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Abstract: Monovalent cations such as NaK™*, and NH,™ are known to stabilize DNA quadruplexes formed

of guanine-quartets. Such structures readily form from the guanine-rich repeat sequences found in telomeres,
the physical ends of eukaryotic chromosomes. We present a solid-state NMR approach for studying ions
associated with G-quartets based on the direct NMR observati@®Naf ion resonances and report new
methods for studying quadrupolar nuclei in biological solids. In the tetraplex forming oligonucleotidgTg(TG
high-field (17.6 T) NMR spectra cleanly resolve three distinct classes of sodium ions. A high-resolution 2D-
MQMAS spectrum established the assignment of an amorphously broadened sigri&l ppm (relative to

0.1 M NaCl) to surface-bound Naions. Two-dimensional nutation spectroscopy was used to indicate the
relative size of the quadrupole coupling for each line, while a standard exchange experiment established a
correlation between surface-19 ppm) and channel-bound (6.8 ppm)™Nans. Finally, free sodium ions are
observed at O ppm. This work demonstrates the utility of high field spectroscopy in combination with a suite
of 2D solid-state NMR experiments for resolving and assigning multiple si@s in [d(TGT)]4.

I. Introduction of sequence repeats, where TTAGGG is the telomeric repeat in
vertebrate somatic cells (¥ thymine, A= adenosine). The
DNA polymerase telomerase is capable of rebuilding the ends
of telomeres by replacing these sequences on the telomere and
has been shown to be active in-880% of human cancers and
inactive in healthy, somatic celld3 Thus, there has been
tremendous interest in determining the relationship between cell

hich bind either in the ol  th tot or bet . immortalization in cancer cells with the maintenance of telomere
which bind erthér in the plane ot the quartet or between pairs length. A significant finding is that stabilizing the G-quartet

of quartets. Ca}tion-stabilized, guanin_e quadruplexes have beenhtructure inhibits the activity of telomera¥e® Recent progress
shown to readily form from the guanine-rich repeat sequences;, understanding the stabilization of guanine quartets includes

fc;lund in telomgres, t_the tterglll_?al sgque_nies Oft eul;aryqtlclthe direct observation of coordinated cations in the solution
chromosomes, imparting stability and resistance o chemical o1a7.18 5 the development of small molecules which bind

A, ; .
mod|f|cat|on. The length of the_ t_elomerlc region sh_ortens to tetraplex-forming DNA oligonucleotide§:19-22
incrementally upon normal cell division and the cumulative loss - - -

- - (9) Lindsey, J.; McGill, N. I; Lindsey, L. A.; Green, D. K.; Cooke, H.
of telomeric DNA eventually becomes lethal to somatic cells j yyt Res 1991 256 45-48

DNA oligonucleotides containing one or more appropriately
spaced runs of guanines can associate to form intra- or
intermolecular quadruplexes composed of stacked hydrogen
bonded guanine quartets (Figure 1aJhe G-quartets are
stabilized by coordination of the guanine carbonyls to specific
monovalent (e.g., Na K+, NH4") or divalent (e.g., Sr) cations

after a certain number of divisioris!! Telomeric DNA consists (10) Allsopp, R. C.; Vaziri, H.; Patterson, C.; Goldstein, S.; Younglai,
E. V.; Futcher, A. B.; Greider, C. W.; Harley, C. Broc. Natl. Acad. Sci.
T Massachusetts Institute of Technology. U.S.A.1992 89, 10114-10118.
* Queen’s University. (11) Vaziri, H.; Schachter, F.; Uchida, I.; Wei, L.; Zhu, X.; Effros, R.;
§ University of California, Los Angeles. Cohen, D.; Harley, C. BAm. J. Hum. Genetl993 52, 661-667.
U Current address: School of Chemistry and Biochemistry, Georgia  (12) Hiyama, E.; Hiyama, K.; Yokoyama, T.; Matsuura, Y.; Piatyszek,
Institute of Technology, Atlanta, GA 30332-0400. M. A.; Shay, J. W.Nature Med.1995 1, 249-255.
(1) Blackburn, E. HNature 1991, 350, 569-573. (13) Kim, N. W.; Piatyszek, M. A.; Prowse, K. R.; Harley, C. B.; West,
(2) Guschlbauer, W.; Chantot, J.-F.; Thiele, DJ.JBiomol. Struct. Dyn. M. D.; Ho, P. L. C.; Coviello, G. M.; Wright, W. E.; Weinrich, S. L.; Shay,
199Q 8, 491-511. J. W. Sciencel994 266, 2011-2015.
(3) Kang, C.; Zhang, X.; Ratliff, R.; Moyzis, R.; Rich, Aature1992 (14) De Lange, TProc. Natl. Acad. Sci. U.S.A994 91, 2882-2885.
356, 126-131. (15) Sun, S.; Thompson, B.; Cathers, B. E.; Salazar, M.; Kerwin, S. W.;
(4) Smith, F. W.; Feigon, Nature1992 356, 164—168. Trent, J. O.; Jenkins, T. C.; Neidle, S.; Hurley, L. HMed. Chem1997,
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(6) Williamson, J. RAnnu. Re. Biophys. Biomol. Strucl994 23, 703~ 1991, 350, 718-729.
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(a)

