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Improved measurement of *C, *'P J coupling constants in isotopically
labeled RNA
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Abstract >Jp coupling constants have been measured in a 99%
B3C,'5N labeled lead-dependent ribozyme, known as the leadzyme.
These coupling constants were determined by analysis of the
intensity of individual crosspeaks in a spin-echo difference con-
stant time HSQC experiment. This procedure permits improved
measurement of the >J ¢, and *J ., coupling constants in isotop-
ically labeled RNA and yielded valuable information on the 8 and
€ backbone torsion angles in the leadzyme.
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1. Introduction

Many recent studies have shown that RNAs play a central
role in a variety of biological processes [1]. However, despite
the increasingly important role of RNA in biology, there are
still few three-dimensional structures of RNAs. NMR spectros-
copy is currently the best method for determining solution
structures of RNA [2]. Recent advances in synthesis of isotop-
ically labeled RNA oligomers [3,4] have made it possible to
apply heteronuclear multi-dimensional NMR techniques to the
resonance assignment and structure determination of “C,"”N
labeled RNAs [5-11]. These heteronuclear NMR techniques
are revolutionizing RNA solution structure determination by
allowing for more unambiguous resonance assignment [5-11]
and by providing additional distance information through
three- and four-dimensional NMR experiments [5,6,9]. Proton—
proton distances derived from NOEs represent the primary
data for generating NMR structures of biomolecules [12]. How-
ever, the relatively low density of protons in RNA, specifically
in the phosphate backbone, requires that additional informa-
tion be obtained for high resolution structure determination.
Backbone torsion angle constraints, derived from J coupling
constants, therefore represent essential data for RNA structure
determination [13]. Here we present a novel application of a
triple resonance spin-echo difference constant time (CT) heter-
onuclear single quantum correlation (HSQC) experiment [14]
for quantitative measurement of *Jp coupling constants in '*C
labeled RNA. This procedure was used to measure *J,p and
*Jcp coupling constants in a 99% "*C,"*N labeled lead-depend-
ent ribozyme known as the leadzyme [15] (see sequence in Fig.
1). We are currently using heteronuclear multi-dimensional
NMR techniques to determine the three-dimensional structure
of the leadzyme [16-18], and the coupling constant data pre-
sented here supply important backbone torsional angle con-
straints for this structure determination.

*Corresponding author. Fax: (1) (303) 492-3586.

2. Materials and methods

2.1. Sample preparation

A 99% "*C,"*N labeled leadzyme sample was synthesized by in vitro
transcription with T7 RNA polymerase using a synthetic DNA tem-
plate and 99% "*C,"’N labeled NTPs as previously described [3,19].
Note that for the experiments described the "N label was not required.
The NMR sample was 1.2 mM RNA, 10 mM NaPQ,, 0.1 M Na(l, 0.2
mM EDTA, pH 5.5, in 100% D,0, and all the NMR spectra were
recorded at 25°C.

2.2. NMR spectroscopy

A 2D (*C,'H) 70 ms CT-HSQC spectrum was recorded on a Varian
VXR 500 Mz spectrometer using a standard pulse sequence [20]. The
data were collected with sweep widths of 3100 and 4000 Hz over 216
and 2048 complex points in the t, (*C) and t, ("H) frequency dimen-
sions, respectively, with quadrature detection in t, employing the TPPI-
States method [21]. A 3.1 ms delay was used to allow heteronuclear
antiphase magnetization to evolve and refocus before and after the 70
ms constant time delay. Broadband *C WALTZ decoupling was ap-
plied during the t, acquisition period, and 224 scans were collected per
t, increment, for a total acquisition time of 56 h. The t, dimension was
linear predicted to 512 complex points, multiplied by a 90° shifted
skewed (0.5) sine bell window function and zero filled to 4096 complex
points; the t, dimension was zero filled to 16384 complex points and
multiplied by a 0.3 Hz line broadening function, prior to Fourier trans-
formation.

