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Recent developments in the direct observation of J couplings
across hydrogen bonds in proteins and nucleic acids provide
additional information for structure and function studies of
these molecules by NMR spectroscopy. A Jy.-correlated [N,
'H] TROSY experiment proposed by Pervushin et al. (Proc.
Natl. Acad. Sci. USA 95, 14147-14151, 1998) can be applied to
measure "J, in smaller nucleic acids in an E.COSY manner.
However, it cannot be effectively applied to large nucleic acids,
such as tRNAT™, since one of the peaks corresponding to a fast
relaxing component will be too weak to be observed in the
spectra of large molecules. In this Communication, we pro-
posed a modified Jyy-correlated [N, '"H] TROSY experiment
which enables direct measurement of "J,, in large nucleic
acids.  © 2000 Academic Press
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[N, 'H] TROSY (2) experiment for the correlation of
hydrogen-bonded nuclei and measurement"df, utilized
the TROSY effect and thus is suitable for large molecule:
However, the measurement bf,, by E.COSY type peaks
in this experiment Z) is not practical for large molecules,
such as tRNA, in which the fast-relaxing component is to
weak to be detected, due to the significant loss of magne
zation caused by relaxation during the long magnetizatic
transfer delay of 4 andt, evolution time. Another method
proposed by Dinglegt al. (10) for the measurement 68,
based on the HSQC-type experiment is not suitable for lar
molecules. A novel methodJ,y-quantative [’N, *H] ZQ
TROSY, in which only the narrowest component of the
“N-'H multiplets was used, was reported recently to me:

sure the"J,, values in a 17-kDa protein—-DNA complex
(11). This method involvesJ,,, modulating™H transverse
Recently, several remarkable works have been publish@@gnetization before detection. Because smallgi, com-
reporting the observation of scalar couplings between tpared to*Jy,, introduces a longer delay for magnetizatior
hydrogen bond donating and acceptifgN nuclei in modulation and the transverse relaxation of proton is fast
Watson—Crick base pairs ofN-labeled double-strandedthan that of*°N, this experiment may not be as sensitive a
RNA (1) and DNA, and the smallet coupling between the the Jyy-correlated {°N, *H] TROSY experiment. Here we
imino proton and the hydrogen bond acceptifly nucleus propose a modified,-correlated {°N, *H] TROSY (2) for
(2). Similar couplings were also found in Hoogsteen basmeeasurement of th&l,, coupling constant of large biomol-
pairs of RNA @) and mismatched base pairs of DNAecules and apply it to tRNZ. In this experiment, only the
involving amino groups4, 5). These observations provideslow-relaxing component is utilized during the long delay o
unambiguous evidence of the existence of hydrogen bongfp for both peaks used fotl,, measurement, by using a
within these base pairs. This will be of great importance fefiethod similar to that reported by Meissner and Sgrens
the structure determination of nucleic acids, for which fewemz) The appearances of the Subspectra are similar to that
protons than in proteins are available to obtain the NOfre doublet-separated HSQC experiment for the direct
information for structure determination. In large biomolponded NH group 13).
ecules, due to the interference between dipole—dipole cou-The j,-correlated 'N, *H] TROSY (2) pulse sequence
pling and chemical shift anisotropy, the transverse relay; Fig. 1A is modified for measuringJy,, as depicted in
ation rates are very different for each component of thgy 18 Two data sets are recorded in an interleaved ma
multiplet in a system of two coupleglspins, such as the nor \yith two pairs of 90° pulses flanking tte evolution

H H 15 1 H H . . . .
:.mlno.grrc]Jup N-"H ?.nuclelic' acid. Th'ﬁ results in d'ffer,eﬂtperiod. The phases of the two 90° pulses within each pair a
inewidths and peak intensitie$ (7). The component wit oi%posite in the first experiment and the same in the seco

?sosg(wgst tzjansversg rela;xagtlcgn raflt_ﬁ haJs been ult'i'zsdexperiment. Only one component is selected in each expe
-based experiments 8,(9). € Ju-Correlated ent. with this arrangement, the first experiment is equi

'To whom correspondence should be addressed. Fax: 852-2358-196» the originalJyy HNN-COSY experimentX). The slow-
E-mail: gzhu@ust.hk. relaxing component is selected and the real part of tt
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A and imino proton, respectively; anglis the relaxation rate due
y Y 3-9-19 to the interference between dipole—dipole interaction &Nd
chemical shift anisotropy (CSA) interaction)( The detectable
magnetization described above is the resonance compon
with the slowest transverse relaxation in the, 4,, andt,
periods. The proton donating and acceptii)nuclei have the
chemical shifts ofwy + 7Ju and wy + 7 J,y in the w,
dimension, respectively.
In the second experiment, the proton spin state is exchanc
B just before and after thig evolution period. Supposing that the
y y 9 x5 y 3-9-19 transverse relaxation rate of spin Moes not vary with the

