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Summary 

A set of triple resonance experiments is presented, providing through-bond H2N/HN to H6 connectivities 
in uridines and cytidines in 13C-/~SN-labeled RNAs. These connectivities provide an important link 
between the sequential assignment pathways for the exchangeable and nonexchangeable proton reson- 
ances in nucleic acids. Both 2D and pseudo-3D HNCCCH experiments were applied to a 30-nucleotide 
lead-dependent ribozyme, known as the leadzyme. The HN to H6 connectivities for three uridines in 
the leadzyme were identified from one 2D H(NCCC)H experiment, and the HzN to H6 connectivities 
were identified for seven of the eight cytidines from the combination of a 2D H(NCCC)H and a pseudo- 
3D H(NCC)CH experiment. 

The ability to synthesize uniformly ~3C-/~SN-labeled 
RNAs (Batey et al., 1992; Nikonowicz et al., 1992) and 
DNAs (Zimmer and Crothers, 1995) has prompted the 
development of a variety of multinuclear experiments for 
resonance assignment of isotopically labeled nucleic acids 
(for reviews see Dieckmann and Feigon, 1994; Pardi, 
1995). For example, sugar proton and carbon resonances 
can be efficiently assigned by application of HCCH- 
COSY, -RELAY and -TOCSY experiments (Pardi and 
Nikonowicz, 1992; Nikonowicz and Pardi, 1993); intra- 
residue base to sugar connectivities can be made by appli- 
cation of HsCsNbCbHb, HsC~Nb, UbNbCs, HbNbC b and 
HsC~NbHu experiments (Farmer et al., 1993,1994; Sklenfi~ 
et al., 1993a,b; Tate et al., 1994); HCCH-TOCSY experi- 
ments can be used to correlate the H2 and H8 resonances 
in adenine bases (Legault et al., 1994; Marino et al., 
1994a); and sequential resonance assignments can be 
made by HCP-type and 13C-31p and ~H-3~P heteroTOCSY- 
type experiments (Kellogg et al., 1992; Heus et al., 1994; 
Marino et al., 1994b,1995; Wijmenga et al., 1995). Here 
we present novel 2D and pseudo-3D triple resonance 
HNCCCH experiments that provide through-bond NH/ 

NH2 to H6 connectivities for uridine and cytidine base 
protons in r3C-/~SN-labeled RNAs. These connectivities 
constitute an important link between the sequential as- 
signment pathways for the exchangeable and nonex- 
changeable proton resonances in nucleic acids, and com- 
plement recently developed methods for through-bond 
assignment of adenine base protons in ~3C-labeled RNA 
(Legault et al., 1994; Marino et al., 1994a). The HNCC- 
CH experiments are applied to a 30-nucleotide lead-de- 
pendent ribozyme, known as the leadzyme, that has the 
structure shown in Fig. 1A (Pan and Uhlenbeck, 1992). 

Figures 2A and 2B give the 2D H(NCCC)H pulse 
sequences for identifying H2N/HN to H6 connectivities in 
pyrimidines. Since the uridine HN to H6 magnetization 
transfer involves the same number and types of steps as 
the cytidine H2N to H6 transfer (see Fig. 1B), essentially 
the same pulse sequence can be applied to either uridines 
or cytidines. However, as discussed below, optimal results 
are obtained if separate experiments are acquired for 
uridines and cytidines, with slightly different pulse se- 
quences. In the uridine-optimized 2D H(NCCC)H pulse 
sequence given in Fig. 2A, protons are frequency labeled 
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Fig. 1. (A) Sequence and secondary structure of the leadzyme (Pan and Uhlenbeck, 1992). The box indicates the nucleotides required for site- 
specific cleavage and the arrow indicates the cleavage site. (B) The uridine (left) and cytidine (right) magnetization transfer pathways employed 
in the HNCCCH experiments. 

