JIAICIS

ARTICLES

Published on Web 06/22/2004

Propeller-Type Parallel-Stranded G-Quadruplexes in the
Human c-myc Promoter

Anh Tuan Phan,* Yasha S. Modi, and Dinshaw J. Patel

Contribution from the Structural Biology Program, Memorial Sloan-Kettering Cancer Center,
New York, New York 10021

Received March 2, 2004; E-mail: phantuan@mskcc.org

Abstract: The nuclease-hypersensitivity element Ill; in the ¢c-myc promoter is a good anticancer target
since it largely controls transcriptional activation of the important c-myc oncogene. Recently, the guanine-
rich strand of this element has been shown to form an equilibrium between G-quadruplex structures built
from two different sets of G-stretches; two models of intramolecular fold-back antiparallel-stranded
G-quadruplexes, called “basket” and “chair” forms, were proposed. Here, we show by NMR that two
sequences containing these two sets of G-stretches form intramolecular propeller-type parallel-stranded
G-quadruplexes in K*-containing solution. The two structures involve a core of three stacked G-tetrads
formed by four parallel G-stretches with all anti guanines and three double-chain-reversal loops bridging
three G-tetrad layers. The central loop contains two or six residues, while the two other loops contain only
one residue.

Introduction (8  Pu27 TGGG?AGGGIGGGGﬁGGGTgGGGA,:\sGG

Human c-myc a 65-kDa nuclear phosphoro-protein, is a (b) Myc-2345 TGAGGGTGGGGAGGGTGGGGAA
central regulator of cellular proliferation and cell growtiihe s 0 15 2 =
aberrant overexpression of tltemycgene is associated with (©) Myc-1245 TGGG?AGGGITTTT;;\SGGGT%GGGA
Fhe progression of many (.:anCér-ghere Is an important elem_e_m Figure 1. DNA sequences of the NHE G-rich strand from tbenyc
in the c-mycpromoter region, termed nuclease-hypersensitivity promoter and its derivatives: (®u27, the 27-nt wild-type sequence; (b)
element Il (NHE), which controls about 90% of totatmyc myc-2345a “chair” derivativé containing G-tracks number 2, 3, 4, and 5;
transcriptior® The 27-nt purine-rich strandP(27 of this and (c)myc-1245a “basket” deriyativ@containing G-tracks number 1, 2,
element contains six guanine stretches, five of which contain 4,and 5; the G-track number 3 is substituted by T
three or four guanines per stretch (Figure 1). Using chemical
probing, Simonsson et .4l proposed an intramolecular G-
quadruplex structure for this G-rich strand. The model was a
fold-back antiparallel-stranded G-quadruplex with a core of three
G-tetrads formed by four G-tracks (namely, the first, second
fourth, and fifth), two lateral edgewise loops, and a central
diagonal loop.

Recently, Siddiqui-Jain et &lhave shown that the same
sequence may form at least two different G-quadruplex struc-
tures in equilibrium in K-containing solution. The authors
proposed two models of intramolecular G-quadruplexes: while
the first one (referred to as the “basket” form) was similar to
Simonsson et al.’s structure (Figure 1C of ref 5), the second

one (referred to as the “chair” form) was formed by another set
of G-tracks (namely, the second, third, fourth, and fifth) with
all three edgewise loops (Figure 1D of ref 5). Furthermore, the
chair form has been shown to be kinetically favored and
" biologically relevant, since its destabilization results in a 3-fold
increase in transcriptional activity of tremycpromoter and

its stabilization by a ligand decreases or suppresses/c
transcriptional activatiof.

We present here an NMR study on the structure of two
different sequences derived from the G-rich strand of the NHE
to favor either the basket or the chair form. Instead of these
topologies, our results reveal novel distinct intramolecular
propeller-typé parallel-stranded G-quadruplexes for both se-

(1) (a) Gartel A. L.; Shchors KExp. Cell Res2003 283 17—21. (b) Pelengaris, qguences.
S.; Khan, M.Arch. Biochem. Biophy®2003 416, 129-136.
(2) (a) Slamon, D. J.; deKernion, J. B.; Verma, I. M.; Cline, M.Stience

1984 224, 256-262. (b) Marcu, K. B.; Bossone, S. A.; Patel, AAhNu. Materials and Methods

Revs. Biochem.1992 61, 809-860. (c) Pelengaris, S.; Rudolph, B.; . . .

