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Abstract: Established experiments to identify the sugar-to-base connectivity in isotopically labeled RNA
require long transfer periods and are inefficient for residues undergoing intermediate time scale motions
(microsecond to millisecond). Here, an alternative transfer experiment is introduced, whereby the C1'—
N1/9—C6/8 spin system is selectively brought to the so-called Hartmann—Hahn condition using selective
heteronuclear planar triple-band tailored correlated spectroscopy (SHARP-TACSY). Results are shown
for the fully labeled 30-mer oligonucleotide TAR RNA with particular attention placed on residues from and
close to the bulge and the loop. For these residues, the faster relaxation can be attributed to exchange
contributions stemming from transient stacking and unstacking of the bases and/or from the isomerization
of the ribose sugar pucker. The new experiment shows improved signal-to-noise for residues exhibiting
large microsecond—millisecond time scale motions with respect to established experiments, thus providing
a valid alternative for resonance assignment in mobile RNA regions.

Introduction RNA structure (such as turns, bulges and loops) rather than in
the stable helical stems. Consequently, the intrinsic dynamics
often seen in the functionally relevant RNA structure elements

p|c(;allyh|a|1|bele_d RNA and DNQ 'rsl Ogiﬂg the_most |mp]?rt?nt seriously complicates the basic NMR assignment procedure,
and challenging steps toward the assignment of oligo- especially in larger systems.

nucleotide resonances. Commonly used are expe_riments which Here, an alternative experiment is introduced in which a base-
correlat/e the CTH1 fgrkcl)up Of. the sugardm0|ety with Fhe iSI to-sugar transfer is accomplished in a single step by bringing
H8 (C6/H6) group © t € purine (pyrimidine) ring, using ,t € the C1-N1/9-C6/8 spin system to the so-called Hartman
scalar coupling to. the |ntervgnlng N9 (N1) as the magnetlzatlpn Hahn conditiort® In the rotating frame, microsecond-to-
traqsfer mechanism. Despite the necessary long _e\_/°|u“0nmillisecond chemical shift exchanges within the irradiated bands
pen_ods (86-100 ms), these t_ransfers have bee|_'1 optlmlzed 0 4o not contribute to the relaxation. The €N1/9—C6/8 spin
partially overcome the relaxation problems associated with large system is uniquely suited for rotating frame coherence transfer

system§f“ The .most .notable of these experiments are the because of its quasi-symmetric coupling topolodl:{ nio =
relaxation-optimized triple-resonance out-and-bagRdN and 11-12, Yegg o= 11-12, 2Jer ce = O Hz), which allows

aII-Thel-way-through :CNCHJ exp?riments,_ ml.:;:king use of nearly complete transfer of the magnetization from one carbon
mu_tlp:a’fquan;lljm Cr? (_errsr(ljcse\;rgns (fer MQ) 'an es‘_:%ar_(suﬁer'to the other after ¢/21J)~1 ~118 ms mixing, neglecting
script °s”) and/or the interference effect (TR) in the relaxation’ Therefore, in the new experiment, the efficiency of

base (superscript *b") as described by Skieetal* and Fiala magnetization transfer for residues undergoing intermediate time
Scale motions is not diminished by the large exchange-derived
elaxation term active during the J-transfer steps of traditional
preriments. The idea of utilizing rotating frame coherence
transfer to suppress chemical shift exchange contributions to
the relaxation has been previously used in the&CCand G/

Caro Correlations in protein backbone and side chains, respec-
tively, where irradiation was applied on two well-separdtél
regions® The new experiment, applied to three spins on two

The identification of the sugar-to-base correlation in isoto-

the effect of the Bfield (laboratory frame) and are particularly
prone to exchange broadening due to motions causing chemica
shift changes\o on a time scale nearingy, = A6~1 (usually

in the msus time range). Indeed, the sensitivity of these
experiments is severely impeded for residues undergoing
motions, such as sugar pucker isomerization or base-ring
movements, in this time regime. Such structural fluctuations
are more commonly observed in the non-canonical elements of
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Figure 1. Pulse sequence for the SHARP-TACSY°EMNCHS) experiment. Filled and open pulse symbols represéhando rf pulses. The shaped pulses
symbolize selective Gaussian cascade Q5 excitation pulses. All pulse phases areedoegt where otherwise indicated. Phase cycling consists sf

