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Measurement of Carbon-Phosphorus J Coupling Constants in RNA
Using Spin-Echo Difference Constant-Time HCCH-COSY
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We report a novel NMR technique for the measurement of
carbon—phosphorus coupling constants in RNA oligomers. This
method, spin—echo difference constant-time HCCH-COSY, takes
advantage of the well-dispersed H1’ and C1' resonances to ana-
lyze couplings involving the more poorly dispersed ribose carbon
and phosphorus resonances. The technique was applied to analysis
of the 3J,p coupling constants related to backbone e torsion
angles in a 30-nucleotide lead-dependent ribozyme. *J.,.» cOU-
pling constants were obtained for ~90% of the residues in this
RNA, which is over twice as many as could be obtained with
previous methods. © 1998 Academic Press
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The data for an NMR solution structure determination of

than by analysis of component separation. This principle al
lows measurement gfcoupling constants that are inaccessible
by other techniques. In the simplest case, the method involve
free precession for a fixed period on one of the nuclei involve
in the coupling to be measured. Two spectra are taken, one
which theJ coupling of interest is active during this period and
the other in which thig coupling is inactive. Peak intensities
in the coupled spectrum will be attenuated by a factor o
cos@rJT), wherel is the coupling of interest antis the fixed
delay. The desiredvalue can then be easily extracted from the
ratio of the intensities in the two spectra. Because the couplin
is derived from peak intensities, overlap of multiplet compo-
nents does not interfere with the analysis.

We have previously reported the adaptation of the spin-
echo difference constant-time HSQC (CT-HSQC) experimer

1), an example of this methodology, to the measurement c

biological macromolecule consist of NOE cross peaks, indiy - couplings in RNA oligomers1(?). In this experiment, the
cating pairs of protons that are close in space, and three-bej | coupling constants, which are related to the'-823—

. . . C

scalar O) coupling con_stants, which are related to thS'OE)S’—P ) torsion angle, were measured by analysis of the
angles via the approprlage Ka;rplus reI%tlonﬁa (n RNA oli-  nsqulation of the C2resonances. For canonical A-form RNA,
gomers, three-bondy, “Jyc, *Jup, and*Jcp cOUPINGS Pro- e transe rotamer predicts).,p values less than-3 Hz,
vide information on the backbone torsion angles that define thg areas gaucherotamers predict couplings of 8-12 Hz, and
local structure of the molecul&24). Analysis of the Cross {he gauché rotamer fore is sterically unfavorable2). Unfor-
peaks in COSY-type spectra can be used to deterthiaiues nately, this experiment is seriously handicapped by overla
in very short RNAs, but this method fails in larger moleculeg, e poorly resolved HZC2' region of the CT-HSQC spec-
due to the overlap of multiplet components. The poor disp&fym_ For example, in the 30-nucleotide RNA oligomer used ir
sion and inefficient transfer properties of tHe resonances in these experiments, only 12 of the 29 possitie, » couplings
RNA pose particular difficulties in the measuremendgfand .4 ,1d be analyzed in CT-HSQC spectra due to poor dispersic

Jep coupling constants. In some cases, these couplings maypéne c2 and H2 resonancesl@), and therefore only a small
analyzed by the FIDS multlplet—flttmg_ techniques, 6).  hymber of thee torsion angles in the molecule could be
E.COSY-based methodg)(are less sensitive to overlap thanyetermined.

multiplet analysis and have been applied to RNAs, notably for |, ihis report, we take advantage of the superior dispersio

5 . .
Juy measurements( 8, 9, but are not easily applicable 104f 43/ and C1 resonances in RNA to enormously improve the
coupling constants involving phosphorus due to the lack of g5 sis o)., values in RNA. This is accomplished using
large, conformation-independent coupling to separate the,vel three-dimensional (3D) pulse sequence, spin—ect
E.COSY peak components. difference CT-HCCH-COSY, that gives dramatically reducec

Recently, Bax and co-workerd@) developed a new meth- heay overlap. This experiment is implemented on the leadzym
odology for coupling constant determination that operates By75y anin vitro-selected 30-nucleotide lead-dependent cata

measurement of peak intensitiesimodulated spectra rather|ytiC RNA that has been well-studied by NMR3-17 (Fig. 1).

