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ABSTRACT. G-Rich sequences found within biologically important regions of the genome have been shown
to form intramolecular G-quadruplexes with varied loop lengths and sequences. Many of these quadruplexes
will be distinguishable from each other on the basis of their thermodynamic stabilities and folded
conformations. It has been proposed that loop lengths can strongly influence the topology and stability of
intramolecular G-quadruplexes. Previous studies have been limited to the analysis of quadruplex sequences
with particular loop sequences, making it difficult to make generalizations. Here, we describe an
original study that aimed to elucidate the effect of loop length on the biophysical properties of
G-quadruplexes in a sequence-independent context. We employed UV melting and circular dichroism
spectroscopy to examine and compare the properties of 21 DNA quadruplex libraries, each comprising
partially randomized loop sequences with lengths ranging from one to three nucleotides. Our work supports
a number of general predictions that can be made solely on the basis of loop lengths. In particular, the
results emphasize the strong influence of single-nucleotide loops on quadruplex properties. This study
provides a predictive framework that may help identify or classify biologically relevant G-quadruplex-
forming sequences.

Genomic DNA is usually present as a canonical right- sequences seem to be prevalent in eukaryotic genomes.
handed double helix, but it also has the potential to form Genome-wide bioinformatic searches have revealed a sig-
other structures. Nucleic acid sequences rich in guanink (G) nificant number £376000) of putative quadruplex-forming
in particular are predisposed to form higher-order structures sequences in the human genorti®, 0). In particular, the
because of the capacity of guanine bases to self-associatpromoter regions of genes are significantly enriched in
via Hoogsteen hydrogen bonds to form planar G-quartets. quadruplex-forming sequences relative to the rest of the
Within a single G-rich DNA strand, several consecutive genome, with>40% of human gene promoters containing
G-quartets can form and stack upon each other, leading toone or more quadruplex motif21). Furthermore, it has been
an intramolecular four-stranded structure, called a G-qua- suggested that the potential for DNA quadruplex formation
druplex. Such structures are further stabilized by the presenceds correlated with gene functior2?).

of monovalent cations, especially potassium3). Several While there is accumulating evidence of the formation of
G-rich DNA sequences identified in biologically important DNA G-quadruplexes in vitro, more work is needed to
regions of the genome have been shown to form an ejucidate the details of their existence and function in vivo.
intramolecular G-quadruplex under near-physiological condi- However, the discovery of proteins that interact specifically
tions in vitro. Such sequences have been found in the with G-quadruplexes has provided support for biological
telomeric repeats from a variety of organisms-6). More function 23—25). Recently, Paeschke et al26j have
recently, G-quadruplex-forming sequences have been identi-demonstrated that two ciliate telomere end-binding proteins
fied in the gene promoters of c-myz,(8), K-ras @), c-kit cooperate, under the apparent control of a protein phospho-
(10, 11), VEGF (12), HIF-1a (13), Bel-2 (14, 15), and RFP2  rylation event, to regulate the formation of the DNA
(16). Evidence of G-quadruplex formation in the regulatory G-quadruplex at telomeres in vivo. Such telomeric DNA
sequences of muscle-specific gen&g) (and at the 5end  structures have been previously shown to act as caps that
of the retinoblastoma gend§) has also been reported. In  inhibit telomerase activity in vitrod7), which has inspired
addition to these examples, putative quadruplex-forming the development of quadruplex-based cancer therapeutic
approaches28—30).
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Ficure 1: Arrows indicate 5to 3 polarity. (A) Different arrangements of strand polarity for G-quadruplexes: (a) all strands parallel, (b)
three parallel strands and one antiparallel strand, (c) two pairs of adjacent parallel strands, and (d) alternating antiparallel strands. (B)
Examples of loop topologies leading to different arrangements of strand polarity.

one predominant conformation, which has been suggesteddynamic properties and folding topologies of 21 libraries of
for the intramolecular c-myc quadruplex and also for the DNA G-quadruplex-forming sequences in which the loop
intermolecular quadruplex formed by ciliate telomerés (  sequences have been partially randomized.