during the t~ period and magnetization is transferred to 
nitrogen by a refocused INEPT sequence (Morris and 
Freeman, 1979). Next, magnetization is transferred to C4 
by a ~3C-~SN-heteroTOCSY sequence (Bertrand et al., 
t978; Mueller and Ernst, 1979). The high selectivity in- 
herent in the heteroTOCSY sequence makes this the 
method of choice for the nitrogen to carbon magnetiza- 
tion transfer, especially in uridines where it is important 
to try to selectively transfer the magnetization from N3 to 
C4 while minimizing transfer to C2. After the 13C-tSN- 
heteroTOCSY period, magnetization is relayed from C4 
to C5 to C6 by two concatenated homonuclear refocused 
INEPT periods. The INEPT transfer is superior to a 
homonuclear ~3C-TOCSY transfer because of the large 
carbon chemical shift range (= 8500 Hz between C4 and 
C5) and because the INEPT allows transfer of essentially 
all the C4 magnetization to C6. Magnetization is then 
transferred to H6 for detection, where a flip-back 
WATERGATE sequence is used as the final refocusing 
period to selectively suppress the H20 signal (Piotto et al ,  
1992; Grzesiek and Bax, 1993; Lippens et al., 1995; Mori 
et al., 1995; Mueller et al., 1995). The uridine-optimized, 
2D H(NCCC)H spectrum of the leadzyme is shown in 
Fig. 3A, where three well-resolved HN to H6 cross peaks 
are observed corresponding to the three uridine residues. 
The uridine NH and H6 resonances have been previously 
assigned in the leadzyme (Legault et al., 1995), but the 
ability to make unambiguous through-bond connectivities 
for the uridine HN and H6 resonances will be an import- 

ant tool for resonance assignment of other 13C-/15N-la- 
beled nucleic acids. The spectrum in Fig. 3A was acquired 
in only 3 h, demonstrating the very high sensitivity of the 
2D H(NCCC)H experiment. Further details of the acqui- 
sition and processing parameters are given in the legends 
to Figs. 2 and 3. 

Since the H(NCCC)H transfer pathway is the same in 
both uridines and cytidines (see Fig. 1B), the pulse se- 
quence in Fig. 2A can also be used to obtain through- 
bond H2N to H6 connectivities in cytidines. The cytidine 
amino protons undergo chemical exchange by rotation 
about the C-N bond. This leads to less efficient transfer 
of heteronuclear magnetization for a IH-15N-refocused 
INEPT sequence when compared with a heteroTOCSY 
sequence (data not shown) (Krishnan and Rance, 1995; 
Yamazaki et al., 1995). Therefore, for the identification 
of H2N to H6 connectivities in cytidines the ~H-ISN-re - 
focused INEPT period in Fig. 2A was replaced by a LH- 
15N-heteroTOCSY period, as depicted in Fig. 2B. Figure 
3B shows a part of the cytidine-optimized 2D H(NCCC)H 
spectrum of the leadzyme, with the full spectrum plotted 
in the inset in Fig. 3C. In this spectrum the H2N reson- 
ances are frequency labeled in c% and the H6 resonances 
are frequency labeled in m2. Since the two amino proton 
resonances in cytidine residues are usually in slow ex- 
change on the NMR chemical shift time scale, two cross 
peaks are observed for each H6 resonance. The H6 reson- 
ances and most of the C amino proton resonances have 
been previously assigned in the leadzyme by standard 
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NOE techniques (Legault, 1995) and these assignments 
are indicated in Fig. 3. From the 2D H(NCCC)H spec- 
trum in Figs. 3B and 3C, we identified the H2N to H6 
connectivities for seven of the eight cytidines in the lead- 
zyme. Connectivities were not unambiguously identified 
for C6, possibly because it forms an A+-C base pair with 

residue 25 (Legault and Pardi, 1994), or because of ex- 
change broadening arising from the known microsecond 
dynamics at the active site of the leadzyme (Legault, 
1995). 

