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Abstract

A new 3D HCCH-COSY-TOCSY experimentis presented for the assignment of RNA sugar and protein side chains.
The experiment, which combines COSY and TOCSY units, is more powerful than the sum of individual HCCH-
COSY and HCCH-TOCSY pulse sequences. The experiment was applie@ #N-labeled 26 mer RNA
complexed with the antibiotic tobramycin, and a 12 ki5€, 1°N-labeled FKBP12 protein sample. The power

of HCCH-COSY-TOCSY is demonstrated through complete spin system assignments of sugars in the 26 mer
RNA sample, which could not be assigned using a combination of HCCH-COSY, HCCH-TOCS¥Guedlited
NOESY experiments.

RNA sugar or protein side chain assignment plays an overlaps in these regions make the assignment time
important role in deriving high resolution RNA or pro- consuming and difficult, and sometimes, impossible.
tein structures. There are two major types of heteronu-  In this report, we propose a 3D HCCH-COSY-
clear experiments used for this purpose. The TOCSY TOCSY experiment to facilitate RNA sugar and pro-
type experiments include: HCCH-TOCSY, (H)CCH- tein side chain assignments. The experiment is com-
TOCSY (Fesik et al., 1990; Bax et al., 1990a; Ole- posed of a COSY and a TOCSY step. The COSY,
jniczak et al., 1992) and methylene-selected HCCH- which correlates a proton to its attached carbon as
TOCSY (Pardi and Nikonowicz, 1992). The COSY well as the carbon separated by two bonds, makes use
type experiments include: HCCH-COSY (Bax et al., of chemical shift dispersion in both proton and car-
1990b; Kay et al., 1990; lkura et al., 1991) and bon nuclei to increase resolution. The TOCSY step
HCCH-RELAY (Pardi and Nikonowicz, 1992). Inthe transfers the entiréH-13C COSY correlation within
HCCH-TOCSY type experiment, all thtH or 13C a spin system to a set of well resolved protons, such
in a spin system are correlated through®& mixing as H1 in RNA or H, in protein. Since the entireH-
scheme. The disadvantage of this experiment is that13C COSY spin connectivity is now displayed in a 2D
spin system identification is not straightforward from plane, instead of an 1D skewer in TOCSY experiment,
the chemical shift values. In the HCCH-COSY type overlaps in CAH1" or C,/H, do not limit the sepa-
experiment, two neighborintH, *H or 13C, 13C are  ration of different spin systems as long as dispersion
correlated. The spin types can be identified starting exists in proton and/or carbon chemical shifts among
from C1/H1’ in RNA and G,/H,, in protein. However, the spin systems being studied. At the same time, the
it is difficult to go beyond CZH2' in the sugarringor ~ COSY connectivities make spin system identification
Cg/Hg in the amino acid side chain, because chemi- straightforward. A similar experiment, HCC-TOCSY-
cal shifts of both carbon and proton become crowded. CCH-E.COSY, was published recently (Schwalbe et
Since both types of the experiments rely heavily on the al., 1995). Since it is specifically designed for measur-
dispersion of CAH1’ in RNA and G/H, in protein, ing 3J(H,H) coupling constants of RNA ribose, it may

not be suitable for RNA sugar or protein side chain
*To whom correspondence should be addressed. assignment.
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The proposed pulse schemes of HCCH-COSY- respectively. The trigonometry factors during the con-
TOCSY experiment for RNA and protein samples are stant time period (2d) are not considered because
displayed in Figures 1A and 1B. The detectable terms there is also an intensity loss during th€ chemical

at point (a) in Figure 1A are shift labeling period in the HCCH-TOCSY experiment
3 . B