(b)

Figure 1. (a) Diagram illustrating the cyclic hydrogen bonding in a
G-quartet. The monovalent cation, which can reside in or out of the
guanine plane, is omitted in this representation. (b) Structure of the
guadruplex formed by d(T&), which shows the stacking of two
[d(TG4T)]4 units to form an extended quadruplex with 8 G-quartets
with the 7 Na ions identified in the crystal structure [PDB:244d][42].

Recently, solution state NMR was employed by Hud et al.,
after substituting the ammonium ion, I¥H in place of N&,
to probe the cation binding sites in [{GG4)]2, which contains
the repeat sequence d@ds) found in Oxytricha noa telom-
erest® I1H NMR established the existence and location of three
monovalent cation sites in [d¢®4G4)]>. While solution NMR
is an established and mature tool for studying Spimuclei in
biological systems3-25 spectra of quadrupolar nuclei such as
23Na and3°K usually give rise to only a single resonance in

(19) Han, F. X.; Wheelhouse, R. T.; Hurley, L. B. Am. Chem. Soc.
1999 121, 3561-3570.

(20) Perry, P. J.; Gowan, S. M.; Reszka, A. P.; Polucci, P.; Jenkins, T.
C.; Kelland, L. R.; Neidle, SJ. Med. Chem1998§ 41, 3253-3260.

(21) Anantha, N. V.; Azam, M.; Sheardy, R. Biochemistryl998 37,
7(9), 2709-2714.

(22) Fedoroff, O. Y.; Salazar, M.; Han, H.; Chemeris, V. V.; Kerwin, S.
M.; Hurley, L. H. Biochemistry1998 37, 7 (36), 12367-12374.

(23) Wuthrich, K. NMR of Proteins and Nucleic AcidNew York:
Wiley-Interscience; 1986.

(24) Ernst, R. R.; Bodenhausen, G.; Wokaun PAinciples of Nuclear
Magnetic Resonance in One and Two Dimensi@ngord: Clarendon Press,
1987.

(25) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, N. J.
Protein NMR Spectroscopy: Principles and Pracfi&an Diego, Califor-
nia: Academic Press: 1996.
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solution NMR experiments and therefore it is difficult to draw
conclusions about specific ion binding sites. However, quadru-
polar nuclei are often located in the most significant regions of
biomolecule®2”and can act as effective site-specific spin labels
for NMR based studies. Solid-state NMR allows for the direct
observation of half-integer quadrupoles in biomolecules and may
provide access to these molecular regions and to the measure-
ment of the quadrupole coupling constant, which is a sensitive
reporter of local geometry (e.g., see refs 28 and 29).

