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Four new and complementary three-dimensional triple-resonance experiments are de- 
scribed for obtaining complete backbone ‘H, 13C, and “N resonance assignments of proteins 
uniformly enriched with “C and 15N. The new methods all rely on ‘H detection and use 
multiple magnetization transfers through well-resolved one-bond J couplings. Therefore, 
the 3D experiments are sensitive and permit relatively rapid recording of 3D spectra ( l- 
2 days) for protein concentrations on the order of I mM. One experiment (HNCO) 
correlates the amide ‘H and “N shifts with the 13C shift of the carbonyl resonance of the 
preceding amino acid. A second experiment (HNCA) correlates the intraresidue amide 
‘H and 15N shifts with the CLY chemical shift. This experiment often also provides a weak 
correlation between the amide NH and 15N resonances of one amino acid and the Ca 
resonance of the preceding amino acid. A third experiment (HCACO) correlates the Ha 
and GY shifts with the intraresidue carbonyl shift. Finally, a 3D relay experiment, 
HCA( CO)N, correlates Ha and Cal resonances of one residue with the “N frequency of 
the succeeding residue. The principles of these experiments are described in terms of the 
operator formalism. To optimize spectral resolution, special attention is paid to removal 
of undesired J splittings in the 3D spectra. Technical details regarding the implementation 
of these triple-resonance experiments on a commercial spectrometer are also provided. 
The experiments are demonstrated for the protein calmodulin ( 16.7 kDa). o 1990Academic 

Press. Inc. 

Complete assignment of the backbone proton resonances of a protein forms the 
basis for further detailed conformational studies. For smaller proteins, such assignments 
can often be obtained from a systematic analysis of COSY, NOESY, and HOHAHA/ 
TOCSY (I, 2). For larger proteins, a variety of selective labeling procedures can 
provide dramatic spectral simplification and thus assist in the assignment process (3- 
IO). However, this latter approach is quite labor-intensive since it requires multiple 
samples with different amino acids labeled in each protein preparation. Recently pro- 
posed heteronuclear 3D NMR experiments of uniformly “N-labeled proteins provide 
simplification by spreading the crowded NOESY or HOHAHA spectra into a third 
dimension, the “N chemical shift (11-14). These 3D experiments require only a 
single sample of uniformly 15N-enriched protein and they are extremely powerful for 
the analysis of the NMR spectra of larger proteins, as recently demonstrated for the 
17-kDa protein interleukin- l@ ( 15). However, attempts to use the same methodology 
for obtaining complete assignments of the protein calmodulin ( 16.7 kDa) were only 
partly successful (16), resulting in assignment of about 80% of the backbone ‘H res- 
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onances. Calmodulin presents a particularly difficult case because of the high a-helical 
content and the scarcity of aromatic residues in the protein core, resulting in very 
poor chemical-shift dispersion of both the amide and the Ca protons. Moreover, the 
protein consists of four homologous domains and many of the connectivity patterns 
found for these domains overlap with one another, making their analysis even more 
difficult. 

We recently demonstrated that 3D triple-resonance NMR of the uniformly 13C- 
and “N-enriched protein can be used successfully to solve the assignment problem 
( 17). This required the use of four different triple-resonance experiments, in addition 
to the previously described “N HOHAHA-HMQC 3D pulse scheme (14). The present 
paper gives a detailed description of the novel 3D triple-resonance experiments, in- 
cluding a discussion of the hardware requirements needed for their implementation 
on commercial spectrometers. 

It has long been recognized that 13C- 13C and 13C- 15N one-bond J couplings can 
be used for obtaining resonance assignments in isotopically enriched peptides and 
proteins ( 18). Oh, Stockman, and co-workers ( 19-21) have made extensive use of 
13C-13C couplings to obtain resonance assignments for the proteins cytochrome c- 
553 and Anabaena 7 120 ferredoxin and flavodoxin. The interresidue one-bond J 
coupling ( - 15 Hz) between 15N and carbonyl (C’) atoms provides a source of se- 
quential connectivity information when using 13C-detected heteronuclear shift cor- 
relation experiments (22-24). Unfortunately, these experiments which use direct ob- 
servation of the 13C nucleus suffer from relatively low sensitivity and substantial res- 
onance overlap. Moreover, because of overlap in the 13C and “N spectra, assignments 
obtained for the low-y nuclei often cannot be extended to the ‘H spectrum. The 3D 
experiments described in this paper overcome these problems by integrating these 
earlier heteronuclear 2D experiments with the 2D indirect detection experiments 
(25-27). 

For making complete and unambiguous assignments of the backbone atoms of a 
protein we find it necessary to use at least five different 3D experiments. First, the 
previously described i5N HOHAHA-HMQC pulse scheme correlates intraresidue NH, 
“N, and Ha chemical shifts. Second, a new 3D experiment referred to as HNCO 
correlates the NH, “N, and C’chemical shifts. Third, a scheme named HNCA correlates 
NH, “N, and Ca resonances. All three 3D experiments detect the amide proton during 
the t3 detection period and therefore must be performed in HZ0 solution with pre- 
saturation of the HZ0 resonance. The remaining two 3D experiments, HCACO and 
HCA(CO)N, detect the Ha proton during t3 and they are therefore preferably recorded 
on samples in D20 solution. The HCACO scheme correlates intraresidue Ha, Ca, 
and C’ chemical shifts. Finally, the HCA( CO)N scheme is a relay experiment cor- 
relating the Ha and Ca chemical shifts with the 15N chemical shift of the succeeding 
residue by using the C’ nucleus as a relay intermediate. Because of the large difference 
in chemical shifts ( - 120 ppm) between the Ca and the C’ resonances these two types 
of nuclei can be excited separately. This has the advantage that the homonuclear C’- 
Ca! J coupling can be easily suppressed, but it requires four different frequencies, 
making the experiments of the quadruple resonance type. As will be discussed later, 
both Ca and C’ frequencies can be generated by a single frequency synthesizer without 
frequency switching, simplifying the hardware requirements. 
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EXPERIMENTAL METHODS 