Cj coSmhty) o' (2Azmde_c) CoSwortz) due to k_)roadel‘L C line width caug_ad_ by theclc

d modulation. To compare the sensitivity of these two
cos'(2Tcmde—c) (1) : 31

, = experiments, 2033C-1H correlated spectra have been
Cx cowht1)x cos"™ *(2A3mle—c) obtained using HCCH-TOCSY and HCCH-COSY-
3'”(2A137'5~]C—C) coS(wert2)X TOCSY pulse sequences under the same conditions.
cos" *(2Tende_c) sin(2Tende—c) 2) The signal-to-noise ratios (S/N) of 35 well resolved

deduced from product operator formalism (Sgrensen Cross peaks are compared. S/N ratios of 6 peaks from
et al., 1983), where ‘ds the carbon directly attached HCCH-COSY-TOCSY are up by260% compared to
to the protonwy is the proton chemical shift, nis the HCCH-TOCSY, 9 peaks are down by40%, and 20
total number of carbons connected to tHe&bon, ¢ peaks are down by 4067%. The possible reason that
is the carbon connected td,2A3 (A3 = A1 + Ap) a few peaks from HCCH-COSY-TOCSY have better
and 2Tc are the duration of COSY and constant time S/N ratios is that these peaks must be extreme mobile
period respectively! Jo_¢ is the carbon-carbon one SO that the relaxation does not reduce the sensitivity
bond coupling constank)c andw¢~ are the chemical ~ much during the COSY and constant time periods, on
shifts of C and €/, and m is the total number of car- the other hand, the large:.Jc modulation broadens
bons connected to’Clt can be seen from term (1) and  the'*C line width in the HCCH-TOCSY.
(2) above that each proton is correlated to its directly =~ The pulse schemes shown in Figures 1A and
attached carbon (Fand the carbon two bonds away 1B were tested o*C and >N uniformly labeled
(C"). These correlations are then transferred to all the RNA and protein samples. The RNA sample is a
carbons within the spin system by a DIPSI-3 mixing 26-mer X1 RNA (GGGACUUGGUUUAGGUAAU-
scheme (Shaka et al., 1988). The reverse INEPT se-GAGUCCC) stem loop (Wang and Rdo, 1995; Jiang
quence after the mixing returns the magnetization to €t al., unpublished results) complexed with antibiotic
proton, where signal is detected. When the 3D HCCH- tobramycin. The protein is a 12 kDa FK506 Binding
COSY-TOCSY is viewed along the highly resolved Protein (FKBP12), whose NMR chemical shifts are
direct*H dimension, théH-13C COSY pattern of the available (Rosen et al., 1991; Xu et al., 1993; Kakalis
entire spin system is laid outin an F1-F2 2D plane (see and Rosen, unpublished results). Concentrations of X1
Figures 2 and 3). RNA and FKBP12 are 3.0 and 3.1mM inyD. All

The two gradient Z filters (g4 in Figure 1) that experiments were carried out on a Varian INOVA 500

flank the mixing period, especially the one before the equipped with actively shielded Z-gradients performa
mixing destroy the carbon antiphase terms that evolve Il at 25°C. The experiments were processed and an-
during the constant time 2T These terms could gen-  alyzed using NMRPipe (Delaglio et al., 1995) and
erate directed TOCSY transfer (Glaser et al., 1996), NMRView (Johnson and Blevins, 1994) on SGI Power
in which one set of the cross peaks|/Bi+1’ (i = 1, Challenge and SGI O2 workstations.
2, 3,4 for RNA sugar), will be suppressed in anextent ~ Despite being a 26 mer, the complete sugar
depending on the relative duration of the constant time assignment of the X1 RNA stem loop complexed
2Tc and the m|X|ng The missing COSY peaks from with tobramycin is not available from combination
one direction along the side chain makes assignmentof HCCH-TOCSY, HCCH-COSY, and>C edited
ambiguous. HMQC-NOESY due to severe degeneracy of proton
Compared to the HCCH-TOCSY experiment, and carbon chemical shifts, especially’Hihd C1,
the HCCH-COSY-TOCSY experiment has an extra among some sugars. Specifically, G8 and G14 as-
COSY step which reduces the sensitivity of HCCH- signments are ambiguous from HCCH-TOCSY and
COSY-TOCSY by a factor of c862A3nJc_c) and HCCH-COSY experiments, and the complete assign-
co1(2A3mIc_c) sin(2Azntde_c) for carbon Cand ments of U6, U10 and U23 are not available us-
C” without considering relaxation effect during the ing HCCH-TOCSY, HCCH-COSY and3C edited
COSY step. The duration of COSY step is4/4_c, HMQC-NOESY experiments. The complete spin sys-