In solid samples, longitudinal relaxation times of quadrupolar
nuclei are long, but the spectral broadening due to the quad-
rupole coupling can limit the sensitivity and resolution of solid-
state NMR spectra. The feasibility of observing nuclei such as
2Na (S= 3,), 87Zn (S= 5/,), 170 (S= ®/,), and>°Co (S= /)
has been demonstrated by several autPfoes,where much of
this progress has benefited from the recent development of the
multiple-quantum magic-angle spinning (MQMAS} experi-
ment for recovering isotropic signals from quadrupolar nuclei
in solids. Also, advances in instrumentation provide higher
external fields which are critical for truncating the high-order
quadrupolar coupling that is not averaged by magic-angle
spinning (MAS). To date, however, there have been no
demonstrations 06 >1 quadrupolar solid-state NMR in large
biological macromolecules. We present a solid-stéte NMR
study in the tetraplex forming oligonucleotide d(71Q. In the
crystal structure of this molecufé;*?four strands associate to
form a stack of four guanine quartets, and two of these
tetraplexes are stacked along their long axes to form a
continuous helix of eight G-quartets with the end thymines
looped out. A total of seven sodium ions are localized along
the center of the two stacked quadruplexes (referred to hereafter
as channel ions, see Figure 1b). Here we have used solid-state
23Na NMR to study cation binding to this quadruplex. We use
a new method for studying sample motions and a novel approach
for making assignments, both of which exploit effects due to
the quadrupolar coupling. By combining a number of high-field
2D experiments we directly observe three classes df iNas,
corresponding to channel, surface, and free ions, with chemical
shifts of 6.8,—19, and 0 ppm, respectively, relative to 0.1 M
NaCl solution.
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Il. Background employed to determine the homogeneity of the applied radio
frequency field over the sample volume. These 2D experiments
are composed of a single incrementable pulse, where a Fourier
transform in the indirect dimension corresponds to a frequency
histogram of the response of the spin system to continuous rf
irradiation. If an rf field applied to a system of spifi-nuclei
corresponds tawi/2r = 50 kHz, then the single-quantum
coherence evolves with a period of 265 during the rf
irradiation, corresponding to a/ss “90°” pulse length. In half-
integer quadrupolar nuclei, the nutation behavior is not so simple
and separate subspaces and limiting conditions must be con-
sidered. In doing so, we arrive at two experiments based on
simple nutation concepts which can provide valuable insight
into the spectroscopy of d(T4).

Straightforward application of fictitious spitt, operators
leads to the following two nutation regimes for the central-
transition (CT) of half-integer quadrupolar nuéfeté

i. Sensitivity of Quadrupolar NMR. The Hamiltonian for
a quadrupolar nucleus must include terms for the Zeeman
interaction and the coupling of the nuclear quadrupole moment
with the surrounding electric field gradient. The dipolar coupling
and chemical shift anisotropy can frequently be neglected as
they are at least 1 or 2 orders of magnitude smaller than the
Zeeman and quadrupolar interactions. The quadrupole coupling
is typically evaluated to first and second orders in perturb&tion
and average-Hamiltoni&t*5theories. The first-order frequency,
which is usually several MHz, is quadratic indnd does not
affect any symmetric transitiomy/@, —n/2) but renders the side
transitions, /2, (h — 1)/2), unobservable. The second-order
term is linear inl; and thus affects all transitions, introducing
broadening in the kilohertz regime to the observable central
transition (1/2-1/2). This analysis requires, > e2qQ/h, where
w; is the Zeeman frequency anefqQ/h is the principal

component of the quadrupole coupling tensor. wﬂﬁz (S+12)w;, wq> w,
Although magic-angle spinning (MAS) leads to solution-like '
isotropic spectra of spif» nuclei in solids, MAS does not w‘fgﬁz Wy, g < 0, 4

completely remove the anisotropy of the second-order quadru- ) .
polar term. Instead, when the sample is rotated about the magicVheréwq is the quadrupole coupling frequenaye = (€24Q/
angle,0m = 54.74, a residual line widthA is observed, which ~ W/[2S(2S — 1)], andw; is the strength of the applied rf field.

can be estimated by the proportionality In the regime of vanishing quadrupole coupling, the nutation
behavior of the central-transition is identical to that for a spin-
A wé/wo (1) !/,. However, when the quadrupole coupling is large &nd