X, =X, 2 = 2(X), 2(—X), ¢3 = 4(Y), 4(—Y), pa = 8(X), 8(—X), ¢5 = 16(X), 16(—X), ¢rec = abbg wherea = (x, —x, —x, X) andb = (—x, X, X, —x). Long shaded
pulses indicate the rf-matched selective pulse train (with MLEV16 supercycle) for TACSY transfer. Transfer dedayslagd ms and = 1.5 ms. Arrows
indicate3C carrier frequency switches. The gradient intensities usedpg2, g3, g4, g6 were 21, 30, 24, 35, 17, and 8 G/cm, respectively.

channels, is calledelectve heteronuclear planar triple-band
tailored correlated spectroscogHARP-TACSY).

to the mixing, as proposed for the PLUSH-TACSY experinfent.
For added resolution or for ease of assignment in 2D, one can
effectively filter for purines or for pyrimidines by simply setting
the 1N carrier frequency on the N9 or N1 chemical shift, thus

Sample Preparation. The uniformly labeled 30-mer oligo- avoiding the necessity to resort to alternate labeling schemes.
nucleotide encompassing the transactivation response (TAR) Also of importance is the rf power requirement during the
element of HIV-2 RNA {$GGCCAGARUBUGAGCCUGG- full 118 ms mixing time. Although the peak intensity during
GAGCUCUCUGGEC) was enzymatically synthesized from the irradiation reaches 6 and 3 kHz on #i€ and™N channels,
labeled NTPs as described previouslshe RNA was dissolved  the average power applied corresponds to continuous irradiation
in buffer with D,O (99.95%), heated to 8 for 2 min, allowed at 2 and 1 kHz, respectively, equivalent to simultaneous
to anneal at OC for 2 min, and transferred to a Shigemi sample decoupling schemes commonly applied on carbon and nitrogen
tube. The total sample volume was 260 for a final con- for triple-resonance experiments on biomolecules. This new
centration of 0.5 mM. All experiments were performed main- €xperiment can thus easily be implemented on most commercial
taining the sample temperature at 298 K. spectrometers and probe heads including actively cooled systems

NMR Spectroscopy.The 2D SHARP-TACSY (HCNCHs) ~ for sensitivity enhancement
pulse sequence is shown in Figure 1. The key element of the The 2D SHARP-TACSY (HCNCH) was performed either
pulse program is the central “tailored” triple-band irradiation on all residues or selectively targeting separately the pyrimidines
during which the three nuclei, G1C6/8, and N1/9, are mixed  (U/C) or the purines (A/G) residues of a simple NTP mixture
under the effect of a planar coupling Hamiltonian in the rotating or of the 30nt-TAR RNA. Delay, phase, and gradient details
frame, giving rise to the desired single-quantum coherence are described in the Figure 1 captions. For comparison of the
transfer from C6/8 to C1By virtue of a selective pulse train  transfer efficiency, a 2D MQ/TRHCNCH® experiment was
on the!3C channel, modulated by cesft), the two bands set up as described by Fiala etlabut placing the indirect
corresponding to the Cnd C6/8 chemical shift ranges and dimension on théH rather than ort>N and using exactly the
separated by\v can be simultaneously irradiated. Concurrently, Same number of scans and increments as for the 2D SHARP-
the N1/9 is irradiated by applying a frequency-matched non- TACSY (H°CNCH). All experiments were implemented on a
modulated pulse train on tH&N channel. The constituent pulse ~ Bruker Avance spectrometer operating at 14.1 T using a triple-
element, a smoothed double 27Gaussian pulse with 15%  resonancéH/*3C/*N probehead equipped withgradient shim
truncation (G2s), was designed to optimize transfer efficiency coils.
over the selected bands while minimizing band interference. Simulation of Selective Irradiation. To optimize the mag-
The calculations which lead to the design and choice of the netization transfer efficiency of the triple-band irradiation in
G2s pulse are discussed below. The pulse train is expanded witithe SHARP-TACSY experiment, the effects of different pulse
the MLEV-16 supercycle and repeated to match the desiredtrains on the RNA spin system of interest were simulated. A
mixing time. The mixing pulse train is flanked by two selective script written inT" (‘Gamma”) language (version 4.10)was
double TH—13C INEPT steps, using Q5 excitation pulses to utilized to calculate coherence evolution curves and offset
ensure that the transfer occurs exclusively from the base to theprofiles for typical RNA spin systems under the triple-band
sugar. Thus, the first double INEPT prepares the incoming irradiation condition as a function of the pulse shape profile.
transverse C6/8 magnetization, and the second transforms thélwo shapes were used for these simulations: G2, & pdide