1To whom correspondence should be addressed. Fax: (303) 492-2439]1 he pulse sequences us_ed _in this work are described in Fi
E-mail: arthur.pardi@colorado.edu. 2. The sequences are derivatives of the HCCH-COSY expe
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l Jcrex coupling constant.) Spectra were collected and ana
lyzed in both the HEC2-H2' and HI-C1-H2' formats
, 5 CGAG 10 15 corresponding to the pulse sequences of Figs. 2A and 2k
YGCGAC CICAGCU 4 respectively.
‘ The greater dispersion of the Htesonances in RNA
YCGCUIG GlGguua AA results in a well-resolved CT-HCCH-COSY spectrum anc
30 A G 20 therefore, for larger RNA oligomers, allows a significant
increase in the number of residues for whidh, » coupling
FIG. 1. Secondary structure of LZ2, the lead-dependent ribozyme usedgonstants can be determined. Figure 3 compares the H2
Fhis paper. The autocleavage site is indicated with an arrow and the active-giter region of the 2D31P-decoupled CT-HSQC spectrum of
internal loop is boxed. LZ2 reported by Legaulet al. (12) to planes at particular
H1’' chemical shifts through the 3B'P-decoupled H1-
C2'-H2' CT-HCCH-COSY spectrum. The severe overlap
iment (L8), which transfers proton magnetization to the directlin the CT-HSQC spectrum is clearly visible. The CT-
bound carbon using INEPT, then to adjacent carbon(s) usingl@ CH—-COSY spectrum, by contrast, allows analysis of
13c13C COSY pulse, and back to proton for detection usingimost all residues in LZ2; only U27 and C28, which have
reverse INEPT. In the present implementation, the transfemresolved chemical shifts for HI1C1', C2', and H2, could
pathway is H1 — uCl — uC2 — uHZ2'. Incremented evo- not be analyzed. Coupling constants determined from bot
lution may occur on either carbon for this 3D sequence, and thersions of the CT-HCCH-COSY experiment, along with
versions with labeling of the C2and C1 resonances are values from Legaulét al. (12) for comparison, are shown in
shown in Figs. 2A and 2B, respectively; the following discusFable 1. For 15 of the residues in LZ2, CT-HCCH-COSY
sion is specific to Fig. 2A. FollowingH frequency labeling spectra provided useful data on the valu€df, , whereas
duringt,, —CJ;,Hl'Z magn,etiz,ation created at b by the,INI,EP'Ifhe CT-HSQC experiment failed completely due to peal
sequence evolves into (112, and is converted te-C1,C2, overlap. Couplings were extracted from measured pea
magnetization by thé*C-3C COSY pulse at c. Since theheights using the relationship/l; = cos@JT), wherel, is
delay between c and d is set to a multiple afl/ (see below), the intensity in the coupled spectruily,is the intensity in
the carbon coherence will not refocus with respect to adjacehe decoupled spectrum, aids the constant-time delay, as
carbon atoms. Therefore, a selective pulse is applied to the @teviously describedl@). Since, for A-form RNA 2J.,p is
region to allow the C+C2 coupling between points ¢ and dvery close to zero 3), error estimates were obtained by
to evolve by an odd multiple of 102, resulting in a selective analysis of the deviations df/l4 from unity for residues in
refocusing of the desired coherence to;,IELZ”Z prior to the regions of known A-form structure. This procedure is jus-
reverse INEPT sequence beginning at d. The second selectified by the observation of approximately equal numbers o
pulse, at the very end of the constant-time delay, corrects fowsitive and negative deviations from unity for these resi
phase artifacts introduced by the first selective puts®.( dues in both spectra. Nonzero values 3§, for these
Magnetization is finally detected on H2uring t;. The C2 residues would yield an overestimate of the experiments
precession period (c—d) is adjusted to a multiple @ggd/to error; therefore, this procedure will not lead to unjustified
refocus C2 magnetization with respect to G3vith 2/J--the precision in reported couplings.
best choice fol.p coupling constants less than5 Hz. The For the CT-HCCH-COSY experiment, carbon chemical-
highly selective nature of the transfers allows the reduction shift evolution may proceed on either Ca@r C1'. We have
the sweep widths in the indirect dimensions (see figure legerformed and analyzed both types of experiments in LZ:
ends). The placement and phased’®finversion pulses result (Table 1). Evolution on C2provides a conceptually simple
in Jop couplings being either active or inactive during thgeneralization of the CT-HSQC spectrum by spreading th
constant-time delay (see figure legend), and e coupled C2/H2' correlations into the third dimension using H1
and -decoupled spectra are collected in interleaved fashiorhereas C1 evolution often provides better resolution by
The constant-time Cievolution sequence (Fig. 2B) differstaking advantage of the improved dispersion of €dmpared
only in the detailed timing of particular delays and in the mearis C2 resonances in RNA. Figure 3 shows the’@%2olution
employed to achievé'P-decoupling. version, which allows direct comparisons with the 2D CT—
We have implemented the spin-echo difference CT-HCCHHSQC data. Figure 3D illustrates an atypical case in which C2
COSY experiment on a 1.2 mM 99%4C, **N-labeled sample evolution yields superior peak dispersion to’Givolution,
of LZ2 in D,0O, synthesized as previously describ2d,(20. A since G13 and G23 have identical ‘Ghemical shifts but are
constant-time delay of 47 ms was used, which was optimizetkanly separated in the HIC2—-H2' spectrum.
by determining the time that resulted in a null spectrum in the In spin-echo difference CT-HCCH-COSY, couplings are
C2 region for a pulse sequence omitting the’Gglective extracted from a comparison of peak intensities in two spectre
pulses. (This value yields an estimate of 42.5 Hz for thdeally, in such cases, two sets of internal control peaks shoul
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FIG. 2. Pulse sequence for spin—echo difference CT-HCCH-COSY %@revolution on (A) C2and (B) CZ, 90° and 180° RF pulses are indicated by
narrow and wide rectangles, respectively. Shaded rectangles are extended pulses to eliminate unwanted c@Beréhiepulse sequence could be further
enhanced witlz-gradient pulses arranged for coherence destruc#a@); for the probe used for most of this work, gradients were not available. Shaped puls
represent band-selective pulses tuned to invert tHes@dctral region. Phase cycll, x, —x; $2, X, X, =X, —=X; $3: X, X, X, X, =X, =X, —X, —X; P4, X; receiver,