A set of spin-echo difference 2D ("*C,'H) CT-HSQC spectra were
recorded with the pulse sequence described by Bax and co-workers [14]
except that their N decoupling pulses were replaced by *'P decoupling
pulses and no selective or spin lock pulses were used. The experiment
was recorded at two constant times, 22 and 44 ms, and for each constant
time period two 2D spectra were recorded, a *'P coupled and a *'P
decoupled spectrum [14]. These spectra were acquired on a Varian
UnityPlus 500 MHz spectrometer. A 3.0 ms delay was used to allow
heteronuclear antiphase magnetization to develop and refocus before
and after the 22 or 44 ms constant time period. Broadband '*C GARP
decoupling was applied during the t, acquisition period, and quadrature
detection in t, employed the TPPI-States method [21]. For the 22 ms
constant time experiment sweep widths of 4000 and 5000 Hz over 87
and 1024 complex points were used in the t, (*C) and t, ("H) frequency
dimensions, respectively, and 192 scans were collected per t, increment.
For each t, increment a *'P decoupled and *'P coupled experiment were
collected and stored separately for a total acquisition time of 34 h. The
same experimental setup was used for the 44 ms constant time experi-
ment except that 155 and 1024 complex points were collected in the t,
(**C) and t, ('"H) frequency dimensions, respectively, and 64 scans were
collected per transient for a total acquisition time of 20 h. For the 22
ms constant time experiment, the t, dimension was linear predicted to
256 complex points, zero filled to 1024 complex points, and multiplied
by a 90° shifted skewed (0.5) sine bell and a 6 Hz line broadening
function, and the t, dimension was zero filled to 4096 complex points
and multiplied by a 3 Hz line broadening function prior to Fourier
transformation. For the 44 ms constant time experiment, the t, dimen-
sion was linear predicted to S12 complex points, zero filled to 1024
complex points, and muitiplied by a 90° shifted skewed (0.5) sine bell
and a 6 Hz line broadening function and the t, dimension was zero filled
to 4096 complex points and multiplied by a 3 Hz line broadening
function prior to Fourier transformation. All the data processing was
performed on a Silicon Graphics Indigo2 computer using FELIX 2.3
(Biosym Inc.).
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Fig. 1. Schematic representation of the sequence and secondary struc-
ture of the leadzyme [15]. The box encloses the nucleotides required for
cleavage and the arrow points to the cleavage site.

2.3. Data analysis

The percentage of the relative signal intensity difference between the
P decoupled and *'P coupled spectra, 4S, was calculated for the spin-
echo difference CT-HSQC spectra using the equation

AS(%) = [(S4=S.)/Se] x 100

where Sgis the signal intensity of a 1D cross-section of an individual
crosspeak in the *'P decoupled spectrum and S, is the corresponding
intensity measurement of the same crosspeak in the *'P coupled spec-
trum. The errors for the relative signal intensities, 44S, were based on
a statistical analysis of the 4S values for the H1” signal intensities (where
A4S should be zero), or from the error on the A4S values measured on
three 1D cross-sections per crosspeak, whichever had the largest value.
The ranges of *J¢, were calculated for all 2’ crosspeaks and for the
terminal G1 and C30 4’ crosspeaks, using the equation:

*Jep(Hz) = [cos™ (1-(4S * A4S)/100))/(zCT)
where CT is the constant time period. The two *Jp coupling constant
values for each non-terminal 4’ crosspeak (referred to as J, and J, where
J,=1J,) were determined as follows. The range of J, is 0=J,=<]J, and
J,=),=) - IfJ,=0then J, =J_,, and:
J,(Hz) = [cos™" (1-(4S + 445)/100))/(zCT)
If J, = J,, then:
J, (Hz) = [cos™ (£ (1—(dS + A4S)/100))]/(zCT) and
J, (Hz) = [cos™ (*{(1=(4S-44S)/100)))(zCT)

The spin-echo difference CT-HSQC spectra were used to calculate

X *Jcp, which is the sum of J; and J,. The minimum for X *Jop, X, is
when J, =0 and J, = J,,, and is calculated as:
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5. = [cos™ (1-(4S—A44S)100))//(xCT).
The maximum for X *Jp, X, is when J; = J, and is calculated as:
S = 2[cos™! (£, (1=(4S + A4S)/100))/(zCT)

where only the larger of the two possible solutions was retained.

