence of 10 druplex 64). The slopes of plots oAG versus log[M] can
and 100 mM sodium are shown in the_ bottpm panels of po \sed to determine the stoichiometry of ion binding as
Figure 3, and all _the data are _summarlzed In Table 2. In previously described5d, 55), yielding values ofAn (the
contrast to potassium, the addition of 1 mM sodium has an difference between the number of ions bound in the folded

only small effect on the melting profiles, increasing the : o
values by only 3-4 °C relative to that in 10 mM lithium. In and unfolded states). _F|gur_e 5 shows the vanatloﬂnrwnh
the number of guanines in each stack for both series of

the presence of 10 mM sodiumgTGagain forms the most . . ) . .
oligonucleotides, in the presence of sodium or potassium.

stable structure; & is the least stable, andsG GsT, and We h iously d ned | £2 6 for the h
G;T have similarT,, values. GT becomes the most stable e have previously determined a value of 2.6 for the human

when the sodium concentration is increased to 100 mM, €lomeric repeat sequence in the presence of potasdigim (
though GT is still more stable than &, GsT, or GsT. In and a value of 3.% 0.2 has been reported for T30695, which

general, theAH values are higher for the longer G-tracts, has the same repeat sequence as G&J. for a structure
though GT is again anomalous. containing three stacked G-quartets, we would predict that
d(GyT2)s. The results of similar studies with oligonucle- An should be either 2 (the number of potassium ions located
otides in which the G-tracts are separated by two T basesbetween the stacked quartets) or 4 (including two further
are shown in Figure 4, and thE, and AH values are ions that may be coordinated between the loops and the
summarized in Table 3. No melting transitions were observed terminal quartets). A value of 2 seems more likely for a
in the presence of lithium alone. In the presence of either parallel topology, in which the loops do not interact with
potassium or sodium, the least stable complex is formed bythe terminal quartets. In either case, we would expect that
G3T», while G;T; is the most stable. In potassium, the order adding a further G-quartet should increase the valuArof

0.8

Fluorescence (arbitrary units)

0.6 A
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Table 3: Melting Temperatures axH Values Derived from Fluorescence Melting Curves for Oligonucleotides of the Type)(Gn =

3-7)
Tm (°C) AH (kJ/mol)

n=3 n=4 n=5 n==6 n=7 n=3 n=4 n=5 n==6 n=7
0.1 mMK* 36.3 47.0 46.7 5171 99 188 186 213
1mMK* 48.1 53.3 62.9 63.0 683 136 224 294 283 289
5mM K* 60.1 66.1 74.1 74.7 8109 199 263 359 345 322
10 mM K* 65.0 71.4 78.9 80.1 241 286 376 371
50 mM K* 76.2 82.4 89.7 267 308 336
1 mM Na" 42.5 41.4 100 101
5 mM Na* 45.1 47.2 47.1 134 123 132
10 mM Na 37.3 46.5 52.3 50.7 97 157 155 168
50 mM Na 40.3 49.9 62.3 65.4 63.7 99 152 248 260 278
100 mM Na 46.8 57.7 70.2 71.9 71.9 113 188 290 314 318
200 mM Na 54.4 66.2 78.3 81.4 81.3 144 225 323 354 334

2 The values were determined in 10 mM lithium phosphate (pH 7.

4) containing different concentrations of sodium or potassium. Each value is

the average of four determinations (two melting and two annealing profilgs)alues are accurate to within 0°€, while AH values varied by
~5%. P Hysteresis was observed between the melting and annealing profiles.

4 4
G,TK $ % G,T, K .
3 3 - i ®
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Ficure 5: Variation in the number of potassium or sodium ions
specifically bound to each quadrupleXr y-axis) as a function
of the length of the G-tracts (5x-axis). The values foAn were
determined from the dependence Af5 on ionic strength, as
described in the text.

by 1. It is therefore significant that, for the,Gseries in the
presence of potassiumn is the same for &, G,T, and

Ficure 6: Mobility of the fluorescently labeled oligonucleotides
in polyacrylamide gels: (a) mobility on a 14% polyacrylamide gel
containirg 8 M urea and (b-e) mobility on 16% nondenaturing
polyacrylamide gels supplemented with 50 mM NaCl (b and c) or
50 mM KCI (d and e).

in polyacrylamide gels, and the results are presented in Figure
6. As expected, the unfolded oligonucleotides run as single
bands on denaturing polyacrylamide gels (Figure 6a), with

mobilities that depend on their lengthgTGappears to have

an anomalously fast mobility, probably because it is still

GsT, Suggesting that these each contain 0n|y three Stacked)artia”y folded even under these harsh conditions. In

G-quartetsAn increases by-1 for GsT and GT, suggesting

contrast, the relative mobility of the various folded species

that these complexes contain an additional quartet. The valueds very different. In the presence of sodium (Figure 6b,c),

of An exhibit even less variation for the, G, series in the

although single bands are observed for each oligonucleotide,

presence of potassium, again suggesting that there are only3sT, G4T, and GT have similar mobilities, while € and

three stacked G-quartets. The variationsAin are more
pronounced in the presence of sodiumTGG,T, and GT
have similar values, between 1.5 and 2, which rises-4o
for GsT and GT. A similar pattern is seen for the, &, series

in sodium, though the transition betwean values of 2 and

4 occurs with @GT,. These results are considered further in
the Discussion.