One limitation of this 2D H(NCCC)H spectrum of the 
leadzyme is that four cytidine residues (C2, C10, C11 and 
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Fig. 2. Pulse sequences for the 2D and pseudo-3D HNCCCH experiments. The 90 ~ and 180 ~ pulses are indicated by filled and open rectangles, 
respectively. (A) The uridine-optimized 2D H(NCCC)H experiment, employing a refocused INEPT sequence for the ~HJSN transfer. The ~H carrier 
is placed at the center of  the imino proton region (13.2 ppm for uridine) at the beginning of  the experiment and shifted to the water frequency 
at point a. A 90 ms DIPSI-3 ~3CJSN-heteroTOCSY mixing period was used at an rf field strength of  1.9 kHz, using '3C and 'SN carrier frequencies 
of 169 and 160 ppm, respectively. The ~3C carrier was shifted to 139 ppm at point a. Water magnetization returns to the +z-axis by radiation 
damping during the 90 ms L3CJ~N-heteroTOCSY period. After this ~3CJSN-heteroTOCSY period, the magnetization is transferred from C4 to H6 
using a string of concatenated ~3C53C and I3C-fH INEPT-type transfers. The second half of the ~3C-~H reverse INEPT transfer has been adapted 
to include a WATERGATE solvent peak suppression sequence (Piotto et al., 1992). In this scheme the proton 90 ~ pulse in the center of  this reverse 
INEPT period is preceded by a selective water flip-back 90 ~ E-BURP pulse (2.8 ms) at point b (Geen and Freeman, 1991; Grzesiek and Bax, 1993). 
In the final refocused INEPT interval, the proton 180 ~ pulse is flanked by two square 1.67 ms 90 ~ pulses of  phase -x,  and the carbon 1800 pulse 
is placed at the interval z2= 1/(4 * ~JcH) following the proton 90 ~ pulse. The phases of  the selective square 90 ~ pulses and the 90 ~ E-BURP pulse 
are further optimized for maximum solvent peak suppression, using a small angle phase shifter. The transfer delays were q:= 3.6 ms, ~ = 2.5 ms 
and "~2= 1.25 ms. G z denotes the z-axis pulsed-field gradients with the following values: gl = 300 gs at 24 G/cm and g2 =450 gs at 32 G/cm. A 400 
gs recovery time was added after each gradient. Quadrature detection in the proton t~ period was obtained with the TPPI-States method (Marion 
et al., 1989). Unless otherwise noted, all pulses have phase = x. The 16-step phase cycle is: (~ = x,-x; 0?2 = y,y,-y,-y; 03 =4(x),4(-x); ~)4 = 8(x),8(-x) 
and receiver= 2(x,-x,-x,x),2(-x,x,x,-x). (B) The cytidine-optimized 2D H(NCCC)H experiment, where the IHJSN refocused INEPT period in the 
pulse sequence given in (A) is replaced with a ~H-lSN-heteroTOCSY period. A 7.5 ms half DIPSI-3 (R,-R supercycle) sequence (Shaka et al., 1988) 
was used for the aHJSN-heteroTOCSY transfer at an rf field strength of 1.9 kHz with the ~SN carrier frequency set to 96.7 ppm and the ~H carrier 
before point a set to 7.6 ppm. Other changes compared to the pulse sequence given in (A) were that the ~3CJSN-heteroTOCSY period was set to 
45 ms (tJ•c = 20 Hz for cytidine instead of = 10 Hz for uridine) and an eight-step phase cycle was used, with: ~1 = x,-x; ~2 = Y,Y,-Y,-Y; 03 = 4(x),4(-x); 
and receiver=x,-x,-x,x.  (C) The cytidine-optimized pseudo-3D H(NCC)CH experiment, where both the amino proton resonances and the C6 
resonances are frequency labeled during the t~ evolution periods. The parameters for the cytidine-optimized pseudo-3D H(NCC)CH were the same 
as those for the cytidine-optimized 2D H(NCCC)H, except that the ~3C carrier was positioned at 129 ppm at point a and two 1.03 ms frequency- 
shifted selective IBURP 180 ~ t3C pulses (Geen and Freeman, 1991; Part, 1992) were applied at 104 ppm. The first selective pulse is used to decouple 
C5 from C6 during the time-shared ~3C evolution period and the second pulse at point b compensates for off-resonance effects caused by the first 
selective 180 ~ pulse (Grzesiek and Bax, 1992). The C6 evolution period t~ is time shared with both the 2,*~ period that refocuses the C5-C6 
antiphase component and the 2 * ~2 period that creates the C6-H6 antiphase component (Logan et al., 1993). The time periods a~, ~3 and I~ 4 were 
set to 0, 0 and ~, respectively, for the initial t~ interval. For evolution of  the C6 chemical shift during the t~ period, the increments of these intervals 
are: ~ ~ = dw/2, 5 ~3 = (dw/2-  ~/(n+l)), and 6 ~4 =-z/(n+l) ,  were dw is the dwell time and n is the total number of  points in the t~ dimension. The 
~H 1800 pulse at point a is used to invert the water magnetization and the five gradient pulses subsequently eliminate radiation damping and keep 
the water magnetization aligned along the -z-axis until the next ~H 180 ~ pulse flips the water signal back to the +z-axis. 
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Fig. 3. Contour plots of (A) the uridine-optimized 2D H(NCCC)H spectrum; (B) part of the cytidine-optimized 2D H(NCCC)H spectrum; and 
(C) the cytidine-optimized pseudo-3D H(NCC)CH spectrum of the leadzyme. The full cytidine-optimized 2D H(NCCC)H spectrum is given in 
the inset in (C). These spectra were acquired with the pulse sequences given in Fig. 2. Both 2D spectra were collected with spectral widths in m~ 
and ~02 of 2000 and 6000 Hz, respectively, 80 complex t I points, 512complex t 2 points, 64 scans per FID and a relaxation delay of 1.1 s for a total 
acquisition time of 3 h. The pseudo-3D spectrum was collected with the spectral widths in e) 1 and co 2 both set to 6000 Hz, 200 complex t I points, 
512 complex t 2 points, 64 scans per FID and a relaxation delay of 1.1 s for a total acquisition time of 8 h. ~3C decoupling during t 2 was achieved 
with GARP-1 at an rf field strength of 1.6 kHz. All experiments were performed on a 1.8 mM 99% t3C-fSN-labeled RNA sample at 15 ~ on a 
Varian Unityplus 500 MHz spectrometer. Data were transferred to a Silicon Graphics Indigo 2 computer and processed with the program FELIX, 
v. 2.35 (Biosym Technologies Inc., San Diego, CA). 