Below, the magnetization transfer processes that are pertinent for the new 3D pulse 
schemes, shown in Figs. 1-4, are discussed in terms of the operator formalism. For 
simplicity, only terms that contribute to the final spectrum are retained. In this de- 
scription, the effects of the pulse sequence between the end of the magnetization re- 
covery period and the beginning of the evolution period are described by the operator 
A; the effect of the pulses and delays between the end of the tl period and the start of 
the t2 period is represented by the operator B; and finally, the conversion between the 
end of the t2 period and the start of the data acquisition period ( t3) is described by 
the operator C. The effects of relaxation will be neglected. 

The HNCO experiment. The HNCO experiment correlates the NH and “N chemical 
shifts of one amino acid with the C’ shift of the preceding residue, providing crucial 
sequential connectivity information. This experiment essentially is the 3D analog of 
the “N-C’ correlation experiments (22-24). Figure 1 shows the pulse scheme used 
for this experiment. Using an INEPT sequence (28, 29), magnetization originating 
on NH protons is transferred to the directly coupled *‘N spin. During the tl period, 
the “N magnetization evolves exclusively under the influence of “N chemical shift 
as ‘H, C’, and Ca decoupling is achieved through the application of 180” pulses at 
the midpoint of tl . During the following delay, 6, 15N magnetization becomes antiphase 
with respect to the polarization of the carbonyl spin of the preceding residue ( I&c< 
z 15 Hz). Because the experiment is recorded in Hz0 solution, and because the 6 
delays are relatively long ( -20 ms each), it is desirable to use Hz0 saturation during 
these periods. H20 saturation during the t2 period cannot easily be done with our 
present hardware setup. The first 90” C’ pulse converts the antiphase lSN magnetization 
into lSN-C’ two-spin (zero- and double-quantum) coherence. The contributions of 
“N chemical shift and ‘H-15N J coupling are removed during the t2 period by the 
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FIG. 1. Pulse scheme of the HNCO experiment. Typical delay durations used in this experiment are 7 

= 2.25 ms, 6 = 18 ms, T = 14 ms, and T’ = 4 ms. Presaturation of the Ha0 resonance (not shown) is 
needed when the experiment is recorded in Hz0 solution. In addition, water saturation is employed during 
both 6 periods. The phase cycling used is as follows: 4, = X, -x; & = y, -y; I& = x; & = 2(x), 2(-x); 
4~ = 4(x), 4(y), 4(-x), 4(-y); Acq. = x, 2(-x), X, -x, 2(x), --x. The phases & and $4 are independently 
incremented by 90” to generate complex data in the r, and t2 dimensions, respectively. In both the fr and 
t2 dimensions, quadrature detection is achieved using the TPPI-States method (34). 
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application of the 1 80z5 “N pulse. In addition, G-C’ decoupling is achieved by 
applying a 180” Ca pulse at the midpoint of t2. At the end of the C’ evolution period, 
t2, magnetization is transferred back to the NH protons by reversing the transfer steps 
described above. Since the NH proton is detected during t3, the proton carrier can be 
placed in the center of the amide region and the spectral width in the F3 dimension 
can be confined to a relatively narrow region ( - 8 ppm) . This results in a factor of 
two data storage savings relative to what would be needed if the carrier were placed 
at the H20 frequency. With the carrier away from the water resonance, H20 irradiation 
during the relaxation delay and the two 6 periods is accomplished using an off-resonance 
DANTE sequence (30). 

Denoting the NH, “N, and C’ spins by I, N, and S, respectively, the HNCO pulse 
sequence can be described concisely by the operator formalism as 

A t1 B 
I,--2Z,N - 2Z,N,cos @.,t, - 

t2 
Y 4NxSyIzcos Cl&, - 

C 
4NxS,Z, cos WICOS Qcos aJi.&2 { n cos aJet } - 

k 

Z&OS &t, cos C&cos rJxyt2 { n cos ?r JkSt2}, [l] 
k 

where pulse phases corresponding to the first step of the phase cycle (Fig. 1) have 
been assumed, and JM refers to long range coupling between the carbonyl carbon and 
other protons, k. For simplicity, the assumption T’ = T has been made and the J- 
coupling and chemical-shift effects which are removed by 180” pulses have been omit- 
ted in expression [ 11. QN and Qs denote the “N and C’ chemical-shift offsets and JNCa 
is the intraresidue 15N-Ca J coupling. The two-bond interresidue “N-Ca J coupling 
is often small in proteins and has been neglected in Eq. [ 11. Expression [l] shows that 
the detected in-phase signal (Z,) is modulated in amplitude by fi2N and as in the t, and 
the t2 dimension, respectively, giving rise to a purely absorptive 3D NMR signal after 
3D Fourier transformation. The poor digital resolution in the F2 dimension prohibits 
observation of the JNCa or JHc’ couplings. Even if the acquisition time in the t2 di- 
mension were chosen much longer than is practical in a 3D experiment, the multitude 
of 15N-Ca and small ‘H-C’ couplings would still make it difficult to resolve any 
individual one. 

