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Cations play a central role in the stabilization of RNA and
DNA structures at all levels. While a number of divalent cation
binding sites in crystal and solution structures of nucleic acids
have been reportédhe localization of specific monovalent cation
binding sites is less straightforward. In crystal structures
monovalent cations, particularly Naare difficult to distinguish
from H,O molecule$. In solution, direct detection of NMR active
cations gives only indirect information on the nature of ion
association with nucleic acids.Among nucleic acid structural
motifs the guanine quartet (G quartet) is a notable example of
monovalent cation participation in structure stabilizatiorA
recent high-resolution nucleic acid crystal structure of d(TGGGGT),
which forms dimers of four-stranded G quartet quadruplexes,
provides the only case where monovalent cations have been
localized on DNA, in this case within or between G quarfets.
Prior analyses of coordination by G quartets in the solution state
have relied upon indirect evidenéeHere we report the use of
ammonium ions (Ni") as a probe of monovalent ion binding to
a DNA quadruplex using NMR spectroscopy. The detection of
NOEs between the protons of NHand guanine imino protons
permits the localization of the nucleic acid monovalent cation
binding sites. This provides the first direct experimental evidence
in solution that one monovalent cation is coordinated between
each stacked pair of G quartets in a DNA quadruplex and
illustrates the utility of NH™ as a probe for strong monovalent
ion binding sites on macromolecules.

We have investigated the cation binding properties of the
quadruplex formed by the oligonucleotide dGG,) (Oxy-1.5)8
This oligonucleotide contains the G-rich repeat sequence found
in Oxytrichatelomere$. We have previously shown that Oxy-
1.5 forms a 2-fold symmetric bimolecular quadruplex which
contains four stacked G quartets and two thymine loops (Figure
1)2 In the related crystal structure of Oxy-1.5, electron density
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Figure 1. Schematic of the dimeric foldback quadruplex structure of
d(G4T4G4) in solution (9). Numbers indicate the residues of one of the
two strands of the 2-fold symmetric structure. Residueg and 12 of

the symmetry-related strand are designated with an asterisk (*). Guanine
bases are represented as rectangles, and thymine bases of the loops have
been omitted. Shaded rectangles designate syn conformation. Spheres
represent bound ammonium ions, the positions of which are determined
by results presented in the text.
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Figure 2. 1H NMR spectra of 5.0 mM d(&4G,) at 10°C and pH 7.0
in the presence of (a) 55 mM Na(b) 55 mM Na’, 20 mM NH4CI, (c)
55 mM Na", 80 mM NH,CI, (d) 55 mM1*NH,4". (e) One-dimensional
IH—15N HSQC spectrum of sample d. The ammonium resonances are
designated “i” (inner) and “0” (outer). Spectra were collected at 500 MHz
on a Bruker DRX 500 spectrometer. Water suppression was accomplished
using the Watergate pulse sequeHcBpectra were acquired with a 10
kHz spectral width and 8K points; 128 FIDs were accumulated for each
spectrum with!>N decoupling.
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is observed in the core of the quadruplex, which is interpreted as
a single disordered K located between the central two G
guartets®

One-dimensionatH NMR spectra from a titration of NCI
into a solution of Oxy-1.5 containing Niaare shown in Figure
2a—c. As NH;" is added to the sample, a second set of resonance
lines appears which increase in relative intensity over the course
of the titration. The changes observed in these spectra reveal
that NH," competes with Nafor coordination by the G quartets.
Similar spectral changes have been observed for titrations of K
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3 the symmetry related strand); aimher G iminos belonging to
5 83 2L 5 3 guanine residues G2, G3*, G10* and G11 (Figure 1). The pattern
ppm [ —— J ‘ of NH,* imino cross-peaks observed along the chemical shift of

_ each G imino resonance is similar among the inner G iminos and

7.31+ @ @ Fi among the outer G iminos, respectively (Figure 3). The,;NH
| @m\V = A lo proton resonance at 7.31 ppm shows cross-peaks exclusively with

. = @ © the imino protons of the inner G iminos. This localizes the;NH
resonance at 7.31 ppm to between the planes of the two inner G

T T T

16 "3 1o P quartets of Oxy-1.5. This is consistent with the fact that Oxy-

Figure 3. Portion of a'H ROESY spectrumz, = 50 ms) of 5.0 mM 1.5 has 2-fold symmetry, and thus a unique NMinding site

d(GsT4Gy4) at 10°C and pH 7.0 in the presence of 55 mfH4* showing must be located on the 2-fold rotation axis. The Niesonance

the region containing the Nfi and guanine imino cross-peaks. Assign- 4t 7.38 ppm exhibits cross-peaks with both the inner and the outer

ments of the imino and ammonium resonances are indicated on the g iminos (Figure 3), which localizes this NHbetween the inner

spectrum. Spin lock field was 3750 Hz with maximum offset 2.5 ppm 504 guter G quartets. Since the ROESY cross-peaks between