C28) have very similar H6 and amino pro ton  chemical 
shifts (see Fig. 3B). To overcome this problem, the 2D 
H ( N C C C ) H  pulse sequence in Fig. 2B can be extended 
into additional dimensions by frequency labeling of  the 
imino/amino nitrogen, C4, C5 or C6 resonances. Since 
there are relatively few cross peaks in the 2D H ( N C C C ) H  
spectrum, we chose here to employ the ' reduced dimen- 
sionality' (Szyperski et al., 1993a,b; Simorre et al., 1994) 
approach and to acquire a pseudo-3D experiment. The 
pulse sequence for the pseudo-3D H ( N C C ) C H  experiment 
is shown in Fig. 2C. This sequence is a modification f rom 
the one in Fig. 2B by adding a second t~ evolution time 
while the magnetizat ion is on the C6 carbon and by in- 
crementing this period simultaneously with the first t~ 
period. Although these H N C C C H  experiments have a 
very high sensitivity, to help reduce the effects o f  trans- 
verse relaxation during the carbon evolution period, we 
have also incorporated the time-shared evolution pro- 
cedure of  Fesik and co-workers (Logan et al., 1993). The 
t ime-shared evolution procedure employed here is more  
complicated than previous versions (Logan et al., 1993), 
because three time periods, the carbon t~ evolution, the 
ll(2JcH) period and the l/(2Jcc) period, are being concat- 
enated. In this t ime-shared evolution procedure the C6 

chemical shift evolves during the time (E 1 +'~ + PW~ + e3 
- PW~ - e4), which corresponds to the tl period, and where 
PW I is the length of  the ]BURP2 180 ~ carbon pulse. The 
1Jcc coupling constant  evolves during the time (al + ' c - e3  
+e4), which corresponds to l/(2Jcc ) for every t 1 period. 
The IJcH coupling constant  evolves during the time (el 
+ 2 * x2 - ' c  - PW~ - ~3 + PW~ + a4), which corresponds to 1/ 
(2JcH) for every t 1 period. The 1JcN coupling constant  is 
decoupled during the t ime-shared evolution period. The 
el, e3 and ~4 times are initially set to 0, 0 and z, respect- 
ively, where z = l/(4Jcc ). For each t 1 point  these times are 
incremented by dw/2, [ d w / 2 - z / ( n +  l)] a n d - ~ / ( n  + 1), re- 
spectively, where dw corresponds to the dwell time and n 
to the total number  of  points in the t~ dimension. One 
frequency-shifted selective IBURP2 (Geen and Freeman, 
1991; Patt, 1992) carbon 180 ~ pulse is applied to the C5 
resonances in the middle of  the carbon evolution to elim- 
inate the homonuclear  C5-C6 coupling during the carbon 
t 1 period. A second IBURP2 carbon 180 ~ pulse is applied 
at point  b, which allows the C5-C6 coupling to evolve for 
a t ime period l/(2Jcc ) and also compensates  for off-reson- 
ance effects caused by the first selective 180 ~ pulse 
(Grzesiek and Bax, 1992). For the longest t~ value, this 
procedure reduces the time that  the carbon magnetization 
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spends in the transverse plane by 1/(2Jcc)=7.2 ms, and 
therefore should improve the sensitivity of the experiment 
in larger RNAs. Further details of the implementation of 
the time-shared evolution procedure are given in the 
legend to Fig. 2. 

