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Establishd residu& dipolar coupling measuremeasin partially
aligned molecules repot on the relative orientation of *H—1°N
and *H—*3C bond vectoss of known lengtts with respet to the
molecula alignmen tensor} and are increasingy usel in the
structue determinatio of oligonucleotids by NMR.? Recently,
method for the measuremenof homonuclea*H—'H through
spae dipolar couplings in anisotrop¢ meda were introduced?
In addition homonuclea TOCSY sequence can be usal to
transfe magnetizatia through dipolar couplings betwea protons
tha are not scala coupled?

Here we exterd the observatia of dipolar couplingsin partially
aligned molecules to heteronucleathrough spae interactions,
specificaly *H—3'P residud dipolar couplings which directly link
the phosphat backbor arnd bas protorsin oligonucleotideswWe
introdue the RADAR-TOCSY (residwal dipolar coupling total
correlatin spectroscop) experimen for the dired observation
of throudh spae heteronuclea dipolar couplings in weakly
aligned molecules In analoy to the indired scala spin—spin
coupling interactian Hj, the dipolar coupling interaction between
agiven pair of unlike spin'/, nuclé |,Sis expresse by the dipolar
Hamiltonian Hp

A

Hp = 27Ds{21.,S,— 1,5~ 1,S}

providing the physicd bass for in-pha® coherene transfe using
heteronucleaHartmam—Hahn sequencesIn the wee coupling
limit, the truncatel dipolar Hp and the truncatel scala coupling
Hamiltonian H; hawe an identicd form. Here we show for the
first time tha even in the absene of ary isotroptc scala Js
coupling heteronucleaTOCSY in weakly aligned molecules is
applicabé for coherene transfe betwea unlike spins through
sufficiently large dipolar couplings.

The RADAR-TOCSY sequene (see Figure S1 in the Sup-
porting Information) is similar to the Hetero-TOCS' experiment
proposeé by Kellog for the correlation of 3P and 'H ribose
resonancein RNA throudh heteronuclea] cross polarization in
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isotropic solution® After presaturatio of the *H resonancgwith
a series of 120° pulses during the recyck delay, 3'P resonances
are excited and subsequenyl evolve chemic# shift during ty,
where heteronucleaH,P couplings are refocuse by a 180° proton
pulse in the middle of the t; period After a zfilter, a band-
selective heteronucleaplana effective coupling Hamiltonian is
createl by using DIPSI-27 The proton carrie is placed in the
middle of the aromatc region and a sufficiently low radio-
frequeny amplituck is use to achie\e efficient in-pha% coher-
ene transfe betwea 3P and bas H6,8 protors while avoiding
magnetizatio leakag due to competiry heteronucleaH,P and
homonucleaH,H couplings *H6,8 protors are detecte during
the acquisition periad ts.

One sevee drawba& of high-resolutim NMR studies in
partially aligned molecules is the increasiy numbe of H,H
dipolar couplings that leads to line broadenig and complex
spectraHowever the nonexchangeablprotan spectrun of RNA
exhibits two well-separate regiors consistig of bae 'H2,6,8
and ribose 'H1',2,3,4',5,5" resonance(including *H5), respec-
tively. The significart line broadenig of the observel *H6,8
proton resonancedue to remoe residué H,H dipolar couplings
can be effectively removeal by homonucleaband-selectig time-
sharel adiabatt decoupliny during the acquisition period t,.8