and the reduction factors are thus the same for C tem assignments of these five sugars are obtained
and ¢, 0.71, 0.50 and 0.36 for &= 1, 2 and 3 using single HCCH-COSY-TOCSY experiment, and
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Figure 1. Pulse sequences of 3D HCCH-COSY-TOCSY experiment3arlabeled RNA (A), and3C-labeled protein (B). Narrow and wide

bars correspond to 9Gnd 180 pulses, respectively. The pulses in braces are used to suppress water for samples dissep@ediimtpulses

are shown as shaded pulses flanking DIPSI-3 sequence (Shaka et al., 1988). The phases of all pulses are x axis unless otherwise indicated. The
1K, 13¢ and31P carrier frequencies were 5.1, 79 an@.5 ppm respectively in (A). ThEH, 13C and®N carrier frequencies were 3.2, 46 and
120ppm respectively in (B). Field strengths of the pulse,13C high power{)ulse, trim pulses, DIPSI-3 mixing, GARP decoupling3@

(Shaka et al., 1985), WALTZ-16 decoupling (Shaka et al., 1983}'6hand3!P hard pulse were 28.7, 19.2, 7.4, 7.4, 2.5, 0.98 and 4.4 kHz
respectively in sequence (A). Field strengthdidfpulse,13C hard pulse, trim pulses, DIPSI-3 mixing, GARP decouplind#d, SEDUCE-1

(McCoy and Mueller, 1992) decoupling on carbonyl carbon, Linihard pulses were 28.1, 18.5, 7.8, 7.8, 2.5, 0.76 and 5.6 kHz respectively

in sequence (B). AlF3C pulses were applied on resonance with the exception of the carrier of the carbonyl decoupling which was shifted to
175 ppm through phase modulation. Strengths and duration of gradients wetg8g%/cm, 0.5 ms), g2= (8 G/cm, 0.5 ms), g3= (8 G/cm,

0.25 ms), g4= (20 G/cm, 1.2 ms), g5 (20 G/cm, 1.8 ms), gé&= (2 G/cm, 0.5 ms), g%& (—15 G/cm, 1.5 ms), g8=(3 G/cm, 0.5 ms).
13¢c-Ttocsy mixing times were 14.8 and 13.9 ms for (A) and (B) respectively. The delay- 1/8)_H, where ¢_y is the one bond J
coupling constant ofH-13C. Values of ¢&_ used in (A) and (B) are 160 and 130 Hz respectively. The dalay= A3 — A1. Additional
delaystag = 1.5 ms,A3 = 3.2 ms, Tc = 3.3 ms,t¢c = 1.5 ms andrg = 1.5 min scheme (A), andy = 1.6 ms,A3z = 3.4 ms, Tc = 3.6 ms,

1¢c = 1.0 ms andrg = 1.6 ms in scheme (B). Delay, = t; — nd, t1°/2 = t1/2 — n3, wheret, is set to~1/4%_4, nis the incremental point

of proton dimension increasing from 0 to (N-1), N is the total complex points of proton dimedsepprtion of delayta, is set tota/(N-1)
(Grzesiek and Bax, 1993; Logan et al., 1993). Phase cycling for (A) and (Bpwasx, -X; ¢2 = X, X, =X, —X; d3 = 4(X), 4(—X); o4 = 4(y),

4(—y) and Acg. = X,—X, —X, X, =X, X, X, —X. Quadrature detection duringwas achieved via States-TPPI (Marion et al., 1989 ¢prand on

¢ and¢s during b.
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Table 1.1H and 13C chemical shifts (ppm) of five RNA
sugars in the tobramycin-RNA aptamer complex

H1' H2' H3' H4 H5'/H5"
cy (074 c3 c4 cs

u6 5.63 4.75 4.46 4.44 4.11/4.56
94.0 75.8 72.7 82.5 64.8

G8 5.84 4.95 4.75 4.50 4.11/4.64
93.6 75.6 72.4 83.0 64.2

u10 5.62 4.38 4.23 4.46 4.07/4.53
93.8 75.7 71.7 82.3 63.9

G14 5.85 4.01 4.88 4.23 4.31/3.98
93.5 77.0 71.9 83.6 64.5

u23 5.62 4.53 4.53 4.46 4.09/4.57
94.0 75.6 72.6 82.5 64.6

the results are listed in Table 1. The sequential assign-

ment of sugars was obtained from HMQC-NOESY
experiment (Jiang et al., unpublished results).