3/,, theeffectie rf field experienced by the central transition is
wherewy is the Larmor frequency of the quadrupolar nucleus twice the strength of the actual applied field. Hence a 50-kHz
(e.g.,wo(3Na)/l2r = 198 MHz at 17.6 T) andvg = €2qQ/h applied field would correspond t@S;/27 kHz, requiring a
2328 — l) Typ|ca| values of the quadrupo|e Coup"ng are 25#5 pulse Iength for a “selective gOpulse on the central
€2qQ/h € [0,10] MHz, and the MAS line widths of half-integer ~ transition. For half-integer quadrupolar nuclei, a 2D nutation
quadrupolar nuclei such 8Na (S= 3/,) and’0 (S= 5,) are experiment should distinguish between sites with vanishing and
generally observed in the-BO kHz range in a 9.4-T static field ~Measurable quadrupole coupling frequencies since Fourier
(400 MHz for H), severely compromising sensitivity and transformation along./2z will report wy or (S + 1/2)w; for
resolution. In eq 1 the inverse dependence of the line width on €ach signal in the 1D MAS spectrum.
the static field results from incomplete truncation of the  Similarly, fictitious spind/, operators have been used in the
quadrupole coupling by the Zeeman interaction. To see how triple quantum subspace forSe %, nucleust’In the limit
this affects the sensitivity of quadrupolar NMR, we first consider Of @ large quadrupole coupling constant, i®@q > s, the
a system of identical spitf> nuclei, for which the sensitivity ~ nutation frequency i®3% O (w3/w). However, the limit of a
difference of Fourier NMR spectroscopy at two static fields is vanishing quadrupole coupling has received less attention. To
approximatel§® predict the nutation of the triple quantum coherence in this

regime, it is important to note that the first-order quadrupole

AS= (B{)/Bi0 32 2) term provides the coupling element which connects the central-
transition and triple-quantum subspaces. Thus, when the quad-
For simplicity we overlook some details in this comparison and rupole coupling is small compared to the applied rf field,
the reader is referred to the monograph of Ernst ét ahd to increasing the quadrupole frequency shourdreasethe 3Q
Hoult and Richard¥ for further discussion on the sensitivity —nutation frequency. We tested this qualitative prediction with
of FT-NMR. We see from eq 1 that doubling the static field full numerical simulations of the 3Q nutation efficiency as a
halves the line width, thereby increasing the signal-to-noise ratio function of the quadrupole coupling in the regimg > wq.
per scan by a factor of 2. Then eq 2 for a system of half-integer The results are shown in Figure 2, where a fixed length nutation

quadrupolar nuclei becomes pulse results in increased 3Q coherence with increasingp
_ to the limitwg ~ w1. We see in Figure 2 that this turning point
AS = (BYB)*? (3) in the 3Q nutation profile holds for several rf frequencies and

that the steepest slope is observed for smaller valuas;of
In the case oB{) =17.6 T versus3) = 9.4 T, narrowing of the Excitation of the 3Q coherence as a function of temperature
MAS line by a factor of~2 and an overall enhancement of 4.8 May be used to detect changes in the quadrupole coupling

can be realized. constant that might be obscured by amorphous broadening or
ii. Nutation of the Central-Transition and Triple-Quantum spectral overlap.
Subspacesin spin/, systems, nutation experiments are often | Experimental Section
(43) Goldman, M.; Grandinetti, P. J.; Llor, A.; Olejiniczak, Z.; Sachele- NMR. Solid-state NMR spectra were acquired with custom designed
ben, J. R.; Zwanziger, J. W. Chem. Phys1992 97, 8947-8960. spectrometers operating at 9.4 and 17.6 T. At 17.6 T, we used a custom

Ejgg '\SAS;'C% '\g MBx\tluignggr SJ] ﬁh.e\%hpr;y.ﬂg;%Z(S)’O?]S?AO._?D%S'S A designed transmission line probe with a Chemagnetics (Varian, Inc.)

Solid State Nucl. Magn. Resct992 1, 267—295. (47) Wokaun, A.; Ernst, R. RJ. Chem. Phys1977 67, 1752-1758.
(46) Hoult, D. I.; Richards, R. EJ. Magn. Resonl976 24, 71-85. (48) Vega, S. JJ. Chem. Physl1978 68, 5518-5527.
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Figure 2. Calcul_ation of 3Q excitatioril,“CJas a function of_ the Figure 3. Magic-angle spinning®™Na NMR spectra of d(TG¥) at (a)
quadrupole coupling frequenay, = €qQ/WV252S-1), and for various 9.4 T from 1012 transients and 7 kHz MAS and (b) 17.6 T from 96

rf field strengths. These simulations were conducted in the GAMMA .0 n<ients and 4.5 kHz MAS. Shifts are externally referenced to 0.1 M
NMR simulation environmeft which has been implemented inanin-  nac).