Materials and Methods

out-coming transverse Cinagnetization into HIfor detection.
An indirect evolutiont; is introduced on H6/8. The direction

consisting of two back-to-back Gaussian curves with 15%
truncation level (Figure 2A), and G2s, a 54fulse obtained

of the transfer can be inverted by reversing the sequence ofby coadding two half-Gaussian curves overlapping at their 15%

carrier frequency switches on tRéC channel. An additional

level (Figure 2B). The program determined the evolution of a

indirect dimension can be placed on the carbon channel priorthree- or four-spin system (e.g., C6/811/9—C1 or C5-C6—

(9) Milligan, J. F.; Groebe, D. R.; Witherell, G. W.; Uhlenbeck, O.NLicleic
Acids Res1987, 15, 8783-8798.

(10) Smith, S. A.; Levante, T. O.; Meier, B. H.; Ernst, R. RMagn. Reson.,
Ser. A1994 106, 75—105.
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A 1

Hetr = 21dom(C, N, + CN,) + 27134,c(N,°C,° + N,C,)

1)
where theCP—NP~CS spin system corresponds to the pyrimidine
C6—N1—C1 spin system or the purine E&N9—C1 spin
system. Under this Hamiltonian, the interconverting coherences
present during the irradiation are

C> N> G5 2CPNS, 2C NS, 2N,°C, 2N,°C.°,
4CN°C.}, 4CN,C

B ot LU LI — The overall relaxation taking place during the transigh
G2s — C¢ thus involves all of these terms, as described by
I ] Majumdar and Zuiderwed. As estimated by numerically
0. 74 R solving the relaxation matrix (eqs 74 and 75 from Majumdar

and Zuiderwed), it is found that the overall signal loss during

the magnetization transfer fro@p to C,§, assuming perfectly

0.3 T symmetric scalar coupling topology, would be approximately
J 10—20%, depending as above on the presence of motions and/

f , or neighboring'H nuclei. Thel3C single-quantum transverse

vard kY relaxation rates were also predicted as in Fiala €t Hhe

3 ; relaxations of thé®N single-quantum and triple-quantum terms

e P were estimated to be 5 and 100%salthough the transfer

% 200 <00 €00 500 1000 efficiencies were less sensitive to these.

Figure 2. (A) G2 shape (black line) is constructed by concatenating two When the relaxation in both experiments are compared, the

Gaussian functions truncated at 15%. (B) '_I'he “sm(_)othe_d” G2s (_black Iine_) SHARP-TACSY experiment is expected to deliver-20%

was obtained by coadding two half-Gaussian functions intersecting at their _. . . L

15% level (green and red lines). signal with respect to the relaxation-optimized MQAR

HSCNCH? experiment for oligonucleotides of the size of TAR

N1-C1’) under the influence of individual propagators corre- RNA in the absence of intermediate (microsecenillisecond)

sponding to short rectangular rf elements that trace the pulsetime scale motions. These numbers clearly do not forecast a

shape intensity and phase profile for the entire mixing sequence.g900d performance of the new experiment; however, for cases

The spin systems were defined by their isotropic chemical shift Where intermediate time scale motions causing chemical shift

and weak scalar coupling according to the range of values given€xchanges are present, largerrates are anticipated for the

in Table S1 (Supporting Information). The 2D offset profiles MQ/TR—HCNCH experiment, whereas the relaxation rates

were typically evaluated by determining the transfer efficiency in the TACSY experiment are unperturbed. In those cases, a

from C6/8 to C1using a grid of 50x 50 different offset pairs, ~ higher SNacsv/SNuqrr ratio is expected. In the likely cases

thus mapping a 2000 Hz 2000 Hz area. Details of the other ~Where the exchange correlation timg approachesXo)~*, the

relevant simulation parameters are indicated in the respective TACSY efficiency exceeds that of the MQ/TR counterpart. For

figure captions. example, an exchange relaxation term due to equally populated
two-site jump causing a carbon chemical shift change of 300
Theory Hz (2 ppm at 14.1 T) at a rate in a range betweehthQLC?