X, —X, —X, X. Other phases areunless otherwise indicated. Quadrature detection is obtained via the States—TPP| X8)emiih (ncrementation okp1 for

t, and ¢4 for t, (C2' evolution) or¢l for t; and ¢2 for t, (C1' evolution). In the C2evolution version, thé*P-decoupled spectrum is illustrated; for the
31p-coupled spectrum, th&P inversion pulse at e is replaced by an equivalent pulse appliedrat the CI-evolution versionys, = x andis, = —x for the
31p-decoupled spectrum, wherefss= s, = x for the 3*P-coupled spectrum. For the spectra of LZ2 reported here, delays®f1#4 1.5 ms, 1/4.c = 5.7

ms, andT = 47 ms were used. AH carrier frequency of 4.76 ppm with sweep widths of 6000 Higiand 1500 Hz irt; was used. A=C carrier frequency

of 79 ppm with a sweep width of 2250 Hz and 56 complex points,i®8 complex points irt;, and 8 transients per increment was used for theev®lution
spectra. For the Cdevolution spectra, &°C carrier frequency of 86 ppm with a sweep width of 3000 Hz and 32 complex poitgs3f complex points ir,,

and 16 transients per increment was us&®-decoupled and -coupled spectra were acquired in interleaved fashion. Total experimental times were 1
(CT—C2) and 82 h (CT-C). Selective inversion of the Cegion was obtained with a 3.5-ms IBURPZD) pulse applied at 92.4 ppn°C decoupling during

t; was obtained using GARP-B() at a power of 1140 Hz. All spectra were obtained at 25°C on a Varian UnityPlus or Unity INOVA 500 MHz spectrome
using NaloracH{*3C, 3P} or *H{*°C, **N, 3P} probes.