Expression [l] has been derived for the case where T = T’ = 6/2. However, the 
experiment can be conducted more efficiently with T set to a somewhat larger value 

than T’. For this case, the magnetization immediately before detection is described 
by 

Z&OS %,t, cos Qst2cos { n- JNca[ tz - 2 ( T - T’)] } { n cos r Jet2 } . 121 
k 

By setting T > T’, the magnetization envelope in t2 no longer starts at a maximum 
value at t2 = 0, but rather reaches a maximum at t2 = 2 ( T - T’). This process is 
functionally equivalent to resolution enhancement in the F2 dimension by using a 
shifted sine bell weighting function. That is, for the case where T > T’, the envelope 
shape in T2 resembles that of a sine bell shifted by [a/ 2 - 2a ( T - T’) JNcrr], instead 
of the regular cosine bell (90” shifted sine bell) shape. However, by carrying out the 
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enhancement in the manner described above, the concomitant loss in signal-to-noise 
ratio associated with resolution enhancement is minimized. Typically, T is set to 
about 10 ms longer than T’, yielding a signal envelope in the t2 dimension that is 
similar to that of a sine bell shifted by -50”. 

Alternatively, higher resolution in the C’ (F*) dimension could be obtained if an 
INEPT-type magnetization transfer from “N to C’ were used, followed by the reverse 
process at the end of the t2 period. This would make it possible to obtain complete 
removal of all J couplings to C’ during the t2 evolution period. However, because the 
F2 resolution is limited by digitization and not by the presence of small passive cou- 
plings, we expect that the simpler pulse scheme of Fig. 1 is more effective in practice. 

The hardware setup required for the implementation of the 3D experiments will 
be described later. Suffice to say here that for this experiment the “N and ‘H pulses 
were generated by the standard electronics of our Bruker AM-500 spectrometer. The 
C’ and Ca pulses were generated using two separate synthesizers with their frequencies 
adjusted to coincide with the centers of the C’ and Ca regions of the 13C spectrum. 
In order to minimize artifacts, it is important that the C’ pulses cause minimal excitation 
of the Ca resonances and vice versa. Commonly, this is achieved by using suitably 
shaped selective pulses. However, because of hardware limitations we used a different 
approach: rectangular pulses were employed for both C’ and Ca excitation with the 
RF strengths adjusted such that a 90” excitation pulse has a null in its excitation 
profile at the resonance frequency of the other nucleus. For proteins, the centers of 
the C’ and CLY resonances differ by about 120 ppm ( - 15 kHz on a 500 MHz spec- 
trometer), and by adjusting both the C’ and the Cal RF field strengths to 3.9 kHz (64 
ps 90” pulse width) excitation of the C’ nuclei by Ca pulses and vice versa is minimized. 
Finally, 15N decoupling during data acquisition (~3) was achieved using the WALTZ 
decoupling scheme (31) with a 1 kHz RF field. 

The HNCA experiment. The HNCA experiment correlates “N and NH chemical 
shifts with the intraresidue Ca! shift. The HNCA and the HOHAHA-HMQC experi- 
ments together establish intraresidue correlations between pairs of “N-NH and Cal- 
Ha chemical shifts, since the latter experiment links intraresidue NH, Ha, and r5N 
shifts. The HNCA experiment uses the relatively small one-bond “N-G J coupling 
(8-12 Hz) to establish J correlations between the “N and the CLY spins. For more 
than half of the amino acids in calmodulin the HNCA experiment also provides se- 
quential connectivity information by yielding (weak) correlations between NH- 15N 
pairs and the Ca shift of the preceding residue. Such correlations arise from the two- 
bond 2JNc, interresidue coupling, which can be as large as 7 Hz. Figure 2 shows the 
pulse scheme of the HNCA experiment. Denoting the NH, 15N, and intraresidue Ca 
spins by I, N, and A, respectively, and the carbonyl spin of the preceding residue by 
C’, the evolution of magnetization during the course of the experiment can be described 
by 

A B 
I,- -21zN 

tl 
Y - 2ZzNycos &.,t,cos rJNNCd, - -4Z,N,A,cos Q.,t, 

t2 C 
X cos aJNCd- 4ZyNXAycos Q.,t, cos r JNCd, cos OAt2 - 

I,cos Q.,t,cos rJNCd,cos Q,&, [3] 
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FIG. 2. Pulse sequence for the HNCA experiment. The delay b is adjusted to be an integral multiple of 
1 / JNH and to allow maximal magnetization transfer between the “N and Ca spins. Typical delay durations 
are 6 = 33 ms and T = 2.25 ms. The phase-cycling scheme is identical to that of the HNCO experiment 
(Fig. 1). 15N decoupling during the t, period, although desirable, was technically not possible at the time 
the 3D spectrum was recorded. 

where again terms have been neglected that originate from J coupling or chemical- 
shift dephasing but that later are refocused. Also, for simplicity it has been assumed 
that 6 = l/(2&+), where JNA is the one-bond N-Ca J coupling. In expression [3] 
ON and OtA denote the chemical shifts of the intraresidue “N and Ca spins, and JNcf 
is the interresidue 15N-C’ coupling constant. Expression [ 31 applies to the case where 
the two-bond coupling between 15N and the prece ding Ca spin, A’, is zero. In cases 
where a substantial JNAf two-bond coupling exists, the signal immediately prior to 
detection is given by 

I,cos @.,t,cos rJNCrtl { cos QAtz [sin rJNA6 cos rJNAf6]2 

+ cos QArt2[sin rJNAd cos aJNA612} [4] 

Expressions [ 31 and [ 41 indicate that the detected signal is amplitude modulated in 
both the tl and the t2 dimensions, leading to a pure absorption lineshape after 3D 
Fourier transformation. The undesirable J NCr coupling present during the t, (“N) 
evolution period in practice does not affect the signal very much because the acquisition 
time in the “N dimension is typically chosen shorter than 1 /( 2 JNcJ). At the time the 
3D HNCA spectrum was recorded, decoupling of the JNc’ interaction, although de- 
sirable, was not yet possible. 