) _ s~ 1 would contribute additional relaxation on the order of 10
Relaxation Rate: SHARP-TACSY versus MQ/TR HC- to 10t sL. These numbers are of the same magnitude as the

NCH. To accurately compare the effectRf andR, relaxation RMQ and R,™® expected for a rigid molecule and thus would

during the established (MQ/TR) and new experiment (SHARP- ¢qnyribute to the decrease of the S/N by a factor of up-6 2

TACSY) in the absence of intermediate time scale motions, a i, the MQ/TR. As a result, the SHARP-TACSY would be more

theoretical description of the active relaxation rates is presentedgansitive. Exchange terms of this order have been directly

here. The dominant relaxation processes in the MQ/TR  measyred in RNA, including TAR and the cUUCGg tetraloop

HSCNCH® experiment occur during the MQ transfeysC,® — motif.12

C/NS and the sensitivity-optimized SQ transfék’C,> —

C,PH., for total delays of 30 and 28.75 ms, respectively. With Results and Discussion

the use of a simple isotropic diffusion model and the theoretical ~ constituent Pulse Design: G2 versus G2dn the choice

relaxation rateg"'? andR,™ from Fiala et af (but usingBo of the constituent pulse elemeRfor the 13C double-band!sN

= 14.1T,7c = 4 ns), these relaxation mechanisms would be single-band irradiation of the SHARP-TACSY sequence, the

responsible for a total intensity loss of 480%. The range  following conditions have to be fulfilled to achieve the desired

depends on residue type, on the presence of rapid internakhree-spin effective planar coupling Hamiltonian defined in eq

motions ¢e < 4 ns, S = 0.75-1.00), and/or on the presence 1 _(j) First, the number of modulation cyclasnust be an integer

of a neighboringH nucleus.
Under the planar mixing of SHARP-TACSY, the average (1) Majumdar, A; Zuiderweg, E. R. B. Magn. Reson., Ser. 2695 113

Hamiltonian for the three spilf, system can be written as (12) Duchardt, E.; Schwalbe, H. Biomol. NMR2005 32, 295-308.
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(centered at 7545 Hz, vertical scale). The use of the G2 element
has severe drawbacks, such as an asymmetric extension of the
two selective bands toward each other and a large dependence
of the transfer efficiency on the chemical shift within the
irradiation bands. Softening the sharp edges of the G2 element,
such as in the G2s (Figure 2B), significantly alleviates the
problems stemming from field inhomogeneities. As can be
appreciated in Figure 3B, a homogeneous high transfer ef-
ficiency (>0.9) is reached over a square area of 1.5 kHz in
both dimensions for similar conditions. The difference in transfer
efficiency between the two shapes was verified on a simple
sample composed of a mixture of NTPs (see below).

Since the cross-band interference skews both the size and
position of the selection area, simulations were performed for
several sets of parameters that would result in effective
homogeneous transfer efficiency over two carbon bands-G#7
ppm separated by 4662 ppm. The results are summarized in
Table S2 of the Supporting Information for four different static
magnetic field strengths (6600 MHz) and can be used as a
guide for choosing convenient shape parameter for a given RNA
sample. In general, the one-sided 50% extension of the excitation
bands toward each other can be corrected for by increasing both
Av andv,m® For the general application of SHARP-TACSY
to RNA, one should exceed the center-to-center band separation
by about 10% and adjust the power level accordingly.

Influence of Passive Spin CouplingIn uniformly labeled
nucleotides, the presence of other carbon nuclei with a nonzero
scalar coupling to the C6/8N1/9—C1' spin system can have a
large deleterious effect on the transfer efficiency of the SHARP-
TACSY, if they are not properly excluded from the irradiation
bands. These passive spin couplings originate from the@2
) o the C4 of the ribose, the C5 of the pyrimidine base, and the
Figure 3. Offset profile of the transfer efficiency for shapes (A) G2 and N3 of the guanine base (Table S1). The effect of these
(B) G2s, simulated using a program writtenlinanguage (version 4.1.0) . . . . ; ;