be available; one corresponding to zero coupling, for which tiwalues, for which the coupled spectrum will be substantially
intensities in the two spectra will be identical within noiggl(, attenuatedI{/l; < 1). In the CT-HSQC technique these two
~ 1), and one corresponding to large and known couplingpes of controls are provided by Céesonances, which have
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B spectrum for LZ2 (data not shown). Thus, this 2D experimen
. provides a control with largd coupling constants for the 3D
©) - experiment.
A4 ) The most important limitation to spin—echo difference
° & experiments for measurint.pis the loss of sensitivity due
— & to transverse relaxation during the constant-time delay o

- C2'. For LZ2, comparison of 47- and 23.5-mBl/*H sub-
o) S spectra yields an approximate medignfor the C2 reso-
nances of 29 ms (data not shown). For this or longe|
relaxation times, the precision of the measurement is suffi
D _GI3 cient to define the rotamer (Table 1). For RNA molecules
- significantly larger than LZ2, or in cases of severe resonanc
U21 broadening due to slow internal motion (for example, A17
G23 — or G24 in LZ2), much shorter, values can lead to such low
c6 sensitivity that it is impossible to obtain precise enough dat:
to define the torsion angle to a single rotamer. We note
however, that noncanonical gauche values predict large
3Jcop Values that are best analyzed at a constant-time delz
of 23.5 ms (1Jco), resulting in increased sensitivity. Thus,
nonstandarde angles, which would indicate an unusual
conformation of the RNA, will be easier to analyze in larger
RNAs than residues in A-form regions. In addition, recently
developed techniques for taking advantage of the generall
FIG. 3. Comparison of the H2C2 region of (A) a*P-decoupled CT- |ower transverse relaxation rates of multiple-quantum co
3H1$QC spectrum )NIth (B—I?) three planes perpendicular to theatis of a herence to improve sensitivity2{-23 may be applied to
P-decoupled, H+C2-H2' CT-HCCH-COSY spectrum. The CT-HSQC , . . . . .
was acquired and processed as described in Legaud. (12). The CT— this experiment in a straightforward way by replacing the
HCCH-COSY was acquired as described in the legend to Fig. 2A ah@ng C2 precession period with precession on'G2’
processed to a final matrix of 2048256 x 128 (data outside the central 1500multiple-quantum coherence. In LZ2, this technique doe:
Hz window in »; were discarded) using 3-Hz exponential line-broadening igot |lead to substantial improvements in sensitivity, presum

t, and cosine-squared windowstinandt; following linear-prediction extrap- .
olation by 30% int, and mirror-image linear-prediction extrapolati@iy by ably due to evolution unde?‘]Hz'HC"' (data not shown). In

85% int,. The highly overlapped region in the upper part of panel A contaid@fg€r molecules, however, the multiple-quantum version i
16 of the 30 H2-C2 cross peaks in LZ2, none of which are sufficientlylikely to have substantial sensitivity advantages and ma
resolved for analysis. Of the seven well-resolved cross peaks labeled in paggts]| extend the size range for which this technique is
B-D, only C6 gave useful data in the two-dimensional experiment. applicable.