The pulse scheme of Fig. 2 can be understood as follows. Magnetization originating 
on NH protons is transferred to their directly attached “N spins via an INEPT sequence. 
“N chemical-shift evolution proceeds during t, , with Ca and ‘H decoupling achieved 
by the application of refocusing pulses in the middle of this period. During the sub- 
sequent delay, 6, the 15N magnetization becomes antiphase with respect to the coupled 
Ca spin(s). This 6 delay is tuned to an integral multiple of 1 /JNH, so that 15N mag- 
netization remains antiphase with respect to the coupled proton. In order to minimize 
relaxation losses and optimize transfer for those cases where a significant two-bond 
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“N-Ca coupling is also present, the value of 6 is set to approximately 1 /( 3JNcJ, 33 
ms in practice. Subsequent application of 90” pulses to both ‘H and Ca spins establishes 
three-spin NH-“N-C& coherence, as indicated in Eq. [3] by the term I,N,A,. ‘H 
and “N chemical shifts are refocused during t2 by the application of 180” ‘H and “N 
pulses at the midpoint of this interval, so that the total chemical-shift evolution of the 
three-spin coherence depends only on the Ca chemical shift. For simplicity, the effects 
of J-coupling evolution during t2 caused by NH-Ha and long-range 15N-‘H Jcouplings 
have been omitted in Eq. [ 31. For proteins these couplings are typically much smaller 
than the “natural linewidth” of the three-spin coherence which is dominated by the 
short Ca T2, and they may therefore be neglected. After the t2 period, magnetization 
is transferred back to the NH protons by the reverse of the process described above. 
Since only NH protons are detected during t3, the ‘H carrier may again be positioned 
in the center of the amide region to save data storage space. 

At first sight, the generation of three-spin coherence for measuring Ca chemical- 
shift evolution may appear overly complicated. However, the number of RF pulses 
and phase-cycling steps needed for this solution is significantly less compared to any 
alternative scheme that yields “N- and ‘H-decoupled evolution of the Cot chemical 
shift. Note that the I,N,A, three-spin coherence evolves automatically in the absence 
of J couplings between any of these three spins (32). 

As was the case for the HNCO experiment, ‘H and 15N pulses were generated by 
the standard spectrometer electronics, and two separate synthesizers were used for the 
C’ and Ca! irradiation. During the 6 and t2 periods, carbonyl decoupling was accom- 
plished by GARP modulation (33) of a 500 Hz RF field. “N decoupling during data 
acquisition ( t3) was achieved using WALTZ modulation of a 1 kHz RF field. 

The HCACO experiment. The HCACO pulse scheme, shown in Fig. 3, correlates 
intraresidue Ha, Ca, and C’ chemical shifts. Denoting the Ha, Ca, and C’ spins by 1, 
A, and S, the effects of this pulse sequence can be described as 

A tl B 
I, - -2Z,A, --4A,Z,S,cos fitAt, sin g JAst, cos r JABt, - 

-4S,I,A, cos QAtl sin 7rJASt,cos vrJABt, 
t2 

- -4S,I,A,cos Qd, sin r JAstl 

C 
X cos rJ+,Bt, cos Qst2 -Z,cos &,t,sin 7rJASt,cos rJABtlcos Qst2, [5] 

where QA and Qs are the Ca and C’ chemical shifts, JAs is the Ca-C’ J coupling ( - 5 5 
Hz), and Jaa is the Ca-CD J coupling (-40 Hz). For simplicity, the effect of the 
15N-Ca coupling during the t, period has been neglected. As before, the phases cor- 
responding to the first step of the phase cycle (Fig. 3) are assumed. Expression [ 5 ] 
indicates that in the tl dimension both the active coupling, JAs, and the passive cou- 
pling, JAB, are present. Phasing the F1 dimension of the spectrum to the absorption 
mode would result in multiplet components that are opposite in phase, distributing 
the intensity associated with each Ha-&-C’ correlation over these two antiphase F1 
doublet components. In practice, we prefer phasing the F, dimension to the dispersive 
mode. As briefly discussed below, in cases where the couplings are not fully resolved 
this dispersive representation can be advantageous. In the HCACO experiment, the 
t, acquisition time is set to about 1 /( 2 JAB). In this case the sin 7r JAstl cos ?r Jd, time 
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FIG. 3. Pulse sequence for the HCACO experiment. Typical delay durations are 7 = 1.5 ms and A = 3 
ms. The power levels of the Ca and C’ pulses are adjusted such that during application of a Ca pulse minimal 
C’ excitation occurs, and vice versa. On a 500 MHz spectrometer, for a 120 ppm difference of the C’ and 
Ca carrier positions, this condition may be achieved by adjusting the RF field strengths to 3.9/N kHz (N 
= 1, 2, . .). In order to minimize the effects of homonuclear J modulation by the passive Cal-CD couplings 
during the intervals A, the RF field strength of the 180,” (C(Y) pulse may be reduced to 1.95 kHz. Note that 
because a change in power frequently also introduces a phase shift, it may be necessary to use the same low 
power level for the two 90,” and 90; CCX pulses immediately preceding and following the A intervals. The 
phase cycling employed is as follows: I#J, = x, -x; $Q = x; $13 = y, -y; 4.4 = 2(x), 2(-x); 45 = 4(-x); 4% 
= 8(x), 8(-x); Acq. = 2(x, -x, -x,x), 2(-x, x,x, -x). The phases & and &are incremented by 90” 
to generate complex data in the f, and fZ dimensions respectively. 

dependence in the t, dimension results in an envelope shape that is similar to that of 
a sine bell. Fourier transformation followed by phasing to the dispersive mode then 
yields a non-Lorentzian lineshape that resembles a singlet for which resolution en- 
hancement with a sine bell filtering function is used. As Eq. [ 5 ] indicates, the lineshapes 
in both the F2 and the F3 dimension are purely absorptive. 