26). A primary cause of structural polymorphism in G-

quadruplexes is the relative arrangement of strands, whichMATERIALS AND METHODS

can have different polarities. They can all be parallel or a . ) . )
mixture of parallel and antiparallel strands (Figure 133,( OligonucleotidesOligonucleotides were purchased from
34, 36). IBA. Stock solutions were made with molecular biology-

grade water (Sigma-Aldrich). Concentrations were deter-
mined by UV absorption at 260 nm. Molar extinction
coefficients were determined using OligoAnalyzer version
3.0, which makes use of a nearest-neighbor approximation
(46) and is freely available (http://www.idtdna.com/analyzer/
Applications/OligoAnalyzer/). For oligomers containing ran-

adjacent (edgewise loops) antiparallel strands (Figure 1B)ldom|ze.d base sites, gxtmchon coefficients are predicted by
A single intramolecular G-quadruplex structure can be based?V¢radind .nearest-neghbor values at these sites. )

on loops with different conformations. Both loop length and UV Melting. UV melting curves were collected using a
sequence play a role in determining the folded conformation Varian Cary 100 Bio UV-visible spectrophotometer by
and thermodynamic stability of a quadruplex-forming se- Measuring the spectral absorbance at 295 nm. Oligonucle-
guence. It has been shown that single-base changes can affe@tide library solutions were prepared at a final concentration
the folding and stability of quadruplexes formed by human ©f 54#M in 10 mM sodium cacodylate (pH 7.0) containing
andTetrahymenaelomeric repeat sequencé&), Ithas also 20 MM KCI. They were transferredta 1 cmpath length
been observed for particular intramolecular G-quadruplexes guartz cuvette, covered with a layer of mineral oil (Sigma-
that loop-loop interactions such as hydrogen bonding and Aldrich), placed in the spectrophotometer, and equilibrated
stacking interactions can influence quadruplex properties at 90 °C for 10 min. Samples were then cooled to (D
(38—40). During the course of our study, two independent and heated to 90C twice consecutively at a rate of 0.25
biophysical studies that aimed to investigate the sequence’C/min, with data collection every “C during both annealing
effects of short loops on quadruplex formation have been and melting. For libraries L111, L112, L121, and L211
published 41, 42). Nonetheless, a comprehensive under- (WhereTy, > 70 °C), the melting-annealing experiments
standing of the effect of loop sequences on intramolecular had an upper temperature of 100 (instead of 90°C). A
quadruplex formation would still require more biophysical Stream of dry nitrogen was gently applied through the sample
and, possibly, structural studies of a large number of compartmentto prevent condensation of water on the cuvette
examples. Loop lengths also play an important role in at low temperatures.

intramolecular quadruplex formation. There are a few reports T, values were obtained from van't Hoff analysis of the
on the effect of loop length on quadruplex folding and melting profiles as the temperature at which the folded
stability (40, 43—45). They have included oligo-dT loops fraction @) is 0.5 @7). To convert absorbance values into
(43, 44), punctual modifications in one or more loops of the folded fraction, we manually chose linear upper and lower
thrombin binding aptamer4(), or unnatural polyethylene baselines as previously describet¥)( Using this method,
glycol loops @5). While they all are instructive, each of these uncertainty mainly arises because baseline determination
studies has been limited to the analysis of quadruplex remains subjective. All experiments were performed at least
sequences with particular loop sequences and loop lengthtwice, and several different upper and lower baselines were
arrangements. Here, we report a sequence-unbiased studghosenT,, values differed by<2 °C. A prerequisite for the
that aims to elucidate general effects of loop lengths on extraction of thermodynamic parameters from melting curves
quadruplex formation. We have addressed this goal by usingis that they be true equilibrium curves. A good criterion for
UV melting and CD spectroscopy to examine the thermo- this is the coincidence of the heating and annealing profiles.

Intramolecular G-quadruplex formation requires three
loops to link between the top and bottom G-tetrads. Loops
can take various conformations. They can adopt a double-
chain-reversal conformation (or propeller-type), linking two
adjacent parallel strands, or they can fold back, bridging
either two diagonally opposite (diagonal loops) or two
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Under the heatingcooling rate (0.25°C/min) and buffer o L 1223
conditions used in this work, all oligonucleotide libraries 0.2 :“"_—Il:;?g
displayed superimposable and reproducible melting and 1331
annealing profiles. Temperature-independent van't Hoff 00 : e L233
enthalpy and entropy changeaHvy and AS,) were 0 2 ® 4 s @ 7 e e oo 1323
calculated according to the equationKiT) = —AHL/RT Temperature (°C) > 333