The earlier CT-HSQC experiment on LZ2 also yielded dat:
no significant couplings t8'P, and C4resonances, which are®" c4 respnancele). Ir_lterpretation of these results is more
affected by two strongJ.,p couplings in A-form RNA, re- groblematlc, however, since botBepg + 1y, related toe, and
spectively (2). Unfortunately, the highly selective coherenceJcarq, related to the C4C5-O5-P (B) torsion angle, will
transfer for the CT-HCCH-COSY experiment eliminates the§éect the observed intensity ratid4). Modification of the
peaks from the observed spectra. Since our RNA sample hds rHCCH-COSY experiment to include a carbon-—carbor
3'-hydroxy terminus, the C2H2' peak for C30 provides a iSOtropic mixing sequence4, 23, yielding spin-echo differ-
useful control, withl /I, indistinguishable from unity in all eénce CT-HCCH-TOCSY spectra, should also yield data o
spectra. In addition, as discussed above/!~€2' peaks in C4 resonances. However, the multipld.,» couplings can
A-form helical regions show only very small couplings. Conlimit the use of these data in structure determination.
trols with largeJ coupling constants are more problematic in In conclusion, we have introduced an improved technigu
CT-HCCH-COSY; for RNA molecules with no gauche for measuring®Jc,p coupling constants, which are directly
rotamers, all peaks may haygl ; close to 1. A valuable check related toe torsion angles in RNA oligonucleotides. These
on the experimental setup can be obtained by modifying te¥periments allow the analysis of over twice as many residue
sequence of Fig. 2A so that the first free precession period idrour 30-nucleotide RNA as previous methods by virtue of the
carbon is set to I rather than 1/2 J-, the C-selective superior resolution of Hland CI resonances in RNA. Due to
pulses are omitted, and the indire'td evolution ¢,) is not the greatly improved peak dispersion, the spin—echo differenc
incremented. In this spectrum, peaks in theé-&#' region are CT-HCCH-COSY experiment is the method of choice for
dramatically attenuated in the coupled versus the decouptigtermining®J.,p values in larger RNA oligomers.
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TABLE 1

3Jc,p Coupling Constants (in Hz) in LZ2

COMMUNICATIONS

47-ms (CT-C2 47-ms (CT-C1) 44-ms CT-

Residue CT-HCCH-COSY CT-HCCH-COSY HSQC e rotamef
Gl 2.0-4.6 ca.0 =3.6 t
Cc2 0.8-3.1 ca.0 Overlap t
G3 Overlap =18 Overlap t
A4 =22 =0.8 Overlap t
C5 =0.8 =28 Overlap t
C6 <14 =34 =23 t
G7 Too weak =9.1 Overlap nd
A8 3.4-6.9 =3.6 Overlap nd
G9 =54 nd 21-51 nd
C10 ca.0 =21 Overlap t
Cc11 =25 0.4-3.2 Overlap t
Al2 =10 =29 1.4-4.9 t
G13 ca.0 Overlap Overlap t
Ci14 =21 =27 =25 t
G15 =2.6 =27 =23 t
Al6 3.2-6.3 Too weak =34 nd
A17 2.8-8.6 =8.7 =5 nd
Al8 0.8-2.9 =2.6 =39 t
G19 2.4-5.0 3.4-6.6 =25 nd
u20 =25 1.0-3.3 =33 t
u21 ca.0 2.3-4.1 Overlap t
G22 Overlap 1.1-4.2 Overlap t
G23 1.7-3.3 Overlap Overlap t
G24 4.1-85 3.0-9.2 Overlap nd
A25 ca.0 =2.7 =3.1 t
G26 =27 =2.0 Overlap t
u27 Overlap Overlap Overlap nd
C28 Overlap Overlap Overlap nd
G29 ca.0 0.9-2.7 Overlap t

2.

4.

10.

11.

12.

13.
14.
15.

16.
17.

18.
19.
20.

Note.Analysis of experimental error using data from A-form residues (see
text) inherently results in a subset of such residues yielding nonphysiegl
negative coupling values; these values are reported as “ca. 0.”

2 Values taken from Legaubt al. (12), listed for comparison.

22

b Rotameric state fok torsion angle determined from the CT-HCCH-"""
COSY spectra (see text).
¢ Taken from analysis of the 22-ms CT-HSQC spectd.(
9 Peak too weak for reliable quantitation.
©Nd means the peak was not analyzed due to conflict with spectral artifaé$-
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