house simulation package, QSI-v0.3. The secular terms of the Oth and

1st order quadrupole couplings are used in the Hamiltonian, along with s that acquired at 17.6 T, where lines are observed at 6.8, 0,
500 crystal orientations, 83 MHz Larmor frequency (corresponding to and—19 ppm relative to 0.1 M NaCl solution. These are referred
approximately 7.4 T fof®Na), and 10-kHz MAS. The nutation pulse to as Na(1), Na(2), and Na(3), respectively, in the text and as
lengths used for each trace were 12 (50 kHz), 9 (70 kHz), 7 (90 kHz), |\ o 4in t’he figu;es. ' '

and 5.5us (110 kHz). The residual line widths for the MAS spectrum at 17.6 T are
3.2 mm MAS housing, with moderate sample cooling (e.g., Figure 7) =1 kHz at half-maximum, and a potential source of line
provided by precooling the spinning and bearing air sources. Sample narrowing to be considered is motional averaging of the
temperature was stable to withihl °C. qguadrupole coupling tensor. We investigated this with a series
Sample Preparation.The d(TGT) was chemically synthesized and  of variable-temperaturéNa NMR spectra acquired with a
purified as previously described for d{GGGs) (Smith & Feigon, dewared probe capable of MAS at temperatures rangirgl.80
1993%). A 5 mM solution of the purified d(TGT) was dialyzed against ¢ at 7.4 T. Although the lower static field limits resolution,
40 mM CsCl prior to drying in order to reduce the amount of hat this temperature series can indicate sample motions in several
_coordlnated_ within the quadruplé9<.The final concentration qf Na ways. First, if the quadrupole tensor becomes motionally
in the solution sample was determined by comparing the integrated . o :
constrained at lower temperatures, additional spectral broadening

intensity of the?*Na resonance (at 132.25 MHz) with tf&la resonance i S .
of a standard sample of 100 mM NaCl. This gave a final value for the May be observed. This temperature series is shown in the left

solid sample of approximately three Nger oligonucleotide strand. A column of Figure 4 where a slight broadening of +GD0 Hz
critical concern in these experiments is to preserve the integrity of the iS measured and is somewhat visible when comparing the
sample during the drying steps for preparation of the sample for solid- relative intensities of the Na(1,2) and Na(3) regions in the
state NMR studies. An additional problem sometimes encountered in spectra at-80 °C and—120°C. In this series of experiments,
solid-state NMR is the spectral broadening due to the amorphous natureamorphous broadening and spectral overlap in the Na(1,2) region
of biological mac:jomoleculles in lt(he solid ph?]se.h_Tch] address thleseinhibit the observation of line broadening. An extension of this
concerns, we used a sample-packing approach which we term 'slow- 5 5355¢h s to observe the effect of decoupling the proton spin
drying'. It consisted of drying 2630 L aliquots of d(TGT) in the bath through the temperature series since dipolar couplings will

3.2 mm rotor under anhydrous atmosphd?e=( 1 atm) over a period Iso b introd d | i b trained
of several hours. In combination with slow centrifugationl(G) of alSo be reintroduced as sampie motions become constrained.

the entire rotor during drying, a small pellet forms at the bottom of the 1he€ proton-decoupled spectra displayed in the middle column
rotor. After the pellet is dry, the process is repeated until the rotor is Of Figure 4 illustrate that decoupling improves the signal-to-
full. This approach is intended to allow for proper folding and hydration. noise ratio below-40 °C.
A comparison of®Na spectra of d(T@) prepared via lyophilization Next, we introduce a new approach for detecting sample
and slow-drying (not shown) indicate that slow drying narrows the motions in the right column of Figure 4, where we measure the
resonances by up to several hundred hertz and eliminates a broadsfficiency of 3Q coherence excitation for a single nutation pulse.
amorphous signal. This broad baseline signal in the spectrum of The 3Q coherence generated by a nutation pulse is converted
lyophilized d(TGT) implies an amorphous character that may be due 4 central-transition coherence with a high-power, rotation-
to the presence of unfolded or unstacked d(TGstrands. induced adiabatic coherence transfer (RIACT) pulse, which is
IV. Results less sensitive to the magnitude of the quadrupole couﬁ_ﬁng.
The dynamics of 3Q excitation were discussed in section II,
Magic-angle spinning (MAS)*Na spectra of d(T@) at 9.4 where we identified conditions by which an increase in the
T (105.22 MHz for*Na) and 17.6 T (198 MHz fof®Na) are  excited 3Q coherence must correspond to an increase in the
shown in Figure 3 where the high-field spectrum reveals three quadrupole coupling frequency. In the context of experiments
well-resolved sodium environments with good signal-to-noise. performed over a temperature series, increasing 3Q excitation
An exact comparison of sensitivity is complicated by hardware s interpreted as motional constraint of the quadrupole coupling
differences; however, it should be noted that the spectrum tensor. We observe that appreciable 3Q coherence is barely
acquired at 9.4 T employed 10 times the number of transients getected in d(TGT) above —40 °C and conclude that the