Littlewood, T.Curr. Opin. Genet. De. 200Q 10, 100-105. Sample Preparation. The unlabeled and the site-specific low-
(3) (a) Siebenlist, U.; Hennighausen, L.; Battey, J.; LedeiC&ll 1984 37, i 0/15N] - - 0/ 15\ 13-
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Hogan, M. E.Sciencel98§ 241, 456-459. (c) Davis, T. L.; Firulli, A. myc-1243 oligonucleotides were synthesized using solid-plasga-

B.; Kinniburgh, A. J.Proc. Natl. Acad. Sci. U.S.A989 86, 9682-9686. noethyl phosphoramidite chemistry and purified by HPLC as previously

(d) Berberich, S. J.; Postel, E. i@ncogenel995 10, 2343-2347.
(4) Simonsson, T.; Pecinka, P.; Kubista, Nucleic Acids Re<.998 26, 1167
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. (6) (a) Parkinson, G. N.; Lee, M. P. H.; Neidle, Sature 2002 417, 876—
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described®’ They were dialyzed successively against a 50 mM KClI
solution and against water. Unless otherwise stated, the strand
concentration of the NMR samples was typically 65 mM; the
solutions contained 70 mM of KCl and 20 mM of potassium phosphate
(pH 7).

Nuclear Magnetic ResonanceNMR experiments were performed
on 600 MHz Varian and Bruker spectrometers. Experiments. @ H
used the jump-and-return (JR) water suppressiéor detection. The
recently developed stratey°was used for NMR characterization of
G-quadruplex structures.

Resonances were assigned using site-specific low-enrichment label-

ing” and through-bond correlations at natural abunditic&ino—H8
by JRHMBC#?a H8—H2 by HMBC?® H8/6—H1' by HSQC and
SHMBC¢ and H1-H2'/2"/3/4/5/5" by COSYd and TOCSY).

The establishment of equilibrium for stoichiometry and melting

temperature measurements was monitored and ascertained by NMR.

Measurements were performed on samples O tn the basis of
signals of different imino and aromatic protons, using the JR pulse
sequence with a repetition delay of 5 s. Stoichiometry determination
was based on the titration of the concentration-dependent equilibrium
between the structured and unfolded fofhThe melting temperature
was determined as the temperature where the equilibrium fractions of
the structured and unfolded forms measured by NMR are equal.

Real-time imino proton-exchange experiments were performed at
25 °C: samples were first dried and then quickly dissolved y©D
NMR spectra were recorded at different times.

Results

Pu27Forms Multiple G-Quadruplex Structures. The imino
and aromatic proton spectrum of the 27-nt d¢AG3TG4AG3-
TG,AAG,) c-mycsequenceRu27 in K*-containing solution
is shown in Figure 2a. We observe a broad envelope including
imino protons at 1612 ppm with some fine structure, which
indicates the presence of multiple G-quadruplex forms. Such
NMR spectra provide minimal opportunities for further structural
characterization, with line broadening, in part, reflecting the

consequences of exchange between interconverting conformers

We therefore made systematic modifications in P27
sequence (with over 50 sequences) in efforts to separately driv
the equilibrium to either the basket or the chair fofm.
Previously, chemical probing datandicated that the first (or
third) G-track forms part of the quadruplex scaffold for only
one fold, the basket fold (or the chair fold). Sequenoss-
2345andmyc-1245Figure 1), having the first and third G-track
modified, respectively, have been chosen for further structural
analysis on the basis of their NMR spectral quality (Figure 2).

The myc-2345sequence, in which the first{&egment was
replaced by a single G, can form the chair fold, but not the
basket fold. Themyc-1245sequence, in which the third 4G
segment was substituted by, Tcan form the basket fold, but
not the chair fold. In the latter sequence, theshbstitution