H I I I_X [ I -y change of the proton spin state, the real part of the detecta
' o

signal in thew, dimension is,
5 1 [ § y
P L] s | 1
' - S = > (u + v){cos’(2m®IywT)cod (wy — T Ipn)ty]

G4 GA Gb 'Gb Gs Gs Gz Gz G: G:
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FIG.1. Pulse sequences used in this paper for the measurem@ht,ofn N N
all sequences, narrc?w and wide bars regrt:)sent 90° and 180° pulses, respec- X COi(ri - 71'h‘]HN)tl]e (Re~mTe thl}
tively. Shaped pulses for the selectively excitation of water resonance are
1.7-ms sinc 90° pulses. Default phases»ar, = 2.25 ms§, = 2.7 ms,T =
15 ms. A 3-9-19 composite pulse was used for water suppression. Relaxation

recovery delay is 1.0 s. The durations and strengths of the gradients along.Fhe | laxi it tis ch d to the fa
z-axis areG,; = (0.4 ms, 5G/cm); G, = (0.4 ms, 8G/cm); G; = (0.4 ms, € slow-relaxing nitrogen component Is changed to he 1a:

5 Glcm); G, = (0.4 ms, 10G/cm); Gs = (0.5 ms, 5G/cm); G, are 0.2-G '€laxing component only during evolution, and the frequen
bipolar gradients. Quadrature detectiontjnfor all experiments is achieved cies of proton donating and acceptifN spins are labeled
through altering$, and ¢, in a States—TPPI manner. (A) The E.COSY-typayith chemical shifts ofvy — 771‘]HN andwy — 77-'“‘]HN in the w,
"Jw-correlation [°N, *H] TROSY is similar to that reported by Pervusteinal. dimension, respectively. This component is then changed be
(2_), except that only one experiment is.carried out to observe both componetnésthe slow-relaxing component by the second pair of 9C
with the same phase. The phase cyclinggls =y, —y; $2 = —Xx, —X, X, . ; L 1
x: by = 4(=X), 4(Q); ¢, =y, —y. (B) Modified "Ju-correlation [°N, *H]  Pulses aftet, and is then selected during acquisition as in th
TROSY. Two data sets are measured in an interleaved manner with fitst experiment. The TROSY effect is present in the periods
following phase cycling schemes: @, = x, y, =X, =y . =Y, =X, =Y, 4T andt,. For the diagonal peak, which corresponds to the fir:
X'y’){' ;‘) v ”; ‘Zj B ;ycb X'_y)’( ;x, ;y' ’; 32”)’;; ¥ ;ch Y nyy;/v;i)l(é term in the above expression, the TROSY effect is not utilize
the’other‘lphase,s aie the: séme z;ls ’in (I)’. The resuliing t\'/vosspectra’ after Fodﬂerrhetl p?”Od’ but this is not our main concern. For the cros
transformation display cross peaks displaced aladgby proton-nitrogen P€ak, which corresponds to the second term of the abo
coupling constants!J,y and "Juy, for direct and relayed correlation crossexpression, this experiment gives identical intensity to that |
peaks, respectively. S(1).
Consequently, in the nitrogen dimension, the fast-relaxin

component evolves only in thig period but with the slow-
detectable magnetization in the,; dimension is of the relaxing component employed during the long magnetizatic
following form, transfer delay of 4. In the proton dimension, the slow-relax-
ing component is recorded in both experiments. The differen
between the peak intensities of these two experiments is inti

p——— -

N N .
X e~ Re=mw4Tg~(Re+ it 4 gin2(24720\ T)

X ei(mH—WIJHN)tZe—(R;‘— n)tz.

S(l) = % (u + v){cos(2m?I\\T)cog (wy + 7 Ipn)t4] duced only by the different relaxation rates of the magnetiz:
tion during thet, period. The steady-state enhancements a
X e~ (Re-m4Tg~(Ry=mt L gin2(2720]\ T) maintained and contribute to the peak intensity equally in bo
. N experiments 14).
X cog(wy + 7yt Je e M Te ety In the second experiment, the water magnetization is put

the —z direction during the, interval. In order to avoid the
recovery of the water magnetization frorz due to radiation
damping, a pair of bipolar gradient pulses is used. It has be
whereu andv are the relative magnitudes for thie and®N  shown that a weak gradient can effectively suppress the ra
steady-state magnetizatiorR}, R}, andR} are the average ation damping effectl(5). Also, the phases of the second pail
transverse relaxation rates of H-bond donating N, accepting f proton 90° pulses at the end of theinterval are set to be