(49) Smith, F. W.; Feigon, Biochemistryl993 32, 8682-8692. quadrupole coupling must be modulated by motion above this
(50) Deng, H.; Braunlin, W. HJ. Mol. Biol. 1996 255, 476-483. temperature.
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Figure 4. 2°Na MAS spectra of d(T@) over a series of temperatures
at 7.4 T (83 MHz for*®Na) using (a) the Hahn-echo MAS experiment
without proton decoupling, (b) the Hahn-echo experiment with proton
decoupling, and (c) triple-quantum filtering without decoupling obtained
by applying an RF nutation pulse witw./2r = 50 kHz for 3Q
excitation followed by a high-powety,/2r = 95 kHz, RIACT pulse

T
0

for reconversion into central transition coherence. Temperatures are

indicated in the figure and were maintained to withii®.5 °C; the
sample was allowed to equilibrate for-205 min at each temperature
before the experiments were acquired.

Itis clearest from the right-hand column in Figure 4 that there
are sample motions which can be quenched beta® °C but
which do not affect the observed line widths. This is under-
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Figure 5. Sheared?*Na multiple-quantum magic-angle spinning
experiment at 9.4 T of d(TG). A MAS spectrum is shown above. 64
t1 slices were acquired with 3000 transients per slickat srecycle
delay.w:/2r = 170 kHz.

calf-thymus DNAS3! where an amorphous distribution of the
sodium sites on and near the DNA surface was demonstrated.
The difference in chemical shifts;19 vs—13 ppm, is attributed
to the difference in secondary structures. We therefore assign
the Na(3) line in Figure 3 to sodium ions on the surface of the
DNA. Although a signal is observed for the Na(1,2) region in
Figure 4, the overlap at this field strength compromises
interpretations other than the observation that the Na(1,2) region
does not display the amorphous character of Na(3).
Multidimensional NMR spectroscopy is the canonical ap-
proach for obtaining assignments in spipsystems in liquid
and solid sample%:25 However, there is a paucity of multidi-
mensional methods for half-integer quadrupolar nuclei due to
the complicated spin dynamics which result from the influence
of the quadrupole coupling. Efforts to extend multidimensional
methodology to quadrupolar nuclei include a recently described
homonuclear correlation experiment amoBg= %/, nuclei>?

standable if we assume that the majority of the room-temperatureHere, we use the results of two complementary 2D experiments
line width is due to heterogeneous broadening resu|ting from which corroborate the previous evidence and solve the remaining

the noncrystalline nature of the sample. Then the quadrupole@ssignments.

coupling in the static limit must be too small to be observed

First, the nutation behavior of the central-transition is

with central transition spectroscopy. This is not surprising since exploited to determine the general magnitudes of the quadrupole
the quadrupolar truncation at 17.6 T is quite substantial; for couplings corresponding to the three signals observed in Figure

example, a moderate quadrupole coupling’gfyh = 0.5 MHz
would give rise to a MAS line width of only100 Hz (i.e., 0.5
ppm) at half-height.

observed in Figure 3, we turned first to the MQMAS met¥od

for recording isotropic spectra of half-integer quadrupolar nuclei.