(7) (a) Phan, A. T.; Patel, D. J. Am. Chem. So@002, 124, 1160-1161. (b)
Phan, A. T.; Patel, D. Jl. Biomol. NMR2002 23, 257-262.
(8) Plateau, P.; Guen, M. J. Am. Chem. S0d.982 104, 7310-7311.
(9) Phan, A. T.; GUmn, M.; Leroy, J. LMethods EnzymoR001, 338 341—
371.
(10) Phan, A. T.; Modi, Y. S.; Patel, D. J. Mol. Biol. 2004 338 93—102.
(11) (a) Phan, A. TJ. Biomol. NMR200Q 16, 175-178. (b) van Dongen, M.
J. P.; Wijmenga, S. S.; Eritja, R.; Azorin, F.; Hilbers, C. W.Biomol.
NMR 1996 8, 207-212. (c) Phan, A. TJ. Magn. Resork001, 153 223—
226. (d) Piantini, U.; Sorensen, O. W.; Ernst, R. R.Am. Chem. Soc.
1982 104, 6800-6801. (e) Bax, A.; Davis, D. GJ. Magn. Resonl1985
65, 355-360.
(12) NMR spectra of many modified sequences also indicated the presence of
multiple G-quadruplex structures.

e

Aromatic protons

Imino protons

(b)

Ul

(©

TH (ppm) 11 10 9 8 7
Figure 2. One-dimensional 600 MHz proton spectra of Rai27, (b) myc-

2345 and (c)myc-1245 Experimental conditions: strand concentration, 1
mM; temperature, 28C; 70 mM KCI; potassium phosphate, 20 mM; pH
7.

was chosen because it has been found previously to favor
diagonal loops of several G-quadruplexes.

Sequencesnyc-2345and myc-1245Form Intramolecular
Propeller-Type Parallel-Stranded G-Quadruplexes.Proton
spectra ofmyc-2345ndmyc-1245re plotted in Figure 2b and
c, respectively. In both cases, the number and intensity of peaks
indicated the presence of a major conformation. Sharp imino
protons at 16-12 ppm correspond to guanine imino protons in
G-tetrad formatior$?1°
" The spectral line-widths are consistent with an intramolecular
monomeric structure for both sequences, with the sharpest lines
of 2—3 Hz at 25°C (Figure S1). The stoichiometry was
determined on the basis of NMR titration of the concentration-
dependent equilibrium between the structured and unfolded
forms? The latter was identified as the species which is
predominant at high temperatures, showing sharp nonexchange-
able protons but no imino proton signals (Figure S2). The results
of the titrations (Figure 3) indicated the formation of monomeric
structures, hence intramolecular monomeric G-quadruplexes.
The concentration-independence of the melting temperature of
these structures (see below) also supports the formation of
monomers.

Guanine imino protons ofmyc-2345and myc-1245were
assigned unambiguously to their positions in the sequence by
the site-specific low-enrichment approédcising 2%!°N-labeled
or 2% 15N,13C-labeled samples. For both sequences, there are
12 major imino proton peaks, consistent with the formation of
three G-tetrads. The guanine imino proton of each site-specific

(13) (a) Smith, F. W.; Feigon, Nature1992 356, 164-168. (b) Schultze, P;
Hud, N. V.; Smith, F. W.; Feigon, Nucleic Acids Resl999 27, 3018~
3028. (c) Smith, F. W.; Lau, F. W.; Feigon,Rroc. Natl. Acad. Sci. U.S.A.
1994 91, 10546-10550. (d) Wang, Y.; Patel, D. J. Mol. Biol. 1995
251, 76—-94. (e) Horvath, M. P.; Schultz, S. Q. Mol. Biol. 2001, 310,
367—-377. (f) Haider, S.; Parkinson, G. N.; Neidle, 5.Mol. Biol. 2002
320, 189-200. (g) Crnugelj, M.; Hud, N. V.; Plavec, J. Mol. Biol. 2002
320 911-924.
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Figure 3. Determination of stoichiometry by NMR titration of the
equilibrium strand concentrations of the structured form and of the unfolded
monomer. Squares and triangles represemnyic-2345 and myc-1245
respectively. Lines with a slope of one are drawn through the data points.
Experimental conditions: 7 mM KCI; potassium phosphate, 2 mM; pH 7;
temperature, 60C for myc-2345and 50°C for myc-1245.
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Figure 4. Imino proton NMR spectra of (anyc-2345and (b)myc-1245
with assignments listed over the reference spectrum (ref) at the top of the
figure. Imino protons were assignedtN-filtered spectra of samples that
were 2% (a)*N-labeled and (b}N,13C-labeled at the indicated positions.