(ref 10). Shape parameters includee: 6, Av = 7545 Hz,Bo = 14.1 T, neighboring nuclei can also be easily simulated. The chemical
TR = 795 uS, Vmax = 6201 Hz (G2), and/max = 5891 Hz (G2s). Pulse  shift range of the Ci4starts only 1 ppm upfield from the end of
trains were expanded to an MLEV16 supercycle and rep?ated 10 times forthe C1 range, but its scalar coupling to the ‘G4 usually less
a;oﬁég'ﬁggd?f 127ms. Scalar couplingsdes . = 12 and'dyi.cr = 12 than 2 Hz. Simulations show that its presence in the irradiation
band affects transfer minimally (7%). The '‘Ghares a larger
multiple of Av~1 so that the three individual rotating frames ~Scalar coupling (43 Hz) with Clnd thus imposes a much more
coincide at the end of the duration Bf (zr = nAv~1); this stringent upfield limit to the Clirradiation band. _
ensures that the effective rf Hamiltonian is equivalent for all ~ The chemical shift range of the N9 of the guanine base
three spins. (i) Second, the excitation bands must be well Overlaps perfectly with that of its N3 and can therefore not be

separated to avoid mutual interference and to allow the'd@o ~ decoupled through the selectivity of the shapes. As a result,
to be considered as pseudoheteronudei »:™). (jii) Third the simulation expects a 15% reduction of the transfer efficiency

the shaped inversion pulse must be symmetric and purely or all gll;anine residues, assugim 4 Hzcoupling between
amplitude-modulatedy( = 0 or x) such that the three operator the two N nuclei. However, this reduction was not observed

trajectories spend time equally along th@ndy-axis and evolve experimentally on the NTP sample (see below) which implies
exclusively in theyzplane. Additional shape requirements are that the coupling reported by Buchner et-amay have been
exclusive to chemical shift ranges of nucleotides (Table S1). overestimated. .

The carbon double-selective bandwidtis/§) must cover the The largest effect is expected for the C5 nucleus of the

C6/8 and Clchemical shift ranges (131144 ppm and 8794 cytosine residues which has a substantial coupling to the C6
ppm), while the nitrogen selective band must cover the N1/9 spin (57 Hz) and whose theoretical chemical shift range partially
chem'ical shift range (142172) overlaps with that of C1The time evolutions of the magnetiza-

tion transfer from C6 to Clare displayed in Figure 4 and were

. . calculated using the G2s shape and parameters described in

1 —

Ihe twomjffagdks for the C+C6/8 of nucIeE az@s[(v f_ 8 Figure 3B. Three cases are shown where the C5 chemical shift
Hz, Vi = Hz) are prone _to Cross-ban Interference ¢ qincides with the transfer efficiency contour line of 0.9 (A, 93

(condition (ii)), as can be appreciated in the simulated offset ppm), 0.1 (B, 100 ppm), and 0.0 (C, 108 ppm) (see the contour

profile in Figure 3A. The contour plot shows the transfer |ineq of Figure 2B). Because of its large scalar coupling to CB,
efficiency as a function of incoming C6/8 frequency (centered

at 0 Hz, horizontal scale) and out-coming 'Citequency (13) Buchner, P.; Maurer, W.; Ruterjans, H.Magn. ResorlL97§ 29, 45-63.

[kHz]

[kHz]

2 i

g
[kHz]

The G2 element (Figure 2A) satisfies conditions (i) and fiii).
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Figure 4. Effect of pyrimidine C5 chemical shift and interference of the
LJcs.ce coupling on transfer efficiency. The time evolutions of the rotating | | | | . ; | ;
frame longitudinal magnetizations for the pyrimidine four-spin system C5 6.3 6.2 6.1 6.0 5.9 5.8 5.7 ppm

C6—N1—C12' under continuous planar mixing, starting with 100% ¢&d),

0% NIy (green), and 0% Ci (blue) is shown. The simulations used
parametersi = 6, Av = 7545 Hz,By = 14.1 T,tr = 795uS, Ymax = 5891

Hz, carrier frequency= 113 ppm, and shape G2s. Also assumed-dygcs

= 57,%cen1 = 12, and'ni,cr = 12 Hz. The chemical shifts for C6 and
C1 are kept at 134 and 88 ppm, respectively, while C5 is set to 93 ppm
(A), 100 ppm (B), and 108 ppm (C).