:;Og‘l:zagagt'aetg?_?;ﬁmiﬁ %?,E}ffgvrﬁ;eggélgfgﬁz?ﬁ V%Izsb;c’;ksz this NH,* and the G3 and G11 iminos are equal in volume to the

in F1 and F2. Spectra wefeN decoupled in both F1 and F2. Cross—pee_\ks_ between the |_N*I—|resonance at 7'31 ppm e_\nd _the
same G imino protons, this second NHcoordination site is

centered exactly between the planes of the inner and outer G

quartets. Given the 2-fold symmetry of the dimer, there are two

such binding sites per quadruplex.

The cation coordination sites of Oxy-1.5 revealed here by the

calization of bound NgI" (ionic radius 1.45 A) are consistent

. ; with an earlier proposal that the similar siz& Konic radius 1.33

the Na and NH," forms of Oxy-1.5 are different, HH distances A) would be preferentially coordinated between the planes of two

geterrphined fromlzg :\IfOESY Spfﬁtrﬁ zhgw; that the ttr\lNo formfs successive quartetd!®> Also consistent with the identified
thave;\jge Sgrﬂf fg oba ?O (unlpgb IS ded i_a();, ajg € Case 0chordination sites is our previous study which demonstrated that
° an orms of Oxy-1.5> and d(GT,Gs). the three G quartets of the closely related dimeric quadruplex

Exa}mtinatiog d(')tf' thelspectra of the tN;;';Tm 3f70;<g-1.5 als: [d(G,T4Gg)] 2 contain two cation coordination sites which can be
reveais two additional resonances at /.51 and /.56 ppm. A ON€-.cyhied by either Naor K+.11 Thus, it appears that there is in

i i _15 i ifi - . . - .
ggﬁgg'ﬁgﬁ; e NNH ?Izsigjcr:ez%(e)CtrWEJhﬁ: Irﬂg{]ctglfssg]neasr?cg?ngﬁgity general one K or NH4* cation binding site between eaph stackgad
from the bulk NH* is broadened to baseline at this pH (7.0) and pair of G quartets of DINA quadruplexes. The precise location
temperature (283 K), due to chemical exchange wiﬁl‘.DH-At OT Na* coordination within these quaglru_plexes may, however,
lower pH and/or temioerature tAEl resonance of free NH is differ from that observed for Nif. Th.'s IS §uggested by the
observed at 7.1 ppm (not shbwn) The unusual observation Of)_(-ra}y crys_tal structure of d(TG.GGGT) n W.h'Ch the smaller*Na
the two downfield shifted Nbt H resonances indicates that there (fonic radius 0.95 A)is coordinated both intra- and interplanar
are two distinct binding sites for NFl on Oxy-1.5 which are by different G (juartets within the same qqadr_u;ﬂel_k detailed
protected from exchange with water. The integrated intensities gﬂggﬁj;lgy\;ﬁd i’éﬁgﬁ Qr?mmegégﬁcéﬁj'Q@técv’vnhzlrtss of a DNA
+ 1 i :
of the two NH;" *H resonances increase over the course of the We have shown here that NH provides a unique solution

?g;'g%;ﬂgg:?poé? i‘;’: dT/%XJr;ugN% f(r)gtrof‘gd %’Vrzgstémoebssgr]\?;tgns state probe for monovalent cation binding to nucleic acids. The
P : G quadruplex is perhaps a special case in which the tight ion

Tg'c"ﬁ: dtrhuatlgefnzrgfav\fﬁ}?:]Ofi\t/g;eﬁszofon?ﬁg':;gzr?aerrlgxg 7 31binding allows direct observation of NOEs between the bound
=4 pex, 9 "“~ion and the DNA. We are currently investigating the potential

ppm and two which give rise to the resonance at 7.38 ppm. f + Ao . .
: . or NH,* coordination as a probe of monovalent ion sites on other
A selected region from a 2D ROESY spectidraf a NH, nucleic acid and protein structures.

Oxy-1.5 sample is shown in Figure 3. Cross-peaks are observed
be.twleen the two Nt and the_e]ght G Imino resonances. These Acknowledgment. This work was supported by the NIH (GM48123)
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of G1, G4*, G9*, and G12 (the asterisk (*) designates bases of

into Na" containing samples of DNA G quadruplex@s1? At
an approximate [Nf]:[Na™] ratio of 3:2, the!H NMR spectrum
of Oxy-1.5 is virtually identical to that of the pure NHform
(Figure 2d), indicating an essentially complete replacement of o
coordinated Na by NH,;*. Although the'H chemical shifts of
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