S3 plots some examples of guanine H8 assignmentayio-
2345andmyc-124%y ["H—1°N] long-range and'H—3C] one-
bond correlation experiments, respectively.

The assignments of guanine imino and H8 protons were
supported by NOESY and other through-bond correlation
experiments (see Materials and Methods).

The G-tetrad alignments were defined from NOESY spectra
(Figure 6a, g on the basis of the specific imird18 connectiv-
ity pattern in a G-tetrad (Figure 6b). Such a connectivity pattern
determines the alignment of G-tetrads and the hydrogen-bond
directionality around each G-tetrad. Examination of NOESY
imino—H8 connectivities between already-assigned imino and
H8 protons (Figure 6a, arevealed the formation of three
G-tetrads for each structure: (€®13G18G22), (G8G12
G17-G21), and (GTG11-:G16:G20) formyc-2345(G5G9-G1&
G22), (G4G8-G17-G21), and (G357-G16 G20) formyc-1245

The intramolecular G-quadruplex folding topologiesofc-
2345andmyc-1245vere defined in two steps: first, the G-tetrad
core was established from G-tetrad alignments; second, the loops
were drawn by connecting sequential residues. This procedure
revealed the formation of intramolecular propeller-type parallel-
stranded G-quadruplexes for bothyc-2345and myc-1245
(Figure 6c¢, ¢). The parallel-stranded G-quadruplex cores are
consistent with all guanines adopting an anti conformation, as
no strong H1-H8 peaks were detected in NOESY spectra (data
not shown). In each structure, there are three double-chain-
reversal loops bridging three G-tetrad layers and connecting
adjacent parallel strands: two of them are single-residue (A or
T) loops; the third (central) ones are two-residue (GA) and six-
residue (FA) loops for myc-2345and myc-1245 respectively
(Figure 6¢, ¢). These topologies are also consistent with other
NOESY data (e.g. detection of cross-peaks between protons of
adjacent G-tetrads or absence of sequenti&Ht6l8 cross-peaks
for single-residue loops).

Stability of Propeller-Type G-Quadruplexes.The propeller-
type G-quadruplex structures afyc-2345and myc-1245are
very stable in the presence offKThe unfolded form was
observed by NMR only at relatively high temperatures (Figure
S2). The melting temperaturé,) of a given G-quadruplex form
was determined by NMR as the temperature where the equi-
librium fractions of the G-quadruplex and unfolded forms are
equal. The melting temperature was very slightly (or almost
not) dependent on the DNA concentration, as expected for
monomeric structures. By contrast, it depended strongly on the
concentration of K, with very high Ty, observed for 90 mM
K*. An example ofT, determination by NMR is shown in
Figure S2. Table 1 lists thB, values of thenyc-2345ndmyc-
1245G-quadruplexes at two different'kconcentrations (9 and

The reference spectrum was recorded using the same pulse sequence b@0 mM). In the presence of 9 mMK the melting temperature

with a different phase cycle. Experimental conditions: 70 mM KCI;
potassium phosphate, 20 mM; pH 7; temperature,@5strand concentra-
tion, 0.5-1 mM.

labeled residue was recognized on the basis of its intensity in
the 15N-filtered spectrum (Figure 4).

The assignments of guanine H8 protons were obtained by
through-bond correlation with the already-assigned imino
protons (Figure 5) vial®C5 at natural abundané& The
assignments of several guanine H8 protons were confirmed
independently using the site-specific labeled sampleigure

8712 J. AM. CHEM. SOC. = VOL. 126, NO. 28, 2004

of the propeller-type G-quadruplex ofyc-2345s about 15°C
higher than that ofmyc-1245 In the presence of 90 mM K
the melting temperature of thmyc-2345propeller-type G-
quadruplex is higher than 8@ and could not be measured by
NMR.