Figure 5. 1D projection spectrum (64 transients) of SHARP-TACSY-(H
CNCH) applied to a mixture of ATP/CTP/UTP/GTP using pulse elements
G2 (top) and G2s (bottom) during the 121 ms irradiation mixing. Shape
parameters included = 8, Av = 9684 Hz,By = 16.4 T,7r = 841.3us,
Vmax = 5860 Hz (G2), and'max = 5567 Hz (G2s).

circumvented with the development of optimized experiments

the C5 nuclei which are most shifted toward high field, thus making use of MQ and TROSY transfers; however, the
entering the irradiation band, have an important truncation effect relaxation mechanism due to intermediate time scale motions
on the transfer efficiency to Cllt is thus essential to carefully  is still active. To avoid microsecorgenmillisecond exchange-
position the bands to reduce the effect of passive coupling to induced relaxation, a rotating frame transfer can replace the
the C5. In most cases, the steepness of the G2s selection bandonventional INEPT at the cost of a longer overall transfer
is sufficient to include all C1land exclude all C5 from the  duration. For example in a two splf» system using a double-
irradiation band, except on rare occasions where the cytosineband heteronuclear planar mixing experiments, the transfer delay
C5 resonate lower than about 97 ppm. is generally longer by a factor 2 relative to that of the single

SHARP-TACSY Transfer Efficiency for the NTPs Mix- INEPT step. To this effect, a small gain is obtained moving to
ture. The difference in transfer inhomogeneities of the modu- a symmetric three spil, system {12 = Jp3), since the mixing
lated G2 and G2s bands was reproduced on a simple uniformlyduration of the triple-band planar mixing experiment only
labeled NTP sample consisting of ATP, GTP, UTP, and CTP. exceeds the double INEPT by a factor2 (it is reduced by
Figure 5 compares the 1D projections of SHARP-TACSY using a factor of +/2 compared to two back-to-back double-band
equivalent mixing sequences € 8, Av = 9684 Hz,By = 16.4 mixing sequences). It is clear that moving to rotating frame
T) for G2 and G2s on the same sample. Whereas the ATP crossiransfers only makes sense when signal gain due to intermediate
peak is almost equivalent in both experiments, the G2 shapetime scale motion exceeds the signal loss due to the longer
yielded only 70% of the CTP and UTP cross-peak intensities, mixing time.
while the transfer for the GTP was almost completely suppressed To demonstrate the importance of intermediate time scale
compared to that of the G2s. On the other hand, the cross-peakmotions in large RNA and that the resulting signal loss can be
intensity ratio in the G2s experiment reflects approximately the partially retrieved using a HartmarHahn transfer instead of
NTP concentration ratio present in the sample, demonstratingan INEPT transfer, both the MQ/TRSENCH? and the SHARP-
the excellent homogeneous transfer efficiency within the ir- TACSY HPCNCHs experiments were performed for the same

radiation bands and the proper exclusion of thé €&&mical
shift of CTP.
SHARP-TACSY Transfer Efficiency for the TAR —RNA.

number of scans and increment on the same TAR RNA sample
(Figure 6). The signal-to-noise ratio was measured for all well-
resolved cross-peaks in both experiments and compared as a

The challenge in achieving base-to-sugar correlation in elongatedresidue-specific relative ratio (Shcsy/SNugtr) in Figure 7.
nucleic acids lies in the two CN transfer steps which rely on As described in the Theory section, in the absence of chemical
the evolution of their small 13212 Hz coupling, during which exchange broadening, one anticipates the signal of the rotating
transverse relaxation is active. The faster relaxation associatedrame experiments to be lower by a factor of 0-Zb40,
with the slower correlation times of larger systems has been considering the active transverse relaxation during the total

9860 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006
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A - - ™ base and ribose moietiés.1” Such motions have also been seen
ggggﬁg;":fea%g om 21 & in many RNA molecules. For example, in the cUUCGg tetraloop
L U # & H . . . .
°iG:e (-f':‘,,,:. A - motif, 13C relaxation studies have concluded that intermediate
L7 time scale chemical exchange broadening was present for several

residues, both in the ribose and base moieties, and concentrated
around the loop as well as on theahd 3 terminal endg2

For TAR—RNA, all important signal enhancements in the
SHARP-TACSY experiment occur in nucleotides located at the

ren

s junction between the mobile nonhelical elements and the more
M compact, relatively rigid stem elements. These signal gains show
CE &0 6 5 T e a good qualitative correlation witFC line widths, usually a
= 70 good indicator that the base and sugar moieties of these residues
H present important intermediate time scale motions.