+ ASWK/R, whereK is the equilibrium constant for G-
quadruplex formation and was determined assuming a two-
state model for describing the single-strand to folded form
process 47, 48). Plotting InK(T) versus 1T allowed us to
access the values &Hyy and AS,4 from the slope and
intercept, respectively, of the linear regression in the interval

9'15<. 0= 0'85 @9). Free energies were calculated at 37 forming sequences identified in the human genome contain
C using the Gibbs equatiohGy(T) = AHv — TASk. three loops each with a length of no more than three
CD SpectroscopyCircular dichroism experiments were  nycleotides 19). Here, we have focused on the subpopula-
conducted on a Chirascan spectrapolarimeter using a quartzgns of G-quadruplex-forming sequences containing com-
cuvette with an optical path length of 1 mm. Oligonucleotide pinations of mono-, di-, and trinucleotide loops. To elucidate
library solutions were prepared at 481 in 10 mM sodium the effect of these loop lengths in a manner that is
cacodylate (pH 7.0) containing 20 mM KCI. The samples ndependent of their sequences, we designed and studied 21
were annealed by being heated af@or 5 min and slowly jipraries of G-quadruplex-forming sequences that include
cooled to room temperature on a heat block. Scans Wer€|oops of partially random sequences (Figure 2). The general
performed over the range of 22820 nm at 20°C. Each  sequence of any mononucleotide and dinucleotide loop is H
trace is the result of the average of three scans taken with agng HH, respectively, where H is A, T, or C, with equal
step size of 1 nm, a time per point of 1 s, and a bandwidth propability; the general sequence of any trinucleotide loops

of 0.5 nm. A blank sample containing only buffer was treated js HNH, where N is A, T, C, or G, with equal probability.
in the same manner and subtracted from the collected datagach Jibrary has been namefkL, wherej, k, andl represent

Ficure 3: Fraction folded as a function of temperature for the 21
DNA quadruplex libraries.

T, C, or G, that we employed for a bioinformatic searching
of the human genomel®). This study suggested that
approximately half of the~376000 putative quadruplex-

The data were zero-corrected at 320 nm. the number of residues in the first, second, and third loops,
Gel ElectrophoresisNondenaturing gel electrophoresis respectively (Figure 2).
was performed using a 20% polyacrylamide gel (16 xm UV Melting. It has previously been demonstrated that

20 cm, 19:1 acrylamide:bisacrylamide), preparednTBE G-quadruplex structures melt with a characteristic hypo-
buffer which had been supplemented with 20 mM KCI. - cpromic shift at 295 nm4g). The oligonucleotide libraries
Electrophoresis was carried out at 80 V (constant) af@ 4 gy gied here each exhibited clear hypochromic melting
for 16 h, using a X TBE, 20 mM KCl buffer as a running  ansitions at 295 nm, indicating that they include stable
buffer. The oligonucleotide concentration was @@, and = fg|ged structures with a characteristic of quadruplex forma-
the samples were annealed in 10 mM sodium cacodylate (PHijon As expected, transitions generally became broader as
7.0) containing 20 mM KCI by being heated at85for 5 g tota] length of the loops increases (Figure 3). However,
min and slowly cooled to room temperature on & heat block. eing and annealing curves were superimposable for all
After electrophoresis, the gels were stained with Stains-all quadruplex libraries, indicating reversible G-quadruplex

(Sigma). formation with relatively fast kinetics. Previous investigations
RESULTS have shown that, generally, the kinetics of tetrameric
guadruplex formation are extremely slow, leading to ir-