Imino Proton Exchange of the Central G-Tetrads.Imino
proton spectra omyc-2345andmyc-1245fter 1 hin D,O are
shown in Figure 7a and b. In each case, the most protected four
peaks correspond to guanine imino protons of the central
G-tetrad (G8, G12, G17, and G21 fayc-2345G4, G8, G17,
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Figure 5. Through-bond correlations between imino and H8 protons'¥@® at natural abundance for (b)yc-2345and (c)myc-1245 using long-range
J-couplings shown in (a). Assignments of guanine H8 protons, labeled with residue numbers, were obtained from the already-assigned iminpgaktons. A
from T(H6) is labeled with a star. Experimental conditions: 70 mM KCI; potassium phosphate, 20 mM; pH 7; temperatiestdnd concentration, 2

mM.

and G21 formyc-124%. This observation supports the folding
topologies identified above (Figure 6¢).c

The exchange times of the guanine imino protons in the
central G-tetrad were measured in real time at@%y NMR.
The exchange times of the four guanine imino protons in the
central G-tetrad ofmyc-1245are similar, ranging from 14 to
18 h. In the central G-tetrad ofiyc-2345the exchange time of
the G12 imino proton is 12 h, similar to that of the corresponding
protons inmyc-1245The exchange times of the three remaining
imino protons ofmyc-2345are much longer, ranging from 40

chain-reversal. A similar parallel-stranded G-quadruplex topol-
ogy with three (three-residue) double-chain-reversal loops was
recently observed for the human telomeric G-rich straitie

loop compositions of the structures presented here are different
and represent some interesting features. In the structumgof
2345 the central loop contains two nucleotides (GA), while

the two flanking loops contain only one nucleotide (T). In the

structure ofmyc-1245each of the two flanking loops contains
one residue (A or T), while the central loop contains six residues

(TsA).

to 50 h. An example of the exchange time measurement for the  The double-chain-reversal loop, a structural element in

G21 imino proton inmyc-2345and in myc-1245is shown in
Figure 7c. The G21 imino proton ofiyc-2345%xchanges about
2 times slower than the corresponding protonmyfc-1245

Discussion

Novel Propeller-Type G-Quadruplex TopologiesWe have
identified two derivative sequences of the guanine-rich strand
Pu27from thec-mycpromoter myc-2345andmyc-1245which
are suitable for structural characterization by NMR. These

G-quadruplexes that connects two adjacent parallel strands, has
been observed previously on various occasforid® A one-
residue (A) loop has been found to bridge two G-tetrad layers
and to participate in hydrogen-bond alignments with a G-tetrad
edge!® Two-residue (TT and CA) and three-residue (TTA) loops
have been found to bridge three G-tetrad layéfdn this study,
besides a two-residue (GA) loop, we also observed systemati-
cally single-residue (A and T) double-chain-reversal loops

sequences contain two different sets of G-tracks that have beenis) (a) wang, Y.; Patel, D. Btructure1994 2, 1141-1156. (b) Kuryavyi,

shown previously to participate in formation of G-quadruplexes
of Pu27. We have shown here that bothyc-2345and myc-
1245 form intramolecular propeller-type parallel-stranded G-
quadruplexes in K-containing solution: the core of three
G-tetrads is formed by four G-stretches oriented in the same
direction, with all anti guanines; all three loops are double-

V.; Majumdar, A.; Shallop, A.; Chernichenko, N.; Skripkin, E.; Jones, R.;
Patel, D. JJ. Mol. Biol. 2001, 310, 181-194.

(15) (a) Kettani, A.; Gorin, A.; Majumdar, A.; Hermann, T.; Skripkin, E.; Zhao,
H.; Jones, R.; Patel, D. J. Mol. Biol. 200Q 297, 627—644. (b) Zhang,
N.; Gorin, A.; Majumdar, A.; Kettani, A.; Chernichenko, N.; Skripkin, E.;
Patel, D. J.J. Mol. Biol. 2001, 311, 1063-1079. (c) Matsugami, A,;
Ouhashi, K.; Kanagawa, M.; Liu, H.; Kanagawa, S.; Uesugi, S.; Katahira,
M. J. Mol. Biol. 2001, 313 255-269. (d) Matsugami, A.; Okuizumi, T.;
Uesugi, S.; Katahira, MJ. Biol. Chem2003 278 28147-28153.
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Figure 6. NOESY spectra (mixing time, 200 ms) of (ajyc-2345and (&) myc-1245(same conditions as in Figure 5). The imind8 cross-peaks are
framed and labeled with the number of imino protons in the first position and that of H8 in the second position. (b) Specifitignaamnectivity pattern
around a G-tetrad (£&GgG,+Gy) indicated with arrows (connectivity between @d G, implied). (c, ¢) Schematic structures ofiyc-2345andmyc-1245

that satisfy NOE connectivities shown in parentheses.