Figure 3C shows the aromatic region of the cytidine- 
optimized pseudo-3D H(NCC)CH spectrum of the lead- 
zyme. In this experiment quadrature detection was per- 
formed in the proton t~ evolution period, so that peaks 
are observed at c% + e0 c. For reference, the cytidine-op- 
timized 2D H(NCCC)H spectrum of the leadzyme is 
shown in the inset in the figure. In the pseudo-3D 
H(NCC)CH spectrum, an H6 resonance shows four cross 
peaks in cot because each amino proton is split into a pair 
of cross peaks. For each pair of cross peaks the position 
midway between the pair corresponds to the frequency of 
that amino proton, and the frequency difference between 
these cross peaks corresponds to twice the frequency 
difference of the C6 carbon resonance from the carbon 
carrier (Szyperski et al., 1993a,b; Simorre et al., 1994). 
Thus, m 1 contains chemical shift information for both the 
amino protons and the C6 carbons. Analysis of both the 
2D and pseudo-3D spectra of the leadzyme shows that 
some cross peaks that are not resolved in one experiment 
are resolved in the other. This pseudo-3D approach is not 
limited to frequency labeling of the C6 carbons; instead, 
either the amino/imino nitrogens, C4 carbons or C5 car- 
bons could be frequency labeled along with the amino/ 
imino protons in t 1. 

The spectra in Fig. 3 have a very high sensitivity, with 
the 2D spectra acquired in only 3 h and the pseudo-3D 
spectrum in 8 h at 500 MHz on a 1.8 mM RNA sample. 
Thus, these experiments are very efficient; however, there 
are many other pulse sequences that can be designed to 
identify these HN/H2N to H6 connectivities. We tested a 
variety of H(NCCC)H pulse sequences in 13C-/15N-labeled 
mono- and oligonucleotides and found that for the mol- 
ecules studied, the most efficient pulse sequences are those 
in Fig. 1. For example, the N4 to C4 magnetization trans- 
fer in cytidine can be accomplished by an INEPT-type 
sequence instead of the 13C-~SN-heteroTOCSY sequence 
employed here, and this experiment has similar sensitivity 
to those given here (data not shown). The N3 to C4 mag- 
netization transfer in uridine can also be accomplished by 
an INEPT sequence (data not shown), but this requires 
the use of  very selective carbon pulses to eliminate trans- 
fer from N3 to C2. Where relaxation becomes a signifi- 
cant problem, the uridine-optimized 2D H(NCCC)H 
pulse sequence in Fig. 2A can be modified to include the 
time-shared evolution procedure during the proton t 1 
period (Logan et al., 1993). This concatenation of the t~ 
and (1/JHN) periods (Logan et al., 1993) should lead to 
higher sensitivity of the uridine-optimized 2D H(NCCC)H 
experiment for larger RNAs. 

The 2D and pseudo-3D HNCCCH experiments pres- 

ented here provide unambiguous identification of the 
uridine HN to H6 and cytidine H2N to H6 connectivities 
in 13C-/15N-labeled nucleic acids. This set of HNCCCH 
experiments provides a very efficient means for making 
unambiguous through-bond connectivities for pyrimidine 
bases. Sequential assignments of the exchangeable imino 
and amino protons in nucleic acids are generally made 
independent of the assignment of the nonexchangeable 
base and sugar protons (Wijmenga et al., 1993; Pardi, 
1995). Thus, the through-bond HN/H2N to H6 connec- 
tivities identified here represent an important bridge be- 
tween assignment of exchangeable and nonexchangeable 
protons by directly linking the sequential assignment 
pathways for the exchangeable (HN and H2 N) protons 
and the nonexchangeable (H6) protons in nucleic acids. 
These experiments, in combination with other recently 
developed through-bond experiments (Pardi, 1995), great- 
ly facilitate the resonance assignment of isotopically la- 
beled nucleic acids. 
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