For the highest sensitivity, we performed the MQMAS experi-

3 (section Il). The amorphous broadening in Figure 3 clearly
prevents any estimate of the quadrupole couplings so that an
indirect method is required. We have recorded a 2D-MAS
nutation spectrum by directly observing #&la—NMR signal

Mhtter an incrementable pulse (Figure 6a). Standard two-

dimensional processing in magnitude mode should reveal the
nutation frequencies of the lines in the spectrum, and this is
shown in Figure 6b where it is clear that Na(1) and Na(3) are

ment utilizing a nutation pulse for 3Q coherence excitation and nutating in the regimesq > w1, while Na(2) behaves in the

a RIACT pulse for reconversion into the central transifin.

limit of a vanishing quadrupole coupling (see eq 4). Noting also

The sheared, 2D-MQMAS spectrum at 9.4 T is shown in Figure nhat Na(2) is observed at O ppm, it is straightforward to assign

5, in which the signal at-19 ppm has a skewed 2D contour
line shape which is not orthogonal to the/2 (high-resolution)
axis. This effect has been discussed by Kentfferred indicates

a heterogeneous distribution of sites with similar quadrupole

couplings but differing chemical shifts. The approximate shift
position at—19 ppm is similar to the-13 ppm chemical shift

this line to free sodium salt. A similar nutation approach, but
without the 2D processing, was used by He et al. in calf-thymus
DNA studies®?

(51) He, H.; Klinowski, J.; Saba, G.; Casu, M.; Lai, 8olid State Nucl.
Magn. Reson199§ 10, 169-175.
(52) Baldus, M.; Rovnyak, D.; Griffin, R. Gl. Chem. Phy200Q 112

observed for surface sodium ions in a lyophilized sample of (13), 5902-5909.
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Figure 7. A 2D contour plot of an?®Na#?*Na exchange (EXSY)
experiment with mixing timemix = 9 ms,w, = 920 Hz, andl = —4.0
Figure 6. (a) Diagram of the pulse sequence for a 2D nutation °C. The temperature was controlled by cooling both the bearing and
experiment indicating the incremented single pulse, followed directly drive gas and monitored with a platinum thermistor placed next to the

by acquisition. (b) 2D contour plot of th&Na nutation experiment  coil. An MAS spectrum is shown above to illustrate the spectral regions.
obtained at 17.6 T in d(T4) with 2D processing in magnitude mode.  A|l contours are positive.

The nutation pulse was incremented in 2$5steps up to 150s, with
wr = 5.0 kHz, andT = 0 °C. The Na(3) region was scaled 4 to -
observe the nutation frequency of Na(3).

23Na Chemical Shift (ppm)

Free and surface sodium sites are accounted for by the 2D
MQMAS and nutation studies. Although it may be reasonable,
in light of the unusual shift position (6.8 ppm), to conclude by
elimination that Na(1) may be associated with channel sodium,
this cannot be considered sufficient without more direct proof,
which we obtained from analysis of a homonuclear correlation
experiment. A3Na—23Na correlation experiment was obtained
by applying a standard three-pulse experiment in which chemical
shift evolution is incremented after the first2 pulse, followed
by a mixing period in which magnetization is stored along the
longitudinal axis, and concluding with observation of chemical
shift evolution agair* This is typically referred to as EXSY
(exchange spectroscopy), and cross-peaks in the indirect dimen-
sion may arise due to true chemical exchange, direct dipolar
cross-relaxation, or proton driven spin diffusion during the
mixing period. The results of this experiment, for 8 ms mixing
at—4 °C and with a 920 Hz MAS rate, are shown in Figure 7,
where symmetric cross-peaks are clearly observed between Na-
(3) and the inside edge of Na(1). The observation of a coupling
between Na(3) and Na(1) indicates that the surface sodium sites
are proximate to a nonamorphous, chemically distinct class of o - =
sodiums which must reside on the interior. Reinforcing this is ppm
the fact that Na(1) nutates at twice the applied rf field strength, Figure 8. Diagram of the [d(TGT)]4 quadruplex and the associated
thus indicating a nonsymmetric, rigid environment. Thus Na- assignments of the free (Ngsurface (open circles), and channel (filled
(1) is conclusively associated with channel sodium sites. circles) sodium signals to the high-field MAS spectrum shown below.
The thymine bases at thé &nd 3 ends are not drawn in the figure
and the numbering convention of Laughlan et al. is Uddthe glycosyl
bonds of the guanine bases (shaded rectangles) are all anti. The arrowed