Gel Mobility

G;T run more slowly (Figure 6b). The pattern is different
for the G,T, series (Figure 6¢) in which {5, and GT, have
similar mobilities, while G@T,, GsT2, and GT, run more
slowly and have similar mobilities. These patterns are similar
to the variations in the apparent number of sodium ions
released on the melting of each complex (Figure 5, bottom
panels), suggesting that they reflect the number of stacked
G-quartets in each complex.

The gel mobilities in the presence of 50 mM potassium

We sought to further explore the topologies of these show a different pattern. For the,Gseries, two bands are
intramolecular quadruplexes by comparing their mobilities evident with GT, G,T, and GT, the faster of which
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comigrates with GI' and GT, though GT has a slightly of whether the quadruplex adopts a parallel or antiparallel
faster mobility. The intensity of the slowly migrating species topology @4, 50—52), as a result of theynanti configuration
was dependent on the method of annealing, and these wer®f the glycosidic bonds, which aranti for the parallel
more abundant when the complexes were prepared by slowstructures andynandanti in varying ratios for antiparallel
annealing (as shown). We assume that the slow-migratingcomplexes €0, 61). The results show that the shortest
species (which is especially abundant witkT{scorresponds  oligonucleotides (&I, GsT,, and GT) adopt parallel topolo-

to intermolecular complexes, while the faster species aregies in the presence of both sodium and potassium. This is
intramolecular. It should be noted that these complexes wereconsistent with previous studies on the effect of loop length
prepared with 2QuM oligonucleotide (in contrast to 0.25 (41), which suggested that short loops are not sufficient to
uM oligonucleotide required for the fluorescence melting generate antiparallel topologies. The parallel structure pro-
experiments), and this 80-fold higher concentration will favor posed for GT (T30695, HIV integrase inhibitor) is at
the formation of bimolecular or tetramolecular complexes. variance with the published NMR structure, which suggested
The observation that all the faster species have similar an antiparallel structure containing two stacked G-quartets
mobilities is consistent with the suggestion that they contain (54, 57, 59), though it has been noted that this structure

the same number of stacked G-quartets. For tfie &eries, requires further investigatiorb9).

the mobility decreases as the number of G bases increases In the presence of potassium, the oligonucleotides with

from G4T;, to G;T,, though GT; is unusually slow. single T residues between the G-tracts all adopt a structure
for which the CD signature suggests a predominantly parallel

DISCUSSION topology. The parallel topology also appears to be the main

orm in the presence of sodium, though the greater CD signal

.
e i 298 Y aggests ha s may e n e i e
positive peaks at either 260 or 295 nm, and the fluorescenceantlparallel form. This is especially noticeable fogTfor

) . e . which the peaks at 260 and 295 nm are closer in intensity.
melting profiles show a folded conformation in which the In contrast, the CD spectra ofsG are very similar in the
fluorophore and quencher are close together at low temper- !

Ay " resence of both sodium and potassium.
atures. The folded complexes are stabilized by addition of P The sequences with two T bages between the G-tracts show
monovalent cations, and potassium consistently generates

more stable complexes than sodium. The complexes appead much stronger propensity to adopt the antiparallel confor-
P ) P PPeaL ation (except &, for which the potassium and sodium

e oo i fOITS are exclusively parale). ;s argely parae
9 y P 9 the presence of potassium but switches to the antiparallel