3. Results and discussion

The structure of a RNA is defined by 6 backbone torsion
angles (a-¢) and the glycosidic angle y) [22]. The glycosidic
angle and the sugar pucker (6) can be well-defined from pro-
ton-proton NOE data, but other parts of the backbone are
more difficult to define [23]. Thus when generating three-di-
mensional structures of RNA it is important to obtain J cou-
pling constant data to constrain the backbone torsion angles.
*Jyu and *Jyp coupling constants obtained from DQF-COSY
and HETCOR experiments are routinely used for structure
determination of nucleic acids [2,13]. However, the accurate
measurement of J coupling constants from these COSY-type
spectra is limited due to problems arising when the linewidths
have similar magnitudes to the coupling constants in a
crosspeak [12]. This problem can sometimes be overcome in
E. COSY-type spectra [24], and analysis of E. COSY patterns
in 2D (**C,'H) CT-HSQC spectra have been used to measure
3Jcp couplings in DNA [25]. This technique is more limited in
3C,"*N labeled RNA, as seen in the CT-HSQC spectrum of the
99% "C labeled leadzyme in Fig. 2. First, the high resolution
in the *C dimension required for accurate measurement of
these coupling constants demands a long constant time period,
but relaxation during the constant time period substantially
reduced the signal-to-noise and many crosspeaks were ex-
tremely weak or not observed at a constant time period of 70
ms in the leadzyme (see Fig. 2). Second, extracting accurate *J¢p
coupling constants from the spectrum in Fig. 2 requires that
either *Jp is much larger than the ">C linewidth, and the J cou-
pling can then be obtained from the COSY-type pattern, or that
“Jyp is much larger than the 'H linewidth, and the J coupling
constant can then be obtained from the E. COSY pattern.
Unfortunately in C labeled RNA, *J; is often less than the
*C linewidth and *J,;p is less than the 'H linewidth. As illus-
trated in Fig. 2B, an estimate of the 3], coupling constant for

° - E
L . Q_
N -
@ 3 £
£
N
-
L—n_; —
S ° 8
- £
[s4] Vi xR 8 o)
(307 T |~ 2
(((L‘l(((e_(@(((<~x----- », 000 - O
©
el A8 3y O
cP ()
T 1 * T G ? T T 1 T T .
4.6 4.5 q.49 4.3 9.2 4.22 4.18 q.14

TH Chemical Shift (ppm)

Fig. 2. (A) Contour plot of the 4’ region of the 70 ms ("*C,'H) CT-HSQC spectrum [20,25] of the leadzyme. Only the well-resolved signals are labeled.
Weak and absent crosspeaks are labeled for the purpose of comparing this spectrum with the spectrum presented in Fig. 3A. (B) Expansion of part

of the spectrum shown in Fig. 2A.
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Fig. 3. Contour plot of the 4’ region of the 2D (**C,'H) (A) *'P decoupled 22 ms, (B) *'P coupled 22 ms, (C) *'P decoupled 44 ms, and (D) *'P coupled
44 ms, spin-echo difference CT-HSQC spectra of the leadzyme. Only the well-resolved signals are labeled in A. All crosspeaks shown in the 22 ms
spectra have negative intensities and all crosspeaks shown in the 44 ms spectra have positive intensities.

C30 could be extracted in the *C dimension from the COSY-
type pattern of this crosspeak. However, most other residues
had crosspeak patterns such as that observed for G19 in Fig.
2B, from which it was impossible to obtain useful coupling
constant data.

To overcome these problems a set of triple resonance spin-
echo difference 2D (*C,'H) CT-HSCQ spectra [14] were ac-
quired on the leadzyme. In these spectra the magnitude of the
J coupling can be calculated from comparison of the intensity
of a crosspeak in the spectra with and without *'P decoupling
during the constant time period [14]. Because intensities are

measured, the signal-to-noise, not the linewidth, is the limiting
factor in analysis of the J coupling constants.

Fig. 3 shows contour plots of the 4’ region of the spin-echo
difference CT-HSQC spectra with and without *'P decoupling.
These spectra were recorded at 22 and 44 ms constant time
periods because the constant time period must be a multiple of
1/J¢c, where Jo = 42-45 Hz. There is a slight decrease in inten-
sity in the *'P coupled spectrum (Fig. 3B) compared to the *'P
decoupled spectrum (Fig. 3A) at 22 ms. The corresponding
difference is much larger at 44 ms (Fig. 3D and C) where most
of the crosspeaks disappear in the *'P coupled spectrum. These
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Fig. 4. 1D cross-sections for G9 1", 2’, and 4’ crosspeaks of the 22 ms spin-echo difference (°C,'H) CT-HSQC spectra presented in Fig. 3 with (thick
line) and without (thin line) *'P decouplmg The spectra without >'P decoupling are offset to illustrate the intensity differences. The peaks for residue
G9 are marked with an asterisk. Since the 4" peaks have the opposite sign to the 1’ and 2’ peaks, they were multiplied by —1 to facilitate the
representation. The signal-to-noise is an important factor in how precisely the J coupling constants can be measured by this technique. As a reference,
the signal-to-noise of the 1D cross-sections of the *'P decoupled spectra for the G9 ', 2’, and 4’ are 75:1, 35:1 and 35:1, respectively.
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differences reflect the principle behind measuring coupling con-
stants by this technique. In the *'P coupled experiment the
intensity of a resonance with a single J, coupling is modulated
by cos(n]CT), whereas in the *'P decoupled experiment, there
is no modulation of the signal intensity during the constant time
period [14].