The mechanism of the HCACO sequence is briefly outlined below. Magnetization 
originating on HCX is transferred to its directly attached CLY neighbor via an INEPT 
transfer. During the t, evolution period, Ca magnetization evolves under the effects 
of chemical shift as well as the G-C’ and Ca-CP J couplings. Ha-Ca J coupling is 
removed by the 180” ‘H pulse applied at the midpoint of tl . Simultaneous CCX and 
C’ 90” pulses applied at the end of the t, period result in a COSY-like transfer of 
magnetization from Ca! to C’ (and also to Cp). Carbonyl evolution proceeds during 
t2, while the net effects of ‘H-C’ and G-C couplings are removed by the ‘H and Ca 
180” pulses applied at the midpoint of t2. “N decoupling during t2 is accomplished 
by “N irradiation with a WALTZ-modulated 1 kHz RF field. At the end of the t2 
period C’ magnetization is transferred back to the Ccu spin. The CLY magnetization is 
at this point antiphase with respect to the C’ spin state. This antiphase magnetization 
refocuses during the following interval 2A. In order to minimize loss of magnetization 
due to relaxation and dephasing by coupling to the C/3 spin, 2A is set to - 1 /( 3 Jc,&, 
6 ms in practice. Also, to reduce dephasing due to Cay-C/3 coupling, the 180” Ca pulse 
applied at the midpoint of the interval 2A is semiselective; i.e., an RF field strength 
of -2 kHz is used for this pulse, resulting in good inversion of the Ca spins, but poor 
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inversion of most Cp resonances. This reduces the effects of homonuclear &-C/3 J 
modulation, increasing the overall sensitivity of the experiment. By using relatively 
low power for this 180” pulse, possible spurious Ha-&-C/3 correlations are attenuated. 
These spurious correlations, however, are most effectively removed by phase cycling 
of the phases &, &, &, and &, in a manner as indicated in the caption of Fig. 3. At 
the end of the interval, 2A, magnetization is transferred back from CLY to HOG via a 
reverse-INEPT sequence. Since the HCACO experiment detects Ha resonances during 
t3 and does not require the presence of amide protons, it is most easily conducted in 
DzO solution. The proton carrier is placed at the center of the Hoi region and the 
spectral width in the F3 dimension again is chosen to be quite narrow to save data 
storage space. 

The ‘H, Ccu, and C’ pulses are all generated by standard spectrometer electronics. 
The 13C transmit frequency is set at the center of the Ca region, and as in the HNCO 
experiment, the RF power level is adjusted such that a 90” Ca pulse has a null at the 
center of the carbonyl region. Carbonyl90” pulses are applied as DANTE-type pulses 
(30) using multiple repetitions of the cycle ~o~-~300~-8~~o~-8’~o~-~‘~~~-~~~~. For 
the case where 0 4 x, a single such cycle to a good approximation corresponds to a 
flip angle of 5.88, applied at an offset downfield from the carrier that equals the recip- 
rocal of the total duration of this cycle. The difference between the centers of the Ca 
and C’ regions is 12 1 ppm which on a 500 MHz spectrometer equals 15.2 kHz. Thus, 
by adjusting the duration of 0 to 10.96 ps, on-resonance irradiation of the C’ resonances 
can be accomplished without switching of the synthesizer frequency. Note that switch- 
ing of the synthesizer frequency from Ca! to C’ and back is undesirable because it 
causes problems in establishing the desired phase relationship between Ca pulses before 
and after the carbonyl pulse. The DANTE-type pulses have the advantage over an 
extra “homemade” third channel in that all phase shifting of the DANTE sequence 
can be accomplished with standard spectrometer software; the disadvantage is that it 
is difficult (although not impossible) to apply pairs of Ca and C’ pulses at exactly the 
same time. In our experiments, we use two repetitions of the above cycle for a 90” C’ 
pulse, with 6’ adjusted to 7.7”. 

“N decoupling is achieved with an additional synthesizer, using WALTZ modulation 
of a 1 -kHz “N RF field. 13C decoupling during data acquisition ( t3) is accomplished 
using GARP modulation (31) of a 4 kHz 13C RF field. 

The HCA(CO)N experiment. The HCA(CO)N experiment provides another source 
of sequential connectivity information by correlating Ha and Ca shifts of one amino 
acid with the “N shift of the succeeding residue. The pulse sequence of this experiment 
is shown in Fig. 4. Denoting the Ha, Ca, and C’ nuclei of one amino acid by I, A, 
and S and the 15N nucleus of the succeeding residue by N, the effects of the pulse 
sequence can be concisely described as 

A tl B 
Z, - -2Z,A, - -4A,Z&cos DAtl sin vr JAstl cos r JABtl - 

tl 

-8S,N,Z,A, cos CIAtlsin rJAstlcos rJABtl - -8SxN,ZzA,cos RAtI 

C 
X sin aJAstlcos aJ,&’ cos fl&- Z,cos QAtlsin aJAstlcos rJABtlcos Q&z, [6] 
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FIG. 4. Pulse scheme of the HCA( CO)N experiment. Typical delay durations are 7 = 1.5 ms, A = 3 ms, 
and 6 = 18-20 ms. The RF power level for the Cal and C’ pulses is adjusted in the same manner as that 
indicated in Fig. 3. The phase cycling employed is as follows: $, = X, -x; & = x; q$ = y, -y; & = 2(x), 
2(-x); 4s =4(x), 4(-x); $6 = 8(x), 8(y), 8(-x), 8(-y); Aw. =x, 2(-x),x, --x,2(x), 2(-x), 2(x), 
-x, x, 2(-x), x. The phases 42 and I$~ are incremented by 90” to generate complex data in the t, and tz 
dimension, respectively. 

where all symbols have the same meaning as in Eq. [ 51, and !& denotes the 15N 
chemical shift. Again, for simplicity the presence of the small Ca-N J coupling, JNCa, 
has been neglected in expression [ 61. Because 1/(2&-J is smaller than either the t, 
or the t2 acquisition period, the presence of this coupling results in a small nonresolvable 
broadening in the F, and F2 dimensions of the spectrum. 