tration. _ i . form in sodium. GT, adopts a topology which is mainly
These results address three main questions concemingptiparallel in both sodium and potassium. In contrasT,G
these quadruplexes: what their relatlvg stabilities are, h(_)w and GT, show mixed conformations in potassium but switch
many stacked G-quartets are present in each complex (i.€.tq mainly antiparallel conformations in sodium. The strong
are any of the G bases pla_lced in the loops), and Whethersigna| at 295 nm for € and GT argues against aggregation
they adopt a parallel or antiparallel topology. into an intermolecular form, which would be expected to be
Stabilities.Although the fluorescence melting data cannot parallel.
distinguish between different conformations, they provide  How Many G-QuartetsFor the longer sequences, it is
an estimation of the overall stability of the different clear that a folded structure must contain some G residues
complexes. Under all the conditions that were investigated, in the loops as, for instance, a single T will be insufficient
the stability increases with the length of the G-tracts, except to span between the top and bottom of a stack of seven
for GsT, which has an anomalously high stability in the potential G-quartets in &. The values ofAn, derived from
presence of both sodium and potassium. In low concentra-the thermodynamic parameters, should be interpreted with
tions of both potassium and sodium, the ordeffigivalues  caution, as there may be multiple forms in equilibrium, which
is as follows: GT > G7T > GgT > GsT > G4T. The unusual  may vary according to the ionic strength. However, they do
stability of GT has previously been noted( 41) and may  indicate some trends concerning the number of stacked
result from conformational changes after the initial formation G-quartets in each complex, which are consistent with the
of the complex §4). This order is retained at higher gel mobility patterns. In potassium,sG G4T, and GT all
potassium concentrations, except thaT @nd GT display appear to contain only three stacked quartets, suggesting that
very similar T, values. In high concentrations of sodium, their loops contain a single T, GT, and GGT, respectively.
GsT is further down the rank order of stabilities and is For GT and GT, several structures could be envisaged
intermediate between & and GT. The rank order of  depending on which G bases are stacked and which are in
stability for the second series, in which the G-tracts are the loops; several different forms may coexist in solution in
separated by two T bases, shows that longer G-tracts produceyhich the G-strands slip relative to each other. The values
more stable structures. In the presence of potassiyTh G of Anfor G¢T and GT appear to increase by one, suggesting
and GT, have very similarTy, values, while GT,, GeT>, that these may contain four stacked G-quartets, with GGT
and GT are similar in the presence of sodium. These results and GGGT in their (lateral) loops. A similar transition is
demonstrate that there is no simple relationship betweenevyident for GT betweenn = 5 and 6 in the presence of
quadruplex stability and the length of the G-tracts, though sodium, though in this case the value/f is only ~2 for
the behaviors in sodium and potassium are similar. GsT, G4T, and GT and increases to 4 for (& and GT.
Parallel or Antiparallel. The presence of peaks at 260 or The lower value might indicate the presence of one fewer
295 nm in the CD spectrum is typically used as an indicator stacked quartet or more likely indicates that the sodium ions



G-Tract Length and Quadruplex Stability

are less tightly held between the terminal G bases and the 6.
loops.

In the presence of potassium, the valueanfare similar 7
for all the complexes. The similarity in &, and GT; is
consistent with the NMR structure of the intramolecular
Tetrahymenarepeat (GT,) which shows an antiparallel
complex containing three stacked G-quartets. In this case, it
appears that increasing the length of the G-tracts does not
increase the number of stacked G-quartets and the additional
G bases must reside in the loops. In sodiunil&and GT,
have the same number of G-quartets, which increase for
GsTo, GgTo, and GTo. 10.

Comparison with Other Studiel our previous publica-
tion (40), we suggested thatdB, was more stable than,G;, 11
in contrast to our study in which the melting temperatures
increase with the longer G-tracts. Several factors may
contribute to this difference. First, this study was performed
in 10 mM lithium phosphate buffer to which different 13,
concentrations of potassium or sodium had been added, in
contrast to the earlier work which simply used sodium or
potassium phosphate buffers. Second, different fluorophores
and quenchers have been used in the two studies, which may 15.
affect the relative stabilities. In this study, these are separated
from the quadruplex by single thymines at each end, while
in the previous work, the fluorophores were positioned
immediately adjacent to the terminal G bases. Third, and
probably most importantly, we have employed much slower 17-
rates of heating and cooling. Risitano and F4&) (measured
annealing profiles at a rate of temperature change of©/4
and noted that there was hysteresis between the heating and18.
cooling curves, some of which were biphasic. In this study,
we have shown that, in the presence of potassium, the CD
spectra of the @, series are affected by the rate of 19.
annealing; rapid cooling produces parallel structures, while
slow cooling generates antiparallel complexes. In this study, ,,
we therefore used a 60-fold slower rate of temperature change
in determining the melting profiles (0°C/min) and observed
no hysteresis between the heating and cooling curves, and
the profiles were all monophasic. This work has therefore 5;
been performed under equilibrium conditions, allowing a
proper analysis of relative stabilities for the different folded
quadruplexes.

9.

12.

22.
SUPPORTING INFORMATION AVAILABLE

Full details comparing the CD spectra of labeled and 23
unlabeled oligonucleotides and the concentration dependence
of the melting profiles. This material is available free of
charge via the Internet at http://pubs.acs.org.
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