Fig. 4 shows pairs of 1D cross-sections from the 22 ms spin-
echo difference CT-HSQC spectra with and without *'P decou-
pling for the G9 1’, 2/, and 4’ crosspeaks. The intensities of the
1’ resonances are the same in both spectra because the 1’ car-

Table |
*Jcp coupling data for the *C,"*N labeled leadzyme®
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bons are not coupled to any *'P. The C1’ crosspeaks therefore
serve as excellent controls and were used to estimate errors in
the measurement of signal intensities of other crosspeaks (data
not shown). As seen in Fig. 4, measurable differences in the
intensity of individual crosspeaks were observed between the
3P coupled and the *'P decoupled spectra for the 2’ and 4’
resonances, demonstrating that these carbons are coupled to at
least one *'P.

Table 1 lists the *Jc,p and *Jc4p coupling constants that were
measured for the leadzyme. It is clear from these data that the

Cross-peak AS (%) in the A4S (%) in the Range of *Jep Range of 3Jcp Range of *Jp Minimal range of
22 ms spin-echo 44 ms spin-echo  (Hz) in the 22 ms  (Hz) in the 44 ms  (Hz) from peak ep (Hz)C
difference difference spin-echo spin-echo separation in the
CT-HSQC CT-HSQC difference difference 70 ms CT-HSQC
(Fig. 3A,B) (Fig. 3C,D) CT-HSQC CT-HSQC (Fig. 2)

(Fig. 3A,B) (Fig. 3C,D)