The magnetization transfer pathway is very similar for both the HCACO and the 
HCA( CO)N sequences, with the exception that in the latter case magnetization trans- 
ferred to the C’ spin is subsequently transferred further to the 15N spin of the next 
residue. This is accomplished by including a period 6 x 0.3/JNc’ ( 18 ms) during 
which time the C’ magnetization becomes antiphase with respect to the directly attached 
r5N spin. The subsequent 90$ pulse generates two-spin “N-C’ coherence which evolves 
during t2. The C’ 180 ge pulse refocuses the effects of both C’ chemical shifts and the 
effects of C’-Ca J coupling so that the signal is t2-modulated by the 15N shift only. 
Note that C’-“N correlation part of the pulse sequence is completely analogous to 
the regular ‘H-detected heteronuclear multiple-quantum correlation (HMQC) exper- 
iment (26, 27). At the end of the t2 period, magnetization is transferred back to Ha 
by retracing the transfer steps discussed above. Because the presence of NH protons 
is not required in this type of experiment, it is most readily performed with samples 
in D20 solution. Note, however, that because of a substantial isotope effect the “N 
shift measured for a ‘5N-2H site is about 0.7 ppm upfield compared to the corre- 
sponding protonated nitrogen. 

Equation [ 61 indicates that the time-domain signal has the same t, envelope shape 
as in the HCACO experiment. As described above, we therefore prefer to phase the 
F, doublets to the antiphase dispersive mode, which gives rise to a peak shape that 
resembles a resolution-enhanced singlet. The lineshapes are purely absorptive in the 
F2 and F3 dimensions. 

Generation of the RF for the four types of spins is accomplished in the same manner 
as for the HCACO experiment, discussed above. 
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HARDWARE REQUIREMENTS FOR TRIPLE-RESONANCE 3D SPECTROSCOPY 

The 3D triple-resonance experiments discussed above put high demands on the 
flexibility of both spectrometer hardware and software. At present, only the most 
modern instruments may be able to execute these experiments without making some 
changes in the intrumental setup. Below, we briefly discuss the changes and additions 
made for our Bruker AM-500 spectrometer in order to facilitate execution of the new 
experiments. 

First, an efficient 5-mm triple-resonance probehead of the reverse-type geometry 
was purchased (Bruker) which contains two coils, the inside coil tuned to ‘H and 2H, 
the outside coil tuned to i3C and “N. 

Second, additional electronics is needed to generate the RF for the third (and fourth) 
channel. A scheme of the experimental setup used in the HNCA experiment is shown 
in Fig. 5. Most of the elements shown in this figure can be readily purchased from the 
instrument manufacturer or from other sources. In our case, the choice of components 
was determined largely by their price and by the fact that many elements already were 
available in our laboratory. For example, the linear class A power amplifiers used in 
the setup of Fig. 5 were previously used on a homebuilt solid-state NMR spectrometer. 

OWOFF ON/OFF 

ONJOFF 
CONTROL 

SYNMES!zER 
+ ccc 

PHASE SHIFTER Freq. 

‘%T 

ON/OFF 

FIG. 5. Hardware configuration for the HNCA experiment. The bandpass filters (BP), RF gates (G), 
CARP and WALTZ modulaters, and band-stop filters (BS), as well as the directional coupler (terminated 
by 50 tT) are all homebuilt. All amplifiers (AMP) are of the class A type with a maximum output power of 
20 W. The RF gates each use two fast RF switches (DOTY Electronics) and in the off-mode provide more 
than 70 dB attenuation. 
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External timer. An external homebuilt timing device is not shown in Fig. 5, but 
significantly decreases the recording time needed for 3D spectra on Bruker AM-type 
spectrometers. This device takes care of automatic incrementation of either the tl or 
the t2 evolution period of the 3D experiment, thereby greatly reducing the amount of 
overhead time normally needed each time t, or t2 is incremented. The timing device 
operates by interrupting the master clock (40 MHz) that is used by the Bruker pulse 
sequence controller. Interfacing this device to an AM-type spectrometer requires two 
TTL process controller output lines and does not require any soldering. The operation 
of pulse sequences that do not use this external timing device is not affected by its 
presence. Further technical information is available upon request. 

‘H channel. The spectrometer is configured to operate in the regular inverse mode, 
with a ‘H bandpass filter inserted between the ‘H preamplifier and the probe to prevent 
any of the low-y RF power from leaking into the ‘H receiver. 

X channel. The RF pulses for the nucleus that requires most extensive phase cycling 
( 15N for the HNCA experiment) are usually generated by the X channel of the spec- 
trometer, the standard channel present on spectrometers suitable for inverse experi- 
ments. This channel has full phase-cycling capabilities and is under standard spec- 
trometer control. Our spectrometer is not equipped with the option for fast power 
level switching of the X channel. Instead, we use some relatively inexpensive com- 
ponents to achieve this power level switching. First, the low-power output of the X 
channel ( - 1 W) is fed through a toggle switch attenuator and an appropriate bandpass 
filter. The subsequent power level control (Fig. 5 ) consists of two high-speed RF 
switches (DOTY Scientific) that route the RF either straight through or via a second 
toggle switch attenuator. Both RF switches are controlled by a single TTL level gen- 
erated in the pulse program. After this switchable power level control, the RF is routed 
through a homebuilt module that generates the GARP modulation. Subsequently, the 
RF is amplified by a 20 W linear class A amplifier (ENI, Rochester, New York) and 
filtered through a low-pass (~250 MHz) filter, a 2H band-stop filter, and an X-nucleus 
bandpass filter, before entering the probehead. The attenuator before the power level 
switch is manually adjusted such that, with the level switch in the high-power mode, 
the desired high-power RF level is obtained. This power level then can be attenuated 
under pulse program control by routing the RF through an additional attenuator 
( -6-12 dB), using the level switch. 