Residue G16, located at the freet&rminal end of the TAR
RNA, is prone to undergo “fraying”. Reports have demonstrated
that base unpairing and unstacking requiring the breakage of
H-bonds and of the favorabler-interactions occur more
frequently at the terminal end of A-form helices and take place
on the microsecondmillisecond time scalé® These motions
are also evident from the breadth of tH€ line widths of the
C8 and C1 measured in a 2D HSQC (data not shown).
o Interestingly, the same terminal base pair as here@Hocated
! at the open end of the stem region of the 14-nt UUCG hairpin

62 6.0 58 586 54

loop was shown to undergo large-scale chemical exchange
v motion12
Wy it The A22-U40 base pair, which closes the lower stem at the
R I bulge junction, is more dynamic than canonical A-form helix
= base pairs, as inferred from the fast solvent exchange rate of
M ol W the U40 imino proton, whose NMR signal can only be observed

: at low temperature. The A22 site is an important recognition
Figure 6. (A and B) 2D H6/8-HL' correlation spectra recorded at 14.1 T glement for the Tat protein and Tat-derived peptides, and the

using the SHARP-TACSY (FCNCH®) on a 0.5 mM TAR RNA/RO e . . . 23
sample at 298 K. Spectra (192 transients, 128 increments) were acquiredieXibility of the A22 base might be of functional significarite?

separately with théSN carrier optimized for purines (A/G) at 168 ppm (A)  The ribose pucker of A22 also undergoes isomerization between
or for pyrimidines (C/U) at 152 ppm (B). The spectral widths were 2 and the C3-endo and C2endo conformations, as has been directly

10 ppm in the indirect and direct dimensions, respectively. The G2s pulse _ ;
element was usedd — 7955,n = 6, Av — 50 ppm, and/™ = 6201.2 observed both from cross-correlated relaxation and scalar

Hz (3C) and 3100.6 HzfN)). (C) Comparison of the direct dimension COUplir‘g param.eterg’g?‘fﬁ .
traces for three residues (G16, A22, A35) from the SHARP-TAESI¥- Residue A35 is positioned at theénd of the hexanucleotide

caires. o5 described by Fila ot a1 e 1) Numbers coneapond t te 2Pic8! 1o0p, Which has been found to be quite flexible in al
rat?o of S/N, measured ¥rom the cros(s-pea)k volume over a oned areaNMR studie$®2® with the “b(_)se averaging betwee_n the'C3
corresponding to twice the full-width at half-height in both dimensions. ~ €ndo and C2endo conformations. Both base stacking of A35
on G36 and of G34 on G36 was found to be consistent with
transfer time for both experiments (94 ms for the MQAIHe- structural restraints derived by NMR for a 14- and a 19-
CNCH vs 118 ms for TASCY). However, intermediate time nucleotides hairpin containing the TAR hexanucleotide Bd.

scale structural fluctuations led to various levels of signal (14) Dayie, K. T.: Brodsky, A. S.: Williamson, J. R. Mol. Biol. 2002 317,

broadening and sensitivity loss in the MQ/FRSCNCH® 263-278. . _ A I 2 _
experiment, which were avoided with the SHARP-TACSY (15) Q;Q,?{ﬂhié’;‘ﬁo}e Scripps Research Instiute, La Jolla, 2005, Private

experiment. Out of the 16 resolvable cross-peaks, the signal-(16) Jaeger, J. A; Tinoco, Biochemistryl993 32, 12522-12530.
. .. . (17) Puglisi, J. D.; Tan, R.; Calnan, B. J.; Frankel, A. D.; Williamson, J. R.
to-noise ratio is better than expected for 11 residues. Many of Sciencel992 257, 76-80.