Table 1. Melting Temperatures (°C) of Intramolecular
Propeller-type G-Quadruplexes of myc-2345 and myc-1245 at
Different K™ Concentrations
myc-2345 myc-1245 /M
9 mM K™ 63 47 1221 178

2117
90 mM K* >80 75
\/‘/\
JUR— \‘ P —
aThe melting temperature is higher than the limit of permitted temper- T T T
ature range for the NMR spectrometer; therefore, it could not be measured. 120 115 110 120 115 110

TH (ppm)

bridging three layers of G-tetrads. On the other hand, the six-

residue loop in the structure ofyc-1245s the longest double- _ 1.0
chain-reversal loop that has ever been observed. ) 0.8
As mentioned above, althougimyc-2345and myc-1245 i

contain two different sets of G-stretches fr&u27, their overall @ 0.6

folding topologies are similar, with a parallel-stranded G-tetrad *°§’ 0.4

core and three double-chain-reversal loops, two of which are x

one-residue loops. The main difference between the two £ 02

structures lies in the size of the central loop, which is a two- 00 |

and six-residue loop, respectively. This might explain the

difference in stability between the two structures, witlyc Time (s)

2345having an approximately 1% higher melting temperature. Figure 7. Imino proton spectra of (ajyc-2345and (b)myc-1245in H;0

This finding suggests that a two-residue double-chain-reversal ypper) and afte1 h in DO (lower) showing peaks from the central

loop is more stable than a six-residue loop for bridging three G-tetrad. (c) Intensities (in arbitrary units, A.U.) of G21 imino protons in

G-tetrad layers. In general, the imino proton-exchange time of myc-2345and myc-1245as a function of time. Squares and triangles

the central tetrad of thewc-2345G-quadrunlex is also longer represenmyc-2345and myc-1245 respectively. Experimental conditions:
y 25-( p 9 strand concentration, 1 mM; temperature,®5 70 mM KCI: potassium

than that of the corresponding protons of theyc-1245 phosphate, 20 mM; pH 7.

G-quadruplex, suggesting slower unfolding kinetics of the

former structure. six G-stretches, five of which contain three or four guanines
Multiple Conformations in the Pu27 SequenceThe Pu27 per stretch (Figure 1a). One would envisage multiple possible
sequence from the NHE element of thvenycpromoter contains ~ ways of G-quadruplex formation using different G-stretches

8714 J. AM. CHEM. SOC. = VOL. 126, NO. 28, 2004
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(including various possible stoichiometries). Indeed, the ob- between the G-quadruplex described above and other G-
served NMR spectra (Figure 2a) indicated the presence of quadruplex conformations which do not adopt G12 in the central
multiple conformations. Usually, an intramolecular G-quadru- G-tetrad. For instancenyc-2345may form another propeller-
plex formation requires four G-track&For Pu27, there are five type G-quadruplex, where (within the four-guanine GGQ14
different possibilities of selecting four G-tracks (of at least three stretch) G11 would be in the two-residue (T10G11) double-
guanines each) out of five, hence at least five possible chain-reversal loop and the G1#14 track would participate
intramolecular G-quadruplex topologies. Siddiqui-Jain et al.’s in the G-tetrad core.