Shown in Figure 2A are the COSY connectivities
for the G8 and G14 ribose rings in a F1-F2 slice at
the H1 chemical shift of sugars. In the Figure 2A,
Ci'/Hi" diagonal peaks of G8 and G14 are enclosed

iment. There is no way to find out which chemical
shift values belong to which ribose ring from this
over crowded skewer. Nevertheless, the COSY part
of HCCH-COSY-TOCSY experiment generates three
sub-TOCSY skewers anchored at'i2’, and these
sub-TOCSY skewers are labeled as ‘U6’, ‘U10’ and
‘U23’ in the spectrum. The H2 the possible H3
and H4 chemical shift values for the three sugars are
thus obtained from the sub-TOCSY skewers. There are
three distinguishabléH values for U10, and two for
U6 and U23. These suggest that two protons of, H2
H3 and H4 in U6 and U23 are degenerate. In the
following discussion, U23 will be used as an example
to demonstrate how to obtain a complete assignment
for these three sugars.

From the sub-TOCSY of U23 in Figure 2B,
the possible H3and H4 values are 4.53 ppm and
4.46 ppm, while that of H2is 4.53 ppm. Thus the
IH-13C COSY connectivity of U23 can be examined
at either F3= 4.53 ppm or F3= 4.46 ppm de-
pending upon which value locates at less crowded
region. Shown in Figure 2C is the F1-F2 slice at
F3 = 4.53 ppm. Starting from CfH2', C1/H1 can
be easily identified, and this connection assures that
the correct spin system is being examined. For the

in parenthesis and bracket respectively. Starting from assignment of CBH3', if H3' resonates at 4.46 ppm,

CY and H1 at the left bottom corner, the diagonal
peaks are connected by the cross peaks GCHi1'
and Hi+-1'/Ci'. Although the C5H5 and C%/H5” di-

there should be a M3 cross peak at (75.6 ppm,
4.46 ppm). The absence of cross peak suggests that
H3' does not resonate at 4.46 ppm. On the other hand,

agonal peaks are relatively weak compared to others, there is a peak at (72.6 ppm, 4.53 ppm), which con-

H5'/H5” chemical shift values can also be read out
from the skewer along C4&hemical shift values of
G8 and G14, i.e., the C45 and C4/H5” two cross

nects to a peak at (72.6 ppm, 4.46 ppm). Therefore, the
peak at (72.6 ppm, 4.53 ppm) corresponds to both the
C3/H3 diagonal peak and the G@BI2' cross peak due

peaks. In this way, the sugar spin systems of G8 and to the same chemical shifts of H&hd H3. The peak at
G14 have been determined unambiguously although (72.6 ppm, 4.46 ppm) corresponds to the/Bi@’ cross

their C1 and H1 are superimposed.
A big challenge for the HCCH-COSY-TOCSY ex-
periment is the spin system assignment of U6, U10

peak. From this cross peak, the’G# and C%H4'
are thus identified, leading to the @35 and C3%/H5”
diagonal peaks. Similarly, the complete spin system

and U23 sugars. The riboses of these three nucleotidesassignments of U6 and U10 have been obtained from

have not only the same Cand H1 chemical shifts,
but also some other identicdfC and'H chemical
shifts (see Table 1). Thus, their COSY patterns are
indistinguishable in the F1-F2 plane sliced at theif H1
chemical shift. In order to identify each spin system,
a F1-F3 slice at Cichemical shift of three sugars is
examined in Figure 2B. The bottom skewer labeled
with ‘TOCSY’ and ‘U6, U10, U23’ contains altH
chemical shift values from three sugars except for
H5'/H5” because the read out delay-§ in reverse
INEPT is optimized for CH group. This is the skewer
one usually observes in normal HCCH-TOCSY exper-

the F1-F2 slices at F3 = 4.73 ppm (H&f U6) and
F3 =4.22 ppm (H30f U10).