The assignments for channel, free, and surface sodium ionsline on the spectrum and on the structure diagram indicates the
are graphically illustrated in Figure 8, in which the G-quartets homonuclear correlation between the surface (Na(3)) and channel (Na-
are represented by the horizontal bars and the dashed arrowl)) Na" ions, as shown in Figure 7.
indicates the result of the homonuclear correlation experiment. S )

As can be seen in Figure 1b, in the crystal structure of Symmetry for the sodium ions observed in the crystal structure
[d(TG4T)]4 the channel sodium ions are spaced at a distance is also present in the solid sample and contributes to the
slightly larger than that between quartets so that they are notbroadening of Na(1). The existence of distinct resonances within
located in identical local environments. In the two stacked the Na(1) line of Figure 3 is supported by the homonuclear
quadruplexes, the first cation is in the plane of the quartet, while correlation experiment (Figure 7), where the surface sodium
the most central ion is octahedrally coordinated by the carbonyls correlates with the low-field edge of Na(1). This may indicate

of two G-quartets and the rest are in distorted octahedral that proton-driven spin-diffusion is only occurring to the

environments. We propose that this heterogeneity in local outermost channel sodium ions. It is not possible to determine

V. Discussion
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from these data whether the quadruplexes in the solid sampleln a solid or semisolid environment, axial rotation, similar to
are stacked as in the crystal structure. axial diffusion in phospholipids, is suggested to explain the
The 23Na(3)-23Na(1) homonuclear correlation could not be motions in this sample. In principle, we could estimate the
observed at higher MAS frequencies<@& kHz) and can be ~ magnitude of the quadrupole coupling as a function of temper-
attributed to proton-driven spin diffusion. The cross-peaks are ature and extract an approximate rate of axial diffusion. However
not perfectly symmetric; however, this is not unusual in solid- such a procedure should first be extensively developed in model
state 2D NMR. In particular, asymmetric cross-peak intensities Systems and this is beyond the scope of the present study. Itis
may result when initial populations of the two exchanging noted that the Na(1,2) region is more strongly influenced by
species are not equal. The difficulty of applying tra@ndsr/2 the temperature series and that the data are not sufficient to
pulses to quadrupolar nuclei is well-known from the nutation confirm if axial diffusion represents the local motions in this
behavior of the central transition in half-integer quadrupolar sample.
nuclei?”*8and so the asymmetry in the cross-peaks is attributed
to inequivalent initial populations resulting from nutation effects. S ) N .
The 3Q filtering approach introduced here (right-hand The use of high fields is s_h_owr_1 to _be crltl_cal for studying
column, Figure 4) for gauging sample motions is in the same haIf-ln_tegerquadrupoIar nuclei in biological solids. Three classes
spirit as single-quantum static deuterium experiméhts.?H of sodium are resolved for the d(3% DNA sample and sample
(S= 1) NMR of spin-labeled species, the quadrupole coupling Motions were observed at temperatures as low43°C. These
and T, relaxation rates may be measured from static spectra motions are likely not attributable to any type of chemical
acquired over a series of temperatures. The temperatureXchange, but may be due to axial rotation of the stacked
dependence of the quadrupole couplingdrrelaxation may ~ G-guartet assembly. A suite of 2ENa NMR experiments were
be compared to analytical models of the sample motions, often @PPlied to assign the three classes®fa to channel [(Na(1)],
leading to the time scale and activation energy of the particular ré€ [(Na(2)], and surface [Na(3)] environments at 6.8, 0, and
sample motions. WherH studies fit the single-quantum line ~ —19 Ppm, respectively. It is significant that resolution and
shape (or MAS sideband manifold) to extract quadrupole @SSignments were achieved in a noncrystalline sample. The
coupling parameters, the 3Q filter indicates the quadrupole _ablllty to resolve distinct cation environments and provide
coupling through the efficiency of 3Q excitation. The temper- information on sample motions is complementary to X-ray
ature series does not indicate that the sodium ions are undergoingtudies and offers an additional benefit of not requiring sample
exchange since there is no appearance of a narrow |inecry§talllzat|on. These experiments dqmqnstrate the' ut|I|t'y of
corresponding to the fast exchange limit and the Na(1,2) and solid-state NMR for studying cation binding to nucleic acids.
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