Gl12 -2%5 too weak! =3.6 too weak too weak =36

C62 0%3 -2*7 =3.6 =23 =36 =23

G9 2 -116 14+ 10 =4.6 2.1-5.1 =45 2.14.5

Al2 2 2+8 1210 =6.5 1.4-4.9 =4.6 1.4-4.6

Cl4 2 0%3 1£5 =36 =25 =44 =25

Gl5 2 3£6 0t5 =6.2 =23 =4.5 =23

Al6 2 5+3 2+9 29-5.8 =34 =44 29-34

Al17 2 3+4 too weak =54 too weak too weak =54

Al8 2 -2+4 410 =29 =39 =4.5 =29

G192 -2%3 -14+20 =20 =25 too weak =20

U220 2’ 2+3 010 =4.6 =33 =44 =33

A252 5%3 -13+22 2.9-58 =3.1 =43 29-3.1

C302 0£3 -3%5 =36 =14 =17 =14

Gl 4 28+3 8110 10.5-11.7 9.2-10.7 8.0-12.0 10.5-10.7

Cé6 & 35+3 94+ 10 J,==96 J,==117 too complex® J, =96

J,=8.7-13.1 J,=84-11.7 J,=8.7-11.7
119=Y=19.2f 102=3=234 102=¥=19.2

G774 23+3 100 £ 50 ) ==77 Jy,==152 too weak 1 ==<77

J,=6.7-10.7 J,=57-15.2 J, =6.7-10.7
93=¥=154 7.6=2=304 93=3=154

A8 &4 216 64+ 10 1, ==<79 J,==75 > =19 J,==75

J,=5.8-10.9 J,=6.0-95 J,=6.0-9.5
80=X=1538 79=3=150 79=3=150

G9 4 30+4 84+ 16 J,==90 J==114 too weak = =90

J,=77-123 J,=70-114 J,=7.7-114
10.7=%=18.0 9.0=3=228 9.0=Y=180

Al6 4 19%3 6110 J==71 J,==73 too weak ,==7.1

J,=6.0938 J,=5892 J,=6.0-92
83=3=142 17=2=146 77=¥<142

Al7 4 29+3 74+ 10 J,==87 J,==84 too weak J,==84

J,=7.7-11.9 J, =6.7-10.2 J,=17.7-10.2
10.7=Y=174 8.7=2<168 8.7=3¥=16.8

Al9 4 203 69+ 10 J,==72 J,==79 >=20 Jy==72

J, =6.1-10.0 J,=6.3-98 J,=63-938
86=Y<=14.4 83=¥=158 83=¥Y<144

G24 4 23+3 too weak ), ==77 too weak too weak ), ==77

J, =6.7-10.7 J,=6.7-10.7
93=3Y=154 93=%y =154

A25 4 35+3 100 + 37 Jy,==96 J==14.1 too weak J,==96

J,=8.7-13.1 J,=6.6-14.1 J, =8.7-13.1
11.9=¥=19.2 8.6=¥=282 11.9=3=19.2

C30 4 30£3 86+ 10 10.9-12.1 9.6-11.1 9.0-13.0 10.9--11.1

*Only data from the resolved 2’ and 4’ crosspeaks were obtained. See sectio

n 2.3 for measurement of signal intensities, calculation of the relative

signal intensity difference (4S), calculation of *J.p (Hz) from 48 in the 22 and 44 ms spin-echo difference CT-HSQC spectra (J,. J,. and ¥, Icp), and

complete error analysis.

®Ranges for the individual *J¢p coupling constants obtained from the analysis of peak separation in the 70 ms CT-HSQC spectrum.
¢ The minimal ranges for *J., were obtained by combining all the data from the 22 and 44 ms spin-echo difference CT-HSQC spectra and the 70

ms CT-HSQC spectrum.

4The peak is too weak to analyze.

¢ The peak has too complex a splitting pattern to analyze.
"Here X represents ¥ ) p.
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spin-echo difference spectra provided much more J coupling
constant information than the 70 ms CT-HSQC spectrum. As
discussed above, many *J., coupling constants obtained in the
spin-echo difference spectra could not be extracted from the 70
ms CT-HSQC spectrum. For the *Jop coupling constants that
could be measured by both techniques, in every case, the data
from the spin-echo difference spectra led to more precisely
defined *Jp coupling constants than data from the 70 ms CT-
HSQC spectrum.

The *Jp coupling constants that are most useful for structure
determination of RNAs are *Jyp and *J.p. The *J,p coupling
constants give information on the & torsion angle and the *J4p
coupling constants give information on the f and ¢ torsion
angles [13]. The *J.,p coupling constants were used to restrict
the conformation of the ¢ torsion angle through the Karplus
relation [13]. All of the *J ¢, coupling constants observed in the
leadzyme (see Table 1) were small (=5.4 Hz) which restricts
this angle to the g* and t conformations. However, the g*
conformation for & is not common in nucleic acids and is ener-
getically unfavorable [26]. Thus the *J.,p coupling constants
derived from these spin-echo difference CT-HSQC spectra
yielded valuable £ torsion angle constraints for the leadzyme.

Extracting *Jp coupling constants from the 4" crosspeaks is
more complicated than for the 2’ crosspeaks since for the non-
terminal residues, each C4’ is coupled to two *'P. As seen in
Table 1, the *J.,p coupling constants for the two terminal res-
idues, G1 and C30, were very precisely determined from the
spin-echo difference CT-HSQC spectra. For many non-termi-
nal residues, it was possible to calculate ranges for the two
individual 3], coupling constants, and ranges for their sums,
X 3Jp (see Table 1). An interesting case is for residue A16 where
the *J»p coupling constant is well defined (2.9-3.4 Hz), which
made it possible to assign the two *J4p coupling constants to
their specific torsion angles (data not shown). For the other
residues the ranges for the *J,p coupling constants, and their
sums X *Jp, can be used to restrict the backbone conformation
by refining the RNA structure directly against the J coupling
constants [27,28].

4. Conclusions

The results presented here illustrate that recently developed
spin-echo difference CT-HSQC experiments for quantitative
measurement of heteronuclear J coupling constants in proteins
[14] can be readily applied to isotopically labeled RNAs. The
data obtained on the *C labeled leadzyme clearly show that this
spin-echo difference technique leads to more precisely defined
*J¢p coupling constants than previously used techniques. The
precision of a J coupling constant determined by the spin-echo
difference CT-HSQC experiment is dictated by the signal-to-
noise of the crosspeak and is unaffected by the linewidth of the
peak. One limitation of the technique is that J coupling constant
information can only be extracted for well resolved crosspeaks
in the 2D spectrum. Although the helical regions in RNAs often
show significant overlap, the structurally interesting regions of
RNAs often show well-resolved spectra, as observed here for
the active site internal loop and the GA; loop of the leadzyme.
However, this spectral overlap problem can be overcome by
extending this spin-echo difference procedure into a three-di-
mensional experiment [29]. The additional structural con-
straints provided by measurement of the three-bond *C,'P

P Legault et al. | FEBS Letters 362 (1995) 156-160

coupling constants should prove extremely valuable for solu-
tion structure determinations of isotopically labeled RNAs.
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