The protein version of the HCCH-COSY-TOCSY
pulse scheme is illustrated in Figure 1B. Compared to
the HCCH-COSY and HCCH-TOCSY experiments,
side chain assignment of protein by HCCH-COSY-
TOCSY is more straightforward because the assign-
ment is based on the COSY connectivities instead
of chemical shift values ofH and 13C. Since the
entire 1H-13C COSY connectivities of amino acid
residues are displayed in a 2D plane, the overlaps in
Cu/H, are less likely to generate the ambiguous as-
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Figure 2. 2D slices of the 3D HCCH-COSY-TOCSY experiment of some sugars frerand15N uniformly labeled 26 mer of the X1 RNA

stem loop. The spectral widths(Hz)/complex points along F1, F2 and F3 dimensions were 1800/128, 4300/28 and 2000/256, respectively with
8 transients per FID. The total experimental time was 40 h. For more details, see the legend to Figure 1 and the text. The F2 resolution was
enhanced through mirror-image linear prediction (Zhu and Bax, 1990) resulting in a final matrix sizeé28&12 real points. (A) The F1-F2

slice at F3= 5.84 ppm, the Hichemical shift of G8. The Hichemical shift of G14 is 5.85 ppm. The slice shows the complete assignment of

1H and13C of G8 and G14 sugars (see text). (B) F1-F3 sliced atF23.8 ppm. The crowded normal TOCSY skewer labeled as ‘U6, U10,

U23’ at F1=5.62 ppm is spread into three sub-TOCSY skewers due to the COSY transfer. These three sub-TOCSY skewers anchor at H2

chemical shift values of the three sugars along the F1 dimension. (C) The complete assignment of U23 sugar in F1-F2 slidebat j3n,

the HZ chemical shift of U23.

signment as long as the entird-13C COSY patterns

2.03ppm) of M29 which are not distinguishable in the

are different among the residues being studied. The F1 dimension are well resolved in the F3 dimension

utility of HCCH-COSY-TOCSY is demonstrated on

in an F1-F3 plane viewed at F2 54.4 ppm (results

five FKBP12 residues. Shown in Figure 3A are the not shown). The complete assignment scheme from

complete'H-13C COSY connectivities of five residues
in the F1-F2 plane at F3 5.34 ppm. Figure 3B is an
expansion of the boxed region in (A). For simplicity,

Cg/Hg to the rest of the side chain of M29, K73, L106
and V98 are shown in Figure 3B. The assignment of
K73 will be used as an example in the following dis-

chirality of proton or carbon is not labeled in these two cussion. The two JHg diagonal peaks of K73 are
connected to two {JH, diagonal peaks through two
Similarly to the assignment of RNA sugar, the pairs of cross peaks: the twg i, and the two K/Cy
assignment for these five residues starts from their transfers. The singlegfH; diagonal peak is connected
C./H, diagonal peak. Locations of the corresponding to two C,/H, peaks by a pair of HC; peaks, and a
Cg/Hg can be found through COSY cross peaks, i.e., single H/C, peak, which is superimposed with one of

figures.

the H,/Cg and H/C,,. Thus, the @/Hy diagonal peaks

the two H;/C, cross peaks. Finally, the.(t. diagonal

of F15 and L106 can be easily identified. Althoughthe peak is connected tos{H; by Hs/C. and H/Cy cross
Cg/Hp of V98 is merged with one of the twoglH; di-

agonal peaks of K73, theg@Hg diagonal peak of V98

peaks.

In summary, a new HCCH-COSY-TOCSY exper-

can be assigned from the two cross peaks as describedment which combines the advantages of COSY and

above for F15 and L106. The twgghtalues (1.97 and

TOCSY experiments is presented in this communi-
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Figure 3. F1-F2 slices of 3D HCCH-COSY-TOCSY experiment at
F3 = 5.34 ppm for five amino acids frod?C and1°N uniformly
labeled FKBP12. The spectral widths(Hz)/complex points along F1,
F2 and F3 were 3500/100, 7500/52 and 4000/256 respectively with
8 transients per FID. The total experimental time was 50 h. For

more details, see the legend to Figure 1 and the text. The F2 res-

olution was enhanced through mirror-image linear prediction (Zhu
and Bax, 1990) resulting in a final matrix size of 25628x512

real points. Shown in (A) are the complétel-13C COSY connec-
tivities for the five residues (F15, M29, K73, V98 and L106) of
FKBP12. ThelHq/13C, chemical shifts of these five residues are
F15 (5.34/54.4 ppm), M29 (5.35/54.0 ppm), K73 (5.35/54.6 ppm),
V98 (5.34/60.5 ppm) and L106 (5.32/53.0 ppm). THEe/1H,

and 13Cg/1H diagonal peaks of the five residues are connected
with fine lines through the cross peaks. (B) Shows an expansion of
the boxed region in (A). Assignments of the side chains of M29,
K73, V98 and L106 starting fromt3Cy/*Hy diagonal peaks are
demonstrated.