these are concentrated around the flexible bulge region of TAR ggg E’E';Iﬁggem ';-r;o’;fa”' L. S.; Ts'o, P. @iochemistry1983 22, 277-80.
RNA and seem to indicate the presence of intermediate time (20) Cordingley, M. G.; Lafemina, R. L.; Callahan, P. L.; Condra, J. H.; Sardana,
V. V.; Graham, D. J.; Nguyen, T. M.; Legrow, K.; Gotlib, L.; Schlabach,

scale motlons_. But,_the real adva_ntage o_f the new SHARP- A. J.] Colonno. R, JBroc. Natl. Acad. Sci, U.S.A99Q 87, 8985-8989.
TACSY experiment is seen for various residues located at the ‘33 Brodsky, A. S.; Williamson, J. Rl. Mol. Biol. 1997, 267, 624-39.
junct _ _ Dev. 199Q 4, 1365-73.
in Figures 6C and 7, the signals for three residues G16, A22, gf{g Weeks, K. M.; Crothers, D. MCell 1991, 66, 577-88.
and A35 improve by a factor of 1.7, 1.1, and 2.2, respectively. Chem. So0c200Q 122, 6779-6780.
(25) Ippel, J. H.; Wijmenga, S. S.; deJong, R.; Heus, H. A,; Hilbers, C. W;

have reported a heterogeneous population of motions of different _ 1996 34, S156-S176.

P 9 pop (26) Aboul-ela, F.; Karn, J.; Varani, G. Mol. Biol. 1995 253 313-32.

i ; i Biochemistry1l993 32, 1105-12.

sequence. These studies have also shown the important contri 28) Jaeger, ). A: Santalicia, J.- Tocayinu. Re. Biochem1993 62, 255

junction points between stem and loop regions. As displayed ?2 X% 5 Pelling, U.; Chen, C. H.; Rosen, C. A.; SonenbergGhines
Boisbouvier, J.; Brutscher, B.; Pardi, A.; Marion, D.; Simorre, I.RAm.
Several accounts on structure and dynamics in TAR RNA deVroom, E.; vanderMarel, G. A.; vanBoom, J. Magn. Reson. Chem.
magnitude and over different time scales along the nucleic acid (27) colvin, R. A; White, S. W.; Garcia-Blanco, M. A.; Hoffman, D. W.
butions of intermediate time scale motions both in the nucleo- 287.

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9861



ARTICLES Farés and Carlomagno

© N O OO - NNmL ONDOOO NGO Y L ONDOD - o v ©

N M M M6 MM Mmoo M +
5555?3?338?0goawccqcoao:‘?oggggg

Figure 7. Histogram plot of signal-to-noise ratios ($¢sy/SNuqtr). The region between the long dashed lines represents the expected level)(@)25

in the absence of intermediate time scale exchange motions. The short dashed line shows the level (1.0) above which TACSY efficiency exceeds that of th

MQI/TR counterpart. Residues with insufficient resolution to measure an accurate signal-to-noise ratio are omitted.

This confirms the existence of equilibrium between a conforma- sequence, the transfer efficiency of nucleotides with considerable
tion where A35 is stacked between G34 and G36 and a intermediate time scale motions in the base or sugar moieties
conformation where A35 is looped out. In agreement with these exceeds that of conventional relaxation-optimized experiments.
data, the largest sensitivity gain (2.2) is observed for residue We applied the SHARP-TACSY experiment to the 30-nt
A35. Biological data indicate that this site is in contact with HIV-2 TAR, a long-chain polynucleotide featuring both canoni-
both the Tat and the CycT1 protein in the process of HIV cal helical elements and noncanonical bulge and turn elements.
replication and is therefore of high functional relevafté! A considerable sensitivity enhancement is observed for three
Also in this case, a regulatory role of the loop dynamics for the nucleotides located at the end of the stem regions (G16, A22,
interactions of the TARRNA with the Tat/CycT1 complex  and A35). These nucleotides have been found to undergo
can be hypothesized. intermediate time scale motions either on the sugar or on the
Intermediate time scale motions such as those described herdase. Two of them (A22 and A35) are located in functionally
for residues A22 and A35 are often identified for functionally crucial regions.
relevant residues in RNA. Thus, the SHARP-TACSY pulse  These results underline the potential impact of this experiment
sequence, although less effective than established experimentsn the NMR resonance assignment of nucleotides situated in
for non-mobile residues, is a valuable tool for the assignment the mobile sites of RNA, such as the crucial cofactor binding
of resonances in crucial regions of biologically active RNA and enzymatic sites.

molecules. -
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