Experimental DesignJV melting and CD spectroscopy, reversible transitions, while dimeric quadruplexes form faster,
which are both recognized methods for the characterizationbut still slowly, leading to hysteresis between the melting
of quadrup|ex formation, were emp|0yed to examine the and annealing CUrVE§Q_52). In contrast, intramolecular
thermodynamic stability and folding topology of DNA quadruplexes form quickly and reversib§y(( 52).
oligonucleotide libraries designed to contain G-quadruplexes Additionally, libraries of quadruplexes with a total length
with three G-quartets (Figure 2).s;@&acks were chosen  of loops of no more than five nucleotides migrate as a single
because they are the shortest guanine runs that are reasonabband on a native polyacrylamide gel run in 20 mM KCI
stable for the formation of intramolecular DNA G-quadru- (Figure 4) and showed no indication of mixtures of mono-
plexes in aqueous solutions. We previously described americ quadruplexes and structures of higher molecularity,
simple rule for predicting intramolecular quadruplex-forming which might have been expectet?]. Furthermore, melting
sequences, d@eN;-7G3+N1-7G34N;-7G3+), where N is A, and annealing profiles for these libraries were reversible and
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h": év '.3’ Table 1: Melting Temperatures and van't Hoff Thermodynamic
w N N N Parameters for the Libraries of G-Quadruplex-Forming Sequénces
E Tm AHyy ASs AGyx(37°C)
¢C)  (kImol) (kI moltK1) (kJ/mol)
L111 8484 —223 —0.624 —29.5
L112 76175 —190 —0.545 —21.0
L121 7515 —195 —0.560 —-21.3
L211 7575 —191 —0.548 —21.0
L113 6869 —184 —0.538 —-17.1
L131 69/69 —185 —0.541 —17.2
L311 6969 —191 —0.559 —17.6
M. L122 6564 —149 —0.442 —-11.9
L212 6463 —143 —0.425 —-11.2
L221 6564 —141 —0.418 —-11.4
L222 5363 —127 —0.390 —6.0
L133 47A7 —112 —0.350 —-3.4
I L313 5049 —130 —0.404 —-4.7
Ficure 4: Nondenaturing gel electrophoresis of quadruplex libraries  L331 5566 —141 —0.429 =79
representative of total loop lengths of not more than five nucleotides. L223 ~ 48A7 ~ —132 —0.413 —3.9
L232 46A6 —128 —0.401 —3.6
L322 5361 —135 —0.416 —6.0
. . . . L233 5453 —136 —0.417 —-6.7
independent of oligonucleotide concentration from 2.5t0 20 | 323 5051 139 —0.429 59
uM. Taken together, these results are in good agreement with L3832 5250 —143 —0.443 —5.6
the formation of intramolecular G-quadruplex structures for 333 5150 —148 —0.458 —6.0
the majority of sequences in each library. 2 The samples were prepared at an oligonucleotide concentration of

Although the UV melting data cannot distinguish between 5 #M in 10 mM sodium cacodylate buffer containing 20 mM KCl.
the different sequences and conformations contained within They were heated and cooled at a rate of 0@#&nin. All experiments

. . . . . were performed at least twic&m,, AHvy, andAS,y values were each
quadruplex libraries, they provide an estimation of the overall the average of at least four determinations (two annealing and two

stability of the different quadruplexes formed by a defined melting profiles). The firsf,, values were obtained from van't Hoff
loop length arrangement. Melting temperature values 0b- analysis of the melting profiles as the temperature at which the folded
tained under the conditions used for this study are given in fraction is 0.5. They are accurate to withifi@. AHyy andAS,y values
Table 1. Thermodynamic parametersHyy and AS,y) for are given with an experimental err_orﬂﬂO%, determined on the basis
the folding of each library, under the conditions used for °f :‘A'es"’/‘St two '”?edpf;“de,m edxpeé'me”tj- "ﬂShof“'d b‘f] “‘t’&‘ﬂ“"@“

this study, were estimated from van't Hoff analysis of the 27 = daszi:g e gz[)ntlgeeqbnat%)é&(%] Y ZH?,?C— 7 A e
melting profiles €7, 48). This two-state transition model led e equilibrium is intramoleculak = 1 at Ty thus, AGyy = 0 =

in each case to a straight line £ 0.995; data not shown),  AH,, — T.ASu, and thereforeT, = AHyu/ASs. The ratios of the
the slope of which is-AHyy/R and they-intercept of which calculatedAHyy andASy values give secontl, values (in italics) in

is ASyu/R. Values are presented in Table 1. They are in the good agreement with the measured values.

same range of those previously reported for intramolecular
G-quadruplex formation in potassiurB9—41, 44, 50, 52, 40+
53).