GY channel. The Ca frequency is derived from a synthesizer (PTS-300) that is 
phase-locked to the 10 MHz spectrometer master clock. The synthesizer output is 
routed through a toggle switch attenuator, an RF gate that is driven by a TTL level 
under pulse program control, into a linear 20 W class A amplifier (ENI). The amplifier 
output goes through the direct path of a directional coupler, via a 13C bandpass and 
a low-pass (~250 MHz) filter to the probe. The synthesizer is equipped with a digital 
phase shifter. Phase cycling of the Ca! channel under pulse program control can be 
quite cumbersome without the presence of an additional interface (24). In our case, 
we use a very simple control box to generate the desired phase cycling. This control 
box essentially consists of a four-step counter and its output (0, 1, 2, or 3 ) determines 
the phase of the Ca! pulse (x, y, -x, or -v). The counter is advanced under pulse 
program control and the requested phase shift is only applied if the phase-enable TTL 
level is high. When both the step and enable levels are high, the counter is reset. This 
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simple control unit permits the execution of quite complex phase cycles in a straight- 
forward manner. 

C’ channel. The RF needed for the C’ decoupling is generated by a second synthesizer, 
also phase-locked to the 10 MHz master clock. Its output is attenuated, gated, and 
sent through a homebuilt WALTZ modulator unit. Only a very weak RF field ( - 500 
Hz) is needed to decouple the narrow C’ region ( - 10 ppm) from the Ca resonances. 
The required power level ( -0.2 W) is obtained by amplifying the WALTZ modulator 
output to a level of about 2 W, before sending it through the coupling port of a 
homebuilt directional coupler to the probe (Fig. 5 ) . 

Controlling all the hardware shown in Fig. 5 requires six TTL levels accessible under 
pulse program control. In addition, we use two TTL levels for the external timer, 
discussed above. On our spectrometer system, rearrangement of the devices discussed 
above provides sufficient flexibility for execution of all 3D triple-resonance experiments 
described in this paper. 

RESULTS AND DISCUSSION 

Below, the effectiveness of the 3D triple-resonance pulse schemes is demonstrated 
for the protein calmodulin ( 16.7 kDa), uniformly (>95%) enriched with 13C and “N. 
All experiments were carried out at 47°C on a Bruker AM-500 spectrometer, modified 
as described above. Two samples were used: the HNCO and the HNCA experiments 
were carried out on a sample containing 1.5 mM calmodulin complexed with Ca2+ 
(6.2 mM) in a 93:7 H20:Dz0 mixture, pH 6.3, 100 mA4 KCI. The HCACO and 
HCA(CO)N experiments were carried out on a sample containing 0.98 mM cal- 
modulin (4.1 mM Ca2+) in 99.9% D20, p2H 6.3, 1OOmM KCl. All 3D spectra were 
recorded with sequential quadrature detection during the detection period (Bruker 
mode). In the ti and t2 dimensions, complex data were acquired in a manner (34) 
that combines the advantages of the TPPI method (35)) which yields axial peaks at 
the edge of the spectrum, with the favorable folding properties of the hypercomplex 
method of data acquisition (36). 3D data sets were processed in two steps. First, for 
processing in the t, dimension, routines previously developed in our laboratory (30) 
were used. Subsequently, commercially available software (NMRi, Syracuse, New 
York) was used to process data in the t2 and t3 dimensions. 

Figure 6A shows the most crowded region of the NH-C’ 2D correlation spectrum, 
recorded with the pulse scheme of Fig. 1, but keeping the duration of the 15N evolution 
period fixed at 2 ps. The spectrum corresponds to the projection of the 3D spectrum 
onto the ( F2, F3) plane. As can be seen in the spectrum of Fig. 6A, the 2D spectrum 
yields a significant number of overlapping correlations. Even more important, for only 
a small number of NH resonances that do not overlap in the ID ‘H spectrum can the 
i5N frequency that corresponds to a particular correlation in the 2D spectrum be 
obtained (from a ‘H- “N shift correlation spectrum). Figures 6B and 6C show slices 
of the 3D HNCO spectrum, taken at F, ( “N) chemical shifts of 123.6 and 119.7 ppm, 
respectively. The F, linewidth is about 0.5 ppm, so that only NH-C’ correlations are 
present for amides that resonate within +0.3 ppm from the 15N chemical-shift value 
where the F2 slice is selected. Clearly, the overlap present in the 2D spectrum is removed 
almost completely, and for each NH-C’ correlation the “N shift is now available. 
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HNCO 

FIG. 6. (A) Section of the 2D NH-C’ correlation spectrum of calmodulin, recorded with the pulse scheme 
of Fig. I but leaving the t, evolution time in this pulse scheme fixed at 2 ps. Apart from higher digital 
resolution in the C’ dimension, this 2D spectrum corresponds to the projection onto the ( Fz, Fj) plane of 
the 3D HNCO spectrum. Correlations for side chains of Asn and Gin residues are marked by arrows. (B, 
C) Sections from (&, F3) slices of the HNCO 3D spectrum, taken at F, ( 15N) chemical shifts of 123.6 and 
I 19.7 ppm. The 3D spectrum results from a (32 complex) X (64 complex) X (5 12 real) data matrix (4 