Figure 1shows RADAR-TOCSY spectaof 1.5 mM unlabeled
HIV-2 TAR 30-me RNA partially aligned in aPfl filamentous
bacteriophag (ASLA Ltd., Riga Latvia) solution of ~70 mg/
mL (observec®H doublet splitting due to incomplete averaging
of ?H quadrupolar coupling: 67 H2}. Another sample was
prepared with a lower degree of alignment by addin2b mg/
mL (observed?H doublet splitting: 23 Hz) Pfl phage. The
comparison of a RADAR-TOCSY spectrum without (A) and with
(B) homonuclear decoupling verifies the ability to observe direct
through space correlations between b#d6,8 proton ancfP
nuclei in RNA and the efficiency of the band selective homo-
nuclear decoupling during. It should be noted that all observed
1H6,8 proton resonances in Figure 1B experience Bidsiegert
shifts due to the off-resonant homonuclear decoupling during the
acquisition period. Observable quadrupolar splittings as well as
dipolar couplings scale approximately linear with the phage
concentratiori? Through space correlations betwéet,8 protons
and 3P nuclei were observable at lower phage concentrations,
though the effective reduction of residuady dipolar couplings
by roughly a factor of 3 resulted in spectra of poor quality (see
Figure S2 in the Supporting Information).

Dipolar couplings depend on both the orientation of the
internuclea’P—'H vector with respect to the molecular alignment
tensor and the time averaged internuclear distapge RNA
structures exhibit a wide range #P—H6,8 distances that can
potentially give rise to observable correlations. The HIV-2 TAR
RNA structure in the absence of ligands is defined by two A-form
helical stems, with a 50bend due to a two-nucleotide bulge,
and capped by a hexanucleotide IdémtranucleotidéH6,8(i)—
31p(i) distances taken from the average solution structure of the

(6) Kellog, G. W.J. Magn. Reson1992 98, 176-182.

(7) Shaka, A. J.; Lee, C. J.; Pines, A.Magn. Resorll988 77, 274-293.

(8) (a) Hammarstrom, A.; Otting, G. Am. Chem. S0d994 116, 8847
8848. (b) Vander Kooi, C. W.; Kupce, E.; Zuiderweg, E. R. P.; Pellecchia,
M. J. Biomol. NMR1999 15, 335-338.

(9) Silver, M. S.; Joseph, R. I.; Hoult, D. 0. Magn. Reson1984 59,
347.

(10) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeiffer, J.; Bax,
A. J. Biomol. NMR1995 6, 277—293.

(11) Hansen, M. R.; Mueller, L.; Pardi, Alat. Struct. Biol1998 5, 1065~
74.

(12) Hansen, M. R.; Hanson, P.; Pardi, Methods EnzymoR00Q 317,
220-240.

(13) Zacharias, M.; Hagerman, P.Rroc. Natl. Acad. Sci. U.S.A.995
92, 6052-6056.

© xxxx American Chemical Society
Published on Web 00/00/0000

PAGE EST: 1.9


Anatoly Sharipo



B J. Am. Chem. Soc. PAGE EST: 1.9
"'P [ppm)]
A L L 43
. ’ L 4.6
' L 44
]
) L4
]
| o 00
F-3.8
B §C37 |
29 [ e
U42 b, '
C41@ A22 B 44
o é , Y c4s
U388 - -4.2
f [ .
@ 0 B L 40
A20 o s G2 L
8t0 7T8 7t6 7T4 7t2 7:0
'H [ppm]

Figure 1. Expansion of RADAR TOCSY spectra showiHg6,8 proton
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Figure 2. One-dimensional build ups taken alon¢'P) = —4.01 of
the G1H8,P resonance as a function of the heteronuclear DIPSI-2 mixing
time tm in RADAR TOCSY. Experimental details and sample conditions
are as given in the legend of Figure 1. The heteronuclear DIPSI-2 mixing
time t, was varied as a multiple of the cycle length: (Anh= 2,7, =
49.3 ms, (B)n =3, = 73.9 ms, (Cn =4, t,, = 97.5 ms, and (Dh
=5, 1y = 121.2 ms, respectively.

motional properties, the expected magnitude of residdal
dipolar couplings may be as large as 2 or 6 Hz for our weakly
and moderately aligned system, respectively.

