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Sequence-specif ic resonance assignments are a  prerequisite for structural and  dy- 
namical interpretation of protein NMR spectra. For proteins smaller than 10  kDa 
assignment strategies have relied upon  through-bond correlations in homonuclear  
COSY and  TOCSY spectra to identify resonances associated with particular spin sys- 
tems. Conformation-dependent nuclear Overhauser effects are then emp loyed to se- 
quentially connect these spin systems (1-5). In larger proteins, however, extensive 
resonance overlap and  decreased sensitivity of experiments utilizing ‘H- ‘H scalar 
couplings have hindered this approach. 

‘H- I%- 15N triple-resonance experiments provide a  conformation-independent 
approach for the assignment of backbone resonances in I%- 15N-labeled large proteins 
(6-13). In addition these experiments allow accurate measurement  of coupling con- 
stants in proteins with large linewidths (14, 15). These experiments exploit large het- 
eronuclear one-bond couplings to transfer magnetization with the sensitivity of indirect 
detection. As demonstrated in calmodulin ( 16, 17) backbone assignments utilize four 
tr iple-resonance experiments [ HNCa, HNCO, HCaCO, and  HCA(CO)N] and  the 
3D TOCSY-HMQC experiment ( 18). A fifth tr iple-resonance experiment 
[ H( CA)NHN] is a  useful complement to the TOCSY-HMQC experiment, correlating 
‘HN “N and  ‘H” resonances ( 7, 9, 13). Furthermore, a  sixth experiment, the 
HN (CO ) CA. has been  introduced, providing additional sequential information ( 11) . 
Of the experiments listed above, those which detect am ide protons [ HNCA, HNCO, 
H(CA)NHN, HN(CO)Ca] need  to be  collected in H20, while those with detection 
of (Y protons [ HCACO and  HCA( CO)N] are best performed in 2H20. This causes 
difficulties if assignments are based on  al ignment of C’ chemical shifts, because these 
resonances may show significant isotope shifts, depending on  whether the carbonyl is 
hydrogen bonded  to a  proton or a  deuteron. It is therefore desirable to perform the 
ma jority of experiments in the same solvent ( H20), restricting oneself to those ex- 
periments which detect am ide protons [ HNCA, HNCO, HN( CO)CA. H( CA )NHN 1. 
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We present here a 3D triple-resonance experiment that correlates intraresidue ‘HN, 
“N, and 13C’ chemical shifts that we call the HN( CA)CO. This experiment should 
prove a useful supplement to triple-resonance-based assignment strategies. At present 
intraresidue carbonyl assignments are obtained solely from the HCACO experiment 
recorded in 2H20. These correlations in conjunction with those from HNCA, 3D 
TOCSY-HMQC, and/or H ( CA )NHN spectra recorded in H20 allow the assignment 
of intraresidue nuclei ( ‘HN, “N, ‘Ha, 13G, and 13C’). These assignments can then 
be compared with sequential information obtained from the HNCO, HCA(CO)N, 
and HNCA [ HN (CO) CA] experiments to sequentially link groups of nuclei. 

Two problems arise during this process that can be overcome by information ob- 
tained from the HN (CA) CO experiment. As stated above sequential linkages based 
on carbonyl chemical shifts are obtained by comparison of two spectra obtained under 
different solvent conditions, the HNCO in H20 and the HCACO recorded in 2H20. 
Carbonyl chemical shifts between these two experiments are therefore influenced by 
isotope shifts and any pH variations between the two samples. Carbonyl chemical 
shifts obtained from the HN( CA)CO spectrum are directly comparable to shifts from 
the HNCO, since both experiments are recorded in H20. A second problem overcome 
by use of the HN (CA) CO experiment results when pairs of ‘Ha- 13C a resonances are 
degenerate. ‘H 01- 13Ca chemical-shift degeneracies result in ambiguous assignment of 
intraresidue “N and 13C’ nuclei from HNCA and HCACO spectra, respectively. The 
HN( CA)CO experiment provides a direct correlation between intraresidue 15N and 
r3C’ 2 thereby resolving this ambiguity. 
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FIG. 1. Pulse sequence for a HN( CA)CO experiment; 90” and 180” pulses are represented by thin and 
thick vertical bars, respectively. Empty rectangles represent either broadband decoupling or purge pulses as 
labeled. ‘H and “N decoupling was achieved with WALTZ- 16 broadband decoupling (20). Water suppression 
was achieved with continuous-wave presaturation for 650 ms. A purge pulse (SL,) of 1.97 ms in duration 
was also employed to huther attenuate the water resonance. The carrier was positioned on the water resonance. 
The phase cycling scheme employed is as follows: A = y, -y; B = 8(x), 8(-x); C = 2(x), 2(-x); D = 
4(x), 4(-x); E = x, -x and receiver = x, 2(-x), x, -x, 2(x), 2(-x), 2(x), --x, x, 2(-x), x. The 
phases of B and D were incremented independently by 90” to obtain sign distinction in w, and wr, respectively, 
using the TPPI method ( 2 7). 
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The 3D HN(CA)CO pulse scheme is sketched in Fig. 1. The resulting spectrum 
contains correlations between intraresidue 15N, 13C’, and ‘HN resonances in w’ , w2, 
and w3, respectively. The sequence begins with a refocused INEPT ( 19) transfer from 
‘HN to “N. During the tl period ‘*N magnetization evolves under the influence of 
“N chemical shift with 13C’ and ‘HN decoupled. ’ 3C’ decoupling is achieved by a I 80” 
pulse and the protons are decoupled by WALTZ- 16 decoupling (20). This has the 
advantage that the nitrogen coherence is kept in-phase with respect to the amide 
proton, since it has been shown that in-phase nitrogen coherence has a significantly 
longer T2 than antiphase coherence (21-24). During the t’ period and the subsequent 
two [c - (t,)/2] periods “N magnetization becomes antiphase with respect to 13C “I. 
Simultaneous 90” pulses on “N and 13C* channels result in an INEPT-type transfer 
with 13Ca magnetization now transverse and antiphase with respect to “N. The sub- 
sequent period (2 d) allows active coupling between ‘3C” and 13C’ while 15N is decou- 
pled. The 90” pulses on 13Ca and 13C’ create transverse 13C’ magnetization that is 
antiphase with respect to “N and 13Ca. During t2 the magnetization is allowed to 
evolve under the effects of 13C’ chemical shift with “N and 13Cu decoupled by 180” 
pulses. At the end of the t2 period 90” pulses on 13Ca and 13C’ begin the process of 
refocusing the magnetization in a manner symmetrical to that already described. 