Mword), with acquisition times of 30 (t,), 46 ( tz), and 64 ( t3) ms. After zero filling the digital resolution 
is 17 (F,, “N), 5.4 (F2, C’), and 8 Hz (Fx, NH). The 16-step phase cycle was repeated four times to obtain 
complex data in both the t, and the t2 dimensions, resulting in 128 scans per hypercomplex (t,, t2) pair. 
Using a 1.16 s delay between scans, the total measuring time was 46 h. The delay T was 1.5 ms, and 6 was 
set to 18 ms. Baseline correction in the t3 dimension of the time-domain data was used to reduce the intensity 
of the residual HZ0 signal (40); no frequency-domain baseline correction or any other cosmetic procedures 
were used. Weak resonances due to proteolytic degradation and partial ( - 15%) deamidation of Gln and 
Asn residues are marked x. Resonances from proteolytic cleavage products are easily recognized because 
their intensity increases with the age of the sample. 

Recording of the 2D correlation spectrum took about 4 h; recording the 3D spectrum 
required 43 h. Note, however, that the signal-to-noise ratio of the 3D spectrum is 
significantly better than for the 2D spectrum; as for most other 3D experiments, the 
measuring time is dictated by the minimum number of scans ( 16 or 32) needed per 
(t, , t2) value for phase cycling. Typically, for all triple-resonance experiments discussed 
here, we record a fast 2D spectrum to verify the correct hardware configuration before 
starting the 3D experiment. 

The HNCO experiment also provides correlations for the side chains of the Asn 
and Gln residues. Because NH2 resonances can be easily distinguished from NH res- 
onances (37, 38)) the presence of these additional connectivities does not present any 
problem. Side chain resonances that fall within the spectral region shown in Fig. 6A 
have been marked. 

A ( F2, Fx) slice of the HNCA spectrum is presented in Fig. 7, showing the correlations 
between NH protons and CLY carbons. The intense correlations correspond to the 
intraresidue connectivities. Weaker correlations are observed via the two-bond inter- 
residue “N-Ca J coupling, providing sequential connectivity information. Unfor- 
tunately, this type of intraresidue correlation is observed for only about 55% of the 
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FIG. 7. Part of an ( Fz F3) slice of the HNCA 3D spectrum, taken at an F, (“N) chemical shift of I 16.4 
ppm, displaying intense intraresidue NH-G correlations and weaker correlations between NH and the Cot 
resonance of its preceding residue. The 3D spectrum results from a (32 complex) X (64 complex) X (5 12 
real) data matrix (4 Mword), with acquisition times of 30 (t,), 14.8 (f2), and 64 (tj) ms. After zero filling, 
the digital resolution is I7 (F, , 15N), 17 (Fz, Cal), and 8 Hz (Fx, NH). The total measuring time was 43 
h. The delay T was 1.5 ms and 6 was set to 33 ms. No baseline correction was used during data processing. 

residues in calmodulin; for the remainder 2 J N,Ca is too small to yield observable cor- 
relations. Note that the resonance intensity of correlations via these small couplings 
shows a nearly quadratic dependence on 2 J N, ca (Eq. [ 41). A preliminary analysis of 
the HNCA 3D spectra recorded for calmodulin and for the protein interleukin-l/3 
(39) does not show any obvious correlation between the intensity of the two-bond 
correlation and the protein backbone conformation. 

In the HNCA spectrum, we also observe a number of H-N-CT and H-N-Q con- 
nectivities for the side chains of Gln and Asn residues. These correlations result from 
the two-bond JN,cI and JN,ca couplings and are relatively weak. 

Figure 8 shows a typical slice taken from the HCACO spectrum, displaying intra- 
residue correlations between Her resonances and carbonyl carbons for residues with 
a Ca shift of 55.8 * 0.5 ppm. Because the resonance dispersion of both Har and Cot 
is relatively poor (compared to their linewidth), and because the lineshape in the F, 
dimension is not absorptive, some overlap of resonances is also present in this type 
of 3D spectrum. For example, in the slice shown in Fig. 8, the correlations for Gln-3 
and Lys- 115 overlap to an extent where it is not easy to identify accurately their (PI , 
F2, F3) coordinates in an automated manner. The C’ chemical shifts measured from 
the HCACO spectrum are matched with the C’ chemical shifts measured with the 
HNCO experiment (after correcting for a small -0.08 ppm 2H isotope effect), thus 
providing sequential connectivity information. 
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FIG. 8. Part of an (Fz, Fx) slice of the HCACO 3D spectrum, taken at an F, (Co) chemical shift of 55.8 
ppm, displaying intraresidue Ha-C’ correlations. The 3D spectrum results from a (32 complex) X (64 
complex) X (512 real) data matrix (4 Mword), with acquisition times of 11.5 (t,), 46 (f2), and 64 (t3) ms. 
After zero filling, the digital resolution is 43 ( F1, Ca), 11 (Fz, C’), and 8 Hz (Fx, Ha). Because of the 
relatively short Ha longitudinal relaxation time ( -0.7 s) a short 0.75 s relaxation delay was used, resulting 
in a total measuring time of 32 h. The delay 7 was 1.5 ms, and A was set to 3 ms. No baseline correction 
was used during data processing. 

In addition to the correlations to the backbone carbonyl resonances, the HCACO 
spectrum also yields correlations between the side chain carbonyl resonance of Asp, 
Asn, Glu, and Gln residues, and the adjacent methylene resonances. Because the 
methylene carbons resonate between 32 and 39 ppm, well upfield from the Ccz region, 
they are only weakly excited by the semiselective 180” Ca pulse, applied at the midpoint 
of the interval 2A in the pulse scheme of Fig. 3. Thus, the correlations observed for 
side chain