As a consequence of the scaled coupling constants a complete
magnetization transfer in the RADAR-TOCSY is achieved by
using a mixing time ofr,, = 1/Dpy, assuming planar effective
coupling tensors in a heteronuclear two-spin systehowever,
transfer efficiencies under effective heteronuclear planar mixing
conditions are complex functions of the relaxation of involved
magnetization components, transfer functions, and radiofrequency
inhomogenieties. A series of one-dimensional cross-sections of

to 3P cross-peaks. Spectra were recorded on 1.5 mM unlabeled partiallythe G;H8,P resonance as a function of the mixing timgfor

aligned HIV-2 TAR RNA (A) without and (B) with HS homonuclear
band selective time-shared adiabatic decoupling dusindnambiguous

the heteronuclear TOCSY is shown in Figure 2. Empirically
derived optimal one-step transfer efficiency is obtained after 74

assignments are given with the one-letter code followed by the residue ms. Methods for quantification dpy are currently being worked

number. Adiabatic HS hyperbolic secant inverSipulses of duration

6.67 ms covering a bandwidth of 1400 Hz were applied at 4.88 ppm

out in our laboratory.
In summary, the proposed RADAR-TOCSY allows the first

with a 10% duty cycle (pulse/delay ratio of 1/9). Pulses were expanded jiract observation of through space correlations betweths

according to a 20-step supercycle. Otherwise, experiments were collecte
under identical conditions. Carrier positions in the present work were

—3.64 ppm forsP and 7.64 ppm féH, respectively. High-power proton
pulses were applied with a field strength of 27.47 kHz, while high-power
31P pulses were applied with a field strength of 6.41 kHz. The low-power
selective DIPSI-2 mixing sequenoeas applied form = 73.9 ms, using

a yBiJ/2r = 1.17 kHz field strength. Thirty-two complex points were
recorded with an acquisition time of 32.0 ms f8P (w1), and 1024
complex points with an acquisition time of 171.5 ms fbt (w2). A
presaturation sequence of 600 12fllses evenly separated by 5 ms

dprotons and®P nuclei due to residudDpy dipolar couplings.

Heteronuclear HartmanfHahn sequences represent a novel
building block for the correlation of unlike spins in partially
aligned molecules through residual dipolar couplings. We applied
a homonuclear decoupling scheme that greatly facilitates high-
resolution NMR studies on partially aligned RNA. The experiment
does not require any isotope enrichment, and detect@ple
dipolar couplings rely on nonexchangeable protons that are
uniformly distributed along an oligonucleotide sequence. The

between transients was used, with 160 scans per complex increment (totafuantification of theDpy dipolar couplings will provide orientation
measuring time 9.5 h). All spectra were recorded on a three-channel and distance information, and will have a substantial impact on
Varian Inova 600 MHz spectrometer equipped with an actively shielded the precision of oligonucleotide structure determination by NMR
z-gradient triple-resonance probe, at a temperature of 298 K. Spectra werein terms of defining both global and local structural features.

processed and analyzed with FELIX 2000 (MSI, San Diego, USA) and
NMRPipe program packagé%.The sample buffer contained 10 mM
phosphate buffer, pH 6.4, 50 mM sodium chloride, and 0.1 mM EDTA
in 500 mL of 99.9% BO.

HIV-2 TAR argininamide comple¥ range from 3.10 A for G
to 6.22 A for Uss, located in the two-nucleotide bulge, with an
average*H6,8(i)—3P(i) distance it = 29) of 3.9+ 0.9 A. The
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Supporting Information Available: Two figures showing the applied
RADAR-TOCSY pulse sequence (S1) and a RADAR-TOCSY spectrum

average intranucleotide distance for A-form helical segments is obtained in 25 mg/mL Pf1 phage (S2) (PDF). This material is available

even shorterr(p = 3.6+ 0.5 An= 21) and shows little variation

with respect to differing base types. Based on observed one-bon

residualDyy dipolar couplings using &N-labeled sample and
neglecting effects arising from differing vector orientations and
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