A general trend emerged from the data indicating that
thermodynamic stabilities of quadruplexes decrease as the
total length of the loops increases (Table 1 and Figure 5).
Quadruplex library L111, with a total length of the loops of
three nucleotides, formed the most stable quadruplekgs [
= 83 °C; AGyn(37 °C) = —29.5 kJ/mol]. Libraries with a
total length of the loops equal to four nucleotides (i.e., L112,
L121, and L211) also formed very stable quadruplexes, but
their AGyn(37 °C) values increased by8 kJ/mol. Interest-
ingly, as the total length of the loops was increased from
four to five nucleotides, the decrease in thermodynamic .
stability correlated with the number of single-nucleotide R T S S
loops; libraries with two single-nucleotide loops and a ﬁl*‘b‘ﬁ?b‘%%‘%@'@%%“wwy@
remaining loop of three nucleotides (i.e., L113, L131, and 3 4 5 6 7 8 9
L311) formed more stable quadruplex@&s = 69 °C; AGyw- Total length of the loops
(37°C) ~ —17.5 kd/mol] as compared to libraries with only
one single-nucleotide loop and a two dinucleotide loops (i.e.,
L122, 1212, and L221)T, = 65°C; AGyn(37°C) ~ —11.5 .
kJ/mol]. A further increase in the total loop length from five ~ CD Spectroscopyseveral studies have demonstrated that
to six nucleotides resulted in ar5 kd/mol increase in the  the CD spectra of quadruplexes are a good indicator of their
AGwn(37 °C) of the quadruplex. Any subsequent increase folding topology 86, 54-58). For G-quadruplexes, main
in the total loop length beyond six nucleotides did not characteristic CD signals arise from G-G stacking between
significantly alter the stability of the quadruplex, although G-quartets, the strength of which mainly depends on the
minor variations were observed depending on the loop lengthconformation of guanine bases around the glycosylic bond
arrangement. (synor anti) (36, 40). Restrictions apply to adjacent guanines

35

..
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o g
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X
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- AG,, (37 °C) (kJ mol-")

Ficure 5: Changes iM\Gyy as a function of total loop length.
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involved in the same G-quartet. If they are on parallel strands, A

they must have the same glycosylic torsion conformation, i
. : = 4] L112

and conversely, if they are on antiparallel strands, they must 5 — 121

have opposite glycosylic torsion conformatio3$,(40). As .E 12+ — L211

a result, quadruplex structures have been shown to exhibit t 104 — H;?

different CD profiles depending on their parallel/antiparallel > 5. L311

strand composition. A CD spectrum with a maximum around & —L122

265 nm and a minimum around 240 nm is generally & °] — 'I:gf

indicative of a quadruplex with all strands being parallel E

(Figure 1A) 65—-57). Antiparallel quadruplexes with either 2

two pairs of adjacent parallel strands or alternating parallel %

strands (Figure 1A) typically display a maximum around 295 =

nm and a negative peak around 260 rsu<{56). Unstruc- P

tured single-stranded DNA sequences exhibit neither of these g , _ _ .

characteristic CD signatures. Nevertheless, CD spectra with 260 280 300 320

peaks at both 265 and 295 nm can indicate either the Wavelength (nm)

coexistence of distinct parallel and antiparallel folded species

in solution or a single mixed-type hybrid quadruplex structure B — 222

that contains three parallel strands and one antiparallel strand | — L133

(Figure 1A). The latter has been recently exemplified by 141 :tg;’?

Yang and co-workers for a quadruplex-forming sequence 12 —— 223

identified within the promoter region of the human Bcl-2 104 ——L232

proto-oncogene 14) and for an extended 26-nucleotide o] 5

modified human telomeric sequence, e(BsTTA)3;GsA ] ]

(59). Such a mixed-type hybrid G-quadruplex has also

previously been described for thieetrahymenaelomeric

repeat §) d(T.G4)4 and for the human telomeric repeat g T
AG3)4 upon induction by a small-molecule ligang8j.

Overlays of the CD spectra generated by each of the 21
oligonucleotide libraries, under the conditions used for this
study, are presented in Figure 6. Libraries where a total length : , . . : : . . ,
of the loops is not more than five nucleotides produce very 20 260 280 300 520
similar CD spectra with single maximaa265 nm (Figure Wavelength (nm)
6A), suggesting that they all include quadruplexes with the Ficure 6: Overlays of the CD spectra generated by (A) quadruplex
same topology, which is likely to be the parallel form libraries with a total loop length of not more than five nucleotides
containing double-chain-reversal loops. When the total length @d (B) quadruplex libraries with a total loop length of more than
of the loops increases to more than five nucleotides, CD five nucleotides.

profiles all display two positive peaks at265 and~295 libraries with any two single-nucleotide loops and a remain-
nm (Figure 6B). This suggests that these libraries areing di- or trinucleotide loop is noteworthy (Figure 6A).
probably composed of mixtures of parallel, antiparallel, and Because of the flexibility of di- and trinucleotide loops,
mixed-type hybrid quadruplexes. guadruplex-forming sequences with a 1:2(3):1 loop arrange-
On the basis of results obtained from molecular dynamics Ment could in principle form both parallel and antiparallel
simulations on quadruplexes with only oligo-dT loops, itwas duadruplexes, depending on the conformation of the longer,
previously proposed that, due to steric constraints, a single-Central loop (Figure 7A), and quadruplex-forming sequences
nucleotide thymidine loop bridging three G-tetrad layers can With éither a 1:1:2(3) or a 2(3):1:1 loop arrangement could
accommodate only a double-chain-reversal conformation N Principle form both parallel and mixed-type hybrid
(43). Moreover, recent biophysical and structural studies duadruplexes (Figure 7B). That CD spectra of these libraries
suggest that the conformation of single-nucleotide loops does2d the CD spectrum of L111 are essentially identical
not depend much on the sequendd, (59—62). Our data !ndlcates that the presence of two single-nucleotide loops
support this assertion, since library L111 exhibits a cD IMPoses an overall parallel fold upon the quadruplex, by
spectrum characteristic of the parailel conformation of the constraining the longer loop into a double-chain-reversal
quadruplex. On the other hand, the conformation of more ©riéntation. It is also noteworthy that quadruplex libraries
flexible, longer (more than one nucleotide) loop is less With two dinucleotide loops and a remaining single-nucle-
predictable. It has been reported that a single quadruplexCtide loop exhibit the same CD profile as L111, whereas
sequence with four Gtracts and three sfloops is likely to guadruplexes with two trinucleotide loops and a remaining

adopt a parallel structuret®). The CD spectrum of L222, single—ngcleotide do not. This might indicate a highgr
which exhibits positive peaks at both 265 and 295 nm, now propensity of two-nucleotide loops to adopt the double-chain-

reveals that it might be different for other loop sequences. reversal conformation compared to the three-nucleotide loop.

Interestingly, our data indicate that, in some cases, the 5 5cyssiON

conformation of long loops is strongly influenced by the

length of the remaining loops. Indeed, the similarity between  This study investigated the effect of loop length on the
the CD spectrum of library L111 and the CD spectra of thermodynamic stability and topology of intramolecular DNA

Molar ellipticity (x 105, deg cm? dmol-")
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Table 2: Sequences and Topologies of Some Biologically Relevant
G-Quadruplexes with Two Single-Nucleotide Loops

a)
m Name Sequence Topology
£ \\ \l myc-2345 GGGTI GGG GA GGGT GGG Parallel¥
u" \J N myc-1245 GGGA GGG ITITTA GGGT GGG  Parallel”
VEGF GGG C GGG CCGG GGG C GGG Parallel®
B d) e) HIF-1a GGG A GGG GAGAGG GGG C GGG Parallel®
J) h{! f] c-kit21T GGG C GGG CGCGA GGG A GGG Parallel
— aDetermined by NMR in the presence of 90 mM K Determined
1 by CD in the presence of 100 mM *K¢Determined by DMS
footprinting in the presence of 140 mM*kand by CD in the presence

of 25 mM K*. 9 Determined by CD in the presence of 100 mM.K

FIGUrRe 7: Arrows indicate 5to 3 polarity. (A) Possible folds for

quadruplex-forming sequences with two single-nucleotide loops . .
(red) and a di- or trinucleotide central loop (blue) that (a) can adopt However, an important outcome of our study arises from

a double-chain-reversal conformation or can fold back, bridging the observation that the presence of two single-nucleotide
either (b) two adjacent or (c) two diagonally opposite antiparallel loops within a quadruplex-forming sequence constrains the
strands [even though molecular dynamics simulations have previ- structure to a parallel fold, which is independent of the length
ously shown that thymidine dinucleotide loops might be too short f the remaining loop (two or three nucleotides). There are

to span the diagonal of the G-tetrad3]]. (B) Possible folds for . . . .
quadruplex-forming sequences with two consecutive single-nucle- examples in the literature that support this observation for

otide loops (red) and trinucleotide loops (blue) that (d) can adopt Particular quadrunleX-forming. sequences c_ontaining fopr G
a double-chain-reversal conformation or (e) can fold back to bridge tracts separated by two single-nucleotide loops and a

two adjacent antiparallel strands. remaining loop with at least two nucleotides. During the
course of this work, Rachwal et al44) reported that
G-quadruplexes. Related studies have employed G-quadruintramolecular DNA quadruplexes with two single T-loops
plex-forming oligonucleotides with defined loop sequences and a remaining Floop (in either a central or a lateral
(40, 42—44) or non-nucleosidic linkersdg). Moreover, they  pqsition) display CD spectra typical of a parallel topology.
were limited to certain loop length combinations. While such |, addition, NMR solution structures of myc-2345 and myc-
studies were insightful, they did not address the general case| 545 G-quadruplexes, which have a 1:2:1 and a 1:6:1 loop

in which loop sequences, loop lengths, and loop length |o,qi, arrangement, respectively (Table 2), revealed that they
arrangements can vary significantly. Our study is the first both form a parallel-stranded structure where all loops,

attempt to establish a sequence-independent re!?‘tiO'N'Shinncluding the di- and hexanucleotide central loops, adopt a
?oe[;[\cl;llggegg ;?Zulggrgutglsex%fs the loops and the stability and double-chain-reversal orientatiof2). On the basis of CD
) ) i and/or DMS footprinting data, the VEGRZ2) and HIF-Io
We have recorded the UV melting profiles and CD spectra (13) promoter G-quadruplexes with 1:4:1 and 1:6:1 loop
of a set of 21 G-quadruplex-forming DNA oligonucleotide 5. angements, respectively (Table 2), have been proposed
libraries. Each of them was designed to include G-quadruplexy, ¢4 into a parallel-stranded topology similar to that of
structures with different loop sequences but similar loop c-myc-1245. Using a combination of spectroscopic methods,

:Zg?tho;rt:gggﬁ?%r:gh \IA:(B) E)t(glttzli\?na IEO?JOStlh t(;]eeﬁl;:gsﬁoind we have recently shown that a 21-nucleotide G-rich sequence
P P 9 y P upstream of the c-kit transcription initiation site forms a

lengths. This experimental design precludes quadruplex—mixture of quadruplex structures under near-physiological

forming sequences which contain one (or morg)-@act- " . .
(s) and will exclude some potentially unexpected quadruplex conditions (0). However, a mutant sequence (c—k|t2;T) W'th.
a 1:5:1 loop arrangement, and a CD spectrum consistent with

structures, such as the c-kit quadruplex published recently .
(63). Under the conditions used for this study, CD spectra Parallel G-quadruplex conformation, was shown to be the
of the libraries all exhibit clear positive peak(s)ya265 and/ ~ Predominant species (Table 2). _
or ~295 nm, and UV melting profiles, recorded at 295 nm, _ Relationship between Loop Length and Thermodynamic
show reversible, superimposable hypochromic transitions, Stability. Examination of thel, and thermodynamic values
which are independent of oligonucleotide concentration. obtained for the 21 DNA quadruplex libraries studied here
Besides, a comprehensive analysis also reveals severaleveals that loop lengths have a major effect on the stability
interesting connections between the CD and UV melting data. of quadruplexes with a total loop length of not more than
Effect of Loop Length on the Topology of Intramolecular ﬂvg nucleot@es. For these libraries, a trend is apparent with
DNA G-QuadruplexesThe CD profiles recorded for qua- &N Increase in the total loop length that involves a significant
druplex-forming libraries with a total loop length of more decrease in both théy, and theAGvy at 37°C for each
than five nucleotides indicate that they are mixtures of One-nucleotide addition (Figure 5 and Table 1). This is
quadruplexes with different topologies: parallel, antiparallel, consistent with the outcome of previous studies restricted to
or mixed-type hybrid. This can reflect both sequence effects, defined loop sequencedd 44). For quadruplex libraries
i.e., different sequences leading to the formation of quadru- With a total loop length of more than five nucleotides, any
plexes with different conformations, and the polymorphism increase in loop lengths does not significantly affect the
of certain individual sequences. In any case, this points out stability.
of the conformational flexibility of loops with more than one Our CD data suggest that all quadruplex libraries contain-
nucleotide. ing any two single-nucleotide loops include quadruplexes
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with the same topology, which is likely to be the parallel human telomere repeat sequencefl[GAGs;)3], with a 3:3:3
form containing double-chain-reversal loops. However, UV loop length arrangement, predominantly forms a duplex in
melting experiments reveal that they have different thermo- the presence of the complementary C-rich strand under
dynamic stabilities, depending of the size of the remaining physiological conditions, whereas a sequence related to the