The sequence in Fig. 1 has been optimized for sensitivity. In particular the t, period 
is used to develop coupling between the evolving 15N magnetization and 13Ca. As the 
t’ period is incremented the delay labeled c is decremented so that the total time 
allowed for coupling remains constant. This amounts to time savings of up to 8 ms 
at t ’ max. In addition “constant-time” evolution in tl should facilitate the use of “mirror 
image” linear prediction, thereby improving resolution (in tl ) and shortening acqui- 
sition times (10, 25). A refocused INEPT has been employed instead of the shorter 
concatenated INEPT transfers used in other sequences ( 9), allowing proton broadband 
decoupling. This avoids oscillation between in-phase and antiphase “N coherence 
and reduces the effective transverse “N relaxation (21) . 

The pulse sequence of Fig. 1 yields intraresidue ’ ‘Ni ( w ’ ) - 13C : ( w2 ) - ‘H E” ( w3 ) cross 
peaks. However, some sequential 15Ni(~1)-13C~_l(w2)-1H~(w3) cross peaks can be 
observed due to coherence transfer from ‘Hr to 15N,, ‘3Cn,..‘. 13C: _ ’ and back. Tuning 
the delay c to maximize the functions 

or 

~~~[~~Ni~ai-~(~C)l~i~[~~~icai(~C)l~~P(-~~/T~~) 121 
selects for sequential and intraresidue correlations, respectively. A value of c = 12.5 
ms was used in our experiments. The delay d should be tuned to maximize the function 

sin[aJcrca(2d)]~~s[aJc,ca(2d)]exp(-2d/ Tzc,). [Jl 

A value of 3.5 ms was used in our experiments. 
Figure 2 (left) shows a ( 02, w3) slice of the 3D spectrum of T4 lysozyme recorded 

with the HN( CA)CO pulse sequence in Fig. 1. The slice is taken at the “N frequency 
of the amide nitrogen of Asn 132. The experiment is most useful when compared with 
an HNCO spectrum. Figure 2 (right) is a ( w2, w3) slice of the HNCO spectrum of T4 
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FIG. 2. Sections of (wZ, wj) slices from HN(CA)CO and HNCO 3D spectra of 4.5 mA4 T4 lysozyme 
recorded on Bruker AMXSOO and AMX600 spectrometers, respectively. (Left) A section of the HN(CA)CO 
spectrum recorded with the sequence in Fig. 1. The delays were tuned to a = 2.3 ms, b = 2.7 ms, c = 12.5 
ms, and d = 3.5 ms. The carbon carrier was placed in the center of the C” spectrum. The carbonyl pulses 
were generated as DANTE pulses. The left slice is taken at a 15N frequency of 119.9 ppm containing the 
intraresidue correlations of Asn132. (Right) A section of the HNCO spectrum recorded with the pulse 
sequence described by Kay et al. (8) at a “N frequency of 123.4 ppm containing the sequential correlations 
of Leu133. Both HN(CA)CO and HNCO 3D spectra were acquired with 16 and 512 complex data points 
in t, and t3, respectively; 68 and 48 complex data points were acquired in t2 for the HNCO and HN( CA)CO 
experiments, respectively. The HN(CA)CO spectrum was acquired in 48 hours. Both spectra were zero- 
filled to a final size of 5 12 X 256 X 128 real points in w, , w2, and wg, respectively. A baseline correction 
was applied in t, to remove residual HZ0 artifacts in the HN(CA)CO spectrum. Spectra were processed on 
a Silicon Graphics Iris 4D i 35 workstation using the program FELIX (Hare, Inc.). 

lysozyme taken at the 15N frequency of Leu133. The sequential peak in the HNCO 
spectrum (Fig. 2, right) is at a r3C’ frequency ( w2) identical to the intraresidue cross 
peak of Asnl32 in Fig. 2 (left; an arrow indicates the linkage). Analysis of the 
HN( CO)CA spectrum reveals predominantly intraresidue cross peaks ( wl = “N,, o2 
= 13C:, o3 = ‘HP), with only a few sequential cross peaks (wl = 15Ni, w2 = 13CiP1, 
w3 = ‘Hr ) analogous to those in the HNCO experiment. 

In theory, a set of HN( CA)CO and HNCO spectra can provide complete sequential 
assignment of the ‘HN, 15N, and 13C’ resonances. Similarly the set of HNCA and 
HN( CO)CA experiments can provide complete sequential assignment of ‘HN, “N, 
and 13Ca resonances. In practice, both assignment routes appear to be useful. The 
HN( CA)CO experiment will also be useful when combined with the assignment strat- 
egy used for calmodulin ( 26, 17) to resolve ambiguities caused by ‘H*- 13Cu pair 
chemical-shift degeneracies. This type of resonance overlap has recently been pointed 
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out by Bax and co-workers, who have proposed a 4D sequence that would help to 
resolve this problem (26). 
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