cation. By combining COSY and TOCSY transfer
schemes into one experiment, HCCH-COSY-TOCSY
is more powerful than the sum of two individual
HCCH-COSY and HCCH-TOCSY experiments in

COSY connectivities make it unambiguous in identi-
fying both H and 13C spin types in a spin system,
which is very important in deriving structure from
NOESY data.

Acknowledgements

W.H. thanks Drs. M.K. Rosen and D.J. Patel for criti-
cal reading and helpful suggestions. This research was
funded by NIH grant GM-54777 to Dr D. J. Patel.

References

Bax, A., Clore, G.M. and Gronenborn, A.M. (1990&) Magn.
Reson, 88, 425-431.

Bax, A., Clore, G.M., Driscoll, P.C., Gronenborn, A. M., Ikura, M.
and Kay, L.E. (1990bJ. Magn. Resan87, 620-627.

Delaglio, F., Grzesiek, S., Vuister, G., Zhu, G., Pfeiffer, J. and Bax,
A. (1995)J. Biomol. NMR6, 277-293.

Fesik, S.W., Eaton, H.L., Olejniczak, E.T. and Zuiderweg, E.R.P.
(1990)J. Am. Chem. Socl12 886-888.

Glaser, S.J., Schwalbe, H., Marino, J.P. and Griesinger, C. (1996)
Magn. ResonB112 160-180.

Grzesiek, S. and Bax, A. (1993) Biomol. NMR 3, 185-204.

Ikura, M., Kay, L.E. and Bax, A. (1991). Biomol. NMR 1, 299—
304.

Johnson, B.A. and Blevins, R.A. (1994) Biomol. NMR 4, 603—
614.

Kay, L.E., Ikura, M. and Bax, A. (1990). Am. Chem. Socl12,
888-889.

Logan, T.M., Olejniczak, E.T., Xu, R.X. and Fesik, S.W. (1993)
Biomol. NMR 3, 225-231.

Marion, D., lkura, M., Tschudin, R. and Bax, A. (198%)Magn.
Reson 85, 393-399.

McCoy, M.A. and Mueller, L. (1992). Am. Chem. Socl14, 2108
2112,

Olejniczak, E.T., Xu, R.X. and Fesik, S.W. (199R)Biomol. NMR
2, 655-659.

Pardi, A. and Nikonowicz, E.P. (1992) Am. Chem. Soc114
9202-9203.

Rosen, M.K., Michnick, S.W., Karplus, M. and Schreiber, S.L.
(1991)Biochemistry 30, 4774-4789.

Schwalbe, H., Marino, J.P., Glaser, S.J. and Griesinger, C. (1995)
Am. Chem. Sogl17, 7251-7252.

Shaka, A.J., Barker, P.B. and Freeman, R. (1983)lagn. Resan
64, 547-552.

Shaka, A.J., Keeler, J., Frenkiel, T. and Freeman, R. (1983agn.
Reson 52, 335-338.

Shaka, A.J., Lee, C.J. and Pines, A. (1988Magn. Resan 77,
274-293.

RNA ribose and protein side chain assignments. The Sgrensen, O.W., Eich, G.W.,, Levitt, M.H., Bodenhausen, G. and

experiment, which resolves spin systems by recogni-
tion of whole!H-13C COSY patterns at a plane sliced
at well resolved'H locations, makes it excellent for
assignment of both poorly dispersed RNA ribose and
amino acid side chains of proteins. Spectral analy-
sis of this experiment is straightforward. The explicit

Ernst, R.R. (1983Prog. NMR Spectroscl6, 163-192.

Wang, Y. and Rando, R.R (1996hem. Biol, 2, 281-290.

Xu, R.X., Nettesheim, D., Olejniczak, E.T., Meadows, R., Gem-
mecker, G. and Fesik, S.W. (199Biopolymers 33, 535-550.

Zhu, G. and Bax, A. (1990). Magn. Reson90, 405-410.