X ei(wH— WlJHN)lze - (R;— itz
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A o4t DNA or tRNA. In contrast, the resonant peaks in the tw
co1 q @ 197 spectra that are obtained by the modifiég,-correlation °N,

cao “G%8 g § 'H] TROSY experiments proposed here will have comparab

o z@ . - ’00@0 - 198 intensities for the'J,, measurement of tRNX.

y : This approach is applied to tHg,,, measurement between
131 12.7 oy hydrogen-bonded base pairs Bacillus subtilis **N-labeled

B tppm tRNA™ A73 mutant, of which the hydrogen-bonded imino
3 @ L 197 groups have been completely assignéd).(tRNA is an L-

. @ é&’ | 108 shaped macromolecule Wi_th a molecular Weight gre_ater t_han

@ @ kDa. It has a long correlation time and broad linewidths in th

T , NMR spectra, corresponding to a globular protein with a muc
134 12.7 larger molecular weight than 25 kD#)( All spectra were
C recorded with peaks folded ify to enhance the resolution
0@0 ' L 197 without phase distortion1g, 19. The spectrum acquired by
' o A % using the pulse sequence depicted in Fig. 1A is shown in Fi
‘“ ) - 198
. cey ¥
IR

2A. The experiment in Fig. 1A is similar to the original
"Jw-correlation [°N, 'H] TROSY (2), but with two compe
nent peaks in one spectrum for simplicity. In Fig. 2A, both th
fast- and the slow-relaxing components used'Saf, measure
ment exhibit very different peak intensities and linewidths du
to the different transverse relaxation rates. As a result, only ol
pair of peaks is clearly observable in the GC pair region ¢
indicated in Fig. 2A. Figures 2B and 2C show the result
FIG. 2. Comparison of the measurement &, couplings using (A) Obtalned with Pur modlflequN-correlatlon FN’ 1H] TROS,Y
E.COSY-type"Jyy-correlation [°N, *H] TROSY and (B, C) modifiedd,,- €XPeriment (Fig. 1B) by using the pulse sequence depicted
correlation [*N, *H] TROSY. Shown here are the GC base pair region spectfaig. 1B. The measurements 83,, from peaks taken from
of the B. subtilistRNA™ A73 mutant. (D, E) Enlargement of the cross pea'FigS. 2B and 2C are shown in Figs. 2D-2F. Almost all cros

of the G4C69 pair from (B) and (C), respectively. (F) Traces alefigaken - .
from (D) and (E), with the difference of the peak position between two slicé?seakS were observed in these spectra. hm@ COUp“ng COoR

giving the"J,, value. The spectra were acquired on a 500-MHz spectromet%?antS shown in Table 1 were calculated by reverse Four
with spectral widths and complex data points of 2027 Hz, 128«by and transformation of the slices corresponding to each peak alo
12000 Hz, 2048 forw2, respectively. The total acquisition time for eachw]_, zZero f||||ng, and then Fourier transformation and dat
experiment is about 23 h. fitting. Although the cross peaks for G5C68 and G49C65 we
strong, accurat&l,,, values could not be obtained due to peal
. . . overlap. Some otheltl,,, values were also not available-be
opposite to the phases of the first pair of 90° pulses to COMuse of low peak intensities. The results show that the &
pensate for an incomplete conversion of water magnetization to
+2z resulting from the imperfection of pulse widths. A shorter
3-9-19 composite pulse instead of long soft selective pulses
was used in the watergate sequendé) (to obtain better

sensitivity for nucleic acids.

TABLE 1
"J,.n Coupling Constants of B. subtilis tRNA™ A73 Mutant

In the original 2D"Jy-correlation [°N, 'H] TROSY exper Base pairs " (H2)

iment @), two data sets were recorded and after the addition

and subtraction of these data sets, two subspectra were ob- g‘tlSAAzli 23';3
tained. The peaks in one spectrum correspond to the compo- T54A58 25
nents with the slowest transverse relaxation rate, and the peaks G30C40 05
in the other correspond to those with the fastest transverse G53C61 1.0
relaxation rate. Therefore, the ratio of diagonal peak intensities A15U48 2.7
in the two spectra is proportional & (R} + 1)/(R} — 7), Sig:;; 2267
in whiche®" is approximately 7—8 at 25°C for a 69-nucleotide GACE9 18
RNA domain (). Since this ratio is very large, the spectrum G2C71 2.4
corresponding to the fastest transverse relaxation component G52C62 2.6
will be very weak. Accurate measurement'df,, will become gigggs ;;

impossible when this experiment is applied to large
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proach we proposed here is a better way to measurélihe

coupling constants of base pairs in tRNA and other large

nucleic acid molecules. L
It should be pointed out that the intensities of the relayeg

cross peaks acquired on a 500-MHz spectrometer are much
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