loop. Indeed, the\Gyy(37 °C) of L111 is~8 kJ/mol lower
than theAGyu(37 °C) of libraries with two one-nucleotide
loops and a remaining two-nucleotide loop, ant kJ/mol
lower than theAGyu(37 °C) of libraries with two one-
nucleotide loops and a remaining three-nucleotide loop. It
is also noteworthy that for quadruplex libraries with a total
loop length of five nucleotides, which all exhibit a similar
CD profile with a single peak at 265 nm, the thermodynamic
stability correlates with the number of single-nucleotide
loops. Libraries with two single-nucleotide loops and a
remaining loop of three nucleotides (i.e., L113, L131, and
L311) formed more stable quadruplexesdyu(37 °C) ~
—17.5 kd/mol] as compared to libraries with only one single-
nucleotide loop and a two dinucleotide loops (i.e., L122,
L212, and L221) AGyu(37 °C) ~ —11.5 kd/mol]. These
data are consistent with single-nucleotide loops being the
most stable double-chain-reversal loops. This agrees with
the suggestion made as a consequence of the NMR study o
myc-1245 and myc-2345 G-quadruplexes (Table 2), which
both form a parallel quadruplex with three double-chain-
reversal loops@2). The main difference between myc-1245
and myc-2345 is the length of the central loop, six and two
nucleotides, respectively. The melting temperature of myc-
1245 has been shown to be 16 lower than that of myc-
2345 62).

Biological SignificanceWith the exception of the single-
stranded 3overhang of telomeres, G-quadruplex-forming
sequences in the genome are present with their complemen
tary C-rich strands, which generate competing duplex
structures. If quadruplex formation is biologically relevant,
then in some circumstances it must be favored over duplex
formation. The quadruplex to duplex equilibrium depends
on many factors that will include their relative thermody-
namic stability. The higher stability of G-quadruplex struc-
tures containing short loops makes the existence of this
structure more likely, especially given that shorter loop
lengths will result in a shorter competing duplex with a
correspondingly lower stability. Remarkably, with the excep-
tion of the human telomere region, most intramolecular
quadruplex-forming genomic sequences reported so far in
the literature contain at least one single-nucleotide labp (
10, 12—15, 17). It is also noteworthy that for both c-myc
and Bcl-2 promoters, in which multiple runs of guanine

occur, in each case the predominant G-quadruplex species 10-

contains either one or two single-nucleotide loops 14,
15,59, 62). We recently reported that human gene promoters
are enriched in quadruplex-forming sequence with single-
nucleotide loops 41). Of the 3087 quadruplex-forming
sequences identified in the first 100 bases upstream of the
transcription start site, 78% of them have at least one single-
base loop. This proportion gradually declines toward the
genome average (64%) when one moves away from the
transcription start site, suggesting that, proximal to the
transcription start site, evolutionary selective pressure has
favored quadruplex motifs with stabilizing loop lengths.
Risitano et al. have examined the quadrupldyplex
equilibrium for several DNA oligonucleotides that have been
shown to form quadruplexes39). They showed that the

c-myc promoter, d(@AGsT),, with a 1:2:1 loop length
arrangement, preferentially adopts the quadruplex form. If
guadruplex stability proves to be an indicator of biological
function, this work may provide a basis for helping to identify
biologically relevant G-quadruplex-forming sequences on the
basis of loop length. So far, models have been developed to
predict stabilities of nucleic acid secondary structures with
only Watson-Crick pairs and/or some non-Watse@rick
regions (such as ® base pairs, hairpin loops, internal loops,
and junctions), but there is no model for predicting the
thermodynamics of quadruplex formation. Our study could
be considered as a starting point for the development of such
a model.

SUPPORTING INFORMATION AVAILABLE

Extinction coefficients and UV melting curves for the 21
uadruplex libraries. This material is available free of charge
ia the Internet at http:/pubs.acs.org.
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