dat& suggested that the most favorable topologies formed by  Biological Significance.In the presence of the complemen-
two different sets (combinations) of four G-tracks, and the tary C-rich strand, the NHE element of thanycpromoter can
authors proposed two topologies, called “chair” and “basket”, form different structures, including the i-motif of the C-rich
respectively. (Structures using other sets of G-tracks may existstrand!’ the G-quadruplex of the G-rich straf,and the
with lower proportions.) However, even for a given set of four Watson-Crick duplex of the two strand$.For human telomeric
G-tracks, there may be several possible intramolecular G- DNA, the duplex is the predominant structure at physiological
quaduplex topologies, which differ by strand orientations, syn/ conditions!8 The high stability of the propeller-type G-
anti distributions, and/or loop connectidh®¥ The myc-2345 quadruplex structure in theemycpromoter (in particular, that
and myc-1245sequences, derived froRu27 by keeping two of myc-234%in K*-containing solution makes the existence of
different sets of G-tracks reported by Siddiqui-Jain et®al., the G-quadruplex more likely. Folding/unfolding kinetics of
therefore may represent the two most favorable forms. In these structures is another factor that determines their biological
particular, myc-2345is almost a natural fragment d?u27, relevance.®18.19 Proteins that bind specifically to either the
containing the four G-tracks used in the biologically relevant C-rich strand, G-rich strand, or the duplex of the NHE have
G-quadruplex structure(8)Interestingly, instead of chair and  been identified® They may regulate the transcription level of
basket, we found that both sequences form propeller-type c-mycby modulating the structures (or populations of structures)
parallel-stranded G-quadruplexes irf4€ontaining solution. It of the NHE. It would be interesting to study the interaction of
should be noted that these topologies are also consistent withthe propeller-type G-quadruplex structures presented here with
the previously reported chemical probing déta. these proteins.

In a G-quadruplex structure involving three G-tetrads, there  Our NMR data suggest that the NHE purine-rich strand
are four columns of three guanines, which are usually four three- (Pu2? of the c-myc promoter forms multiple, presumably
guanine tracks. In each sequenogc-2345ndmyc-1245there interconverting, G-quadruplex structures. A G-quadruplex formed
are two four-guanine stretches. There are multiple possibilities by G-tracks number 2, 3, 4, and 5 has been shown to be
of selecting three guanines out of four, in particular, two pharmacologically important, since its stabilization by a ligand
possibilities of picking three consecutive guanines: three decreases-myctranscriptional activatioh.The present work
guanines at the'&end or at the 3end. Hence, when there are identifies the major G-quadruplex conformation of a DNA
four guanines in a stretch, but only three are used for G-tetrad fragment containing these four G-tracks. Such a structure
formation, there might be different possible G-quadruplex might be a potential anticancer target, if one stipulates that
topologies or an equilibrium between them. However, we have it is part of the distribution of structures formed by the wild-
observed only one major G-quadruplex form for each sequence.type full-length sequence and the alternative structures are
In myc-2345 G14 and G23 from the four-guanine GiG14 readily interconvertible to the target structure. With a drug
and G206-G23 stretches, respectively, are excluded from the targeting this structure, one expects to change the equilibrium
G-tetrad core (two 'send three-guanine tracks are in the G-tetrad between the G-quadruplex(es) of the G-rich strand, the i-motif
core). Inmyc-1245 G2 and G23 from the four-guanine 62 of the C-rich strand, and the duplex association of the two
G5 and G26-G23 stretches, respectively, are excluded from strandst®
the G-tetrad core (a'&nd and a 5end three-guanine tracks
are in the G-tetrad core). In all cases, the selection of G-tracks

ticipating in the G-tetrad tends to f the fi ti . L . . . .
participating in the s-tetrad core tends 1o favor the Tormation of Arizona for providing us with a preprint of his paper titled

of one-residue loops. The observation of only one major form “The d ic ch h fthe G druol | tin th
for each sequence is probably due to stable one-residue loop € dynamic character ot the ©-quadrupiex element in the

formation. This result suggests that the one-residue loop is theg'M:(CngT'Ot?r anfl EOd'f'g‘iﬂon bﬁ Tl\l/lleP4 by Sfenlsglr_mr/],
most stable double-chain-reversal loop bridging three G-tetrad h: etal u(; €y, .b ’ int t?r T(]u U?h,y qgreelng? tﬁ publis |
layers. The systematic observation of single-residue double- DISJ ;;aper an oburs f?ﬁ -I\(l)- a$ II?St IS lssuleBp | N jct:)urr:a.
chain-reversal loops here and in other structures studied in our— """ ° IS amember ot the Rew vork structural Biology t-enter
laboratory (unpublished results) confirms the robustness of such(m (a) Gehring, K.: Leroy, J. L.: Guen, M. Nature 1993 363 561—565. (b)

looping topology. Simonsson, T.; Pribylova, M.; Vorlickova, MBiochem. Biophys. Res.
. L Commun200Q 278 158-166.
In myc-2345 the shorter exchange time of the G12 imino  (18) (a) Rangan, A.: Fedoroff, O. Y.: Hurley, L. H. Biol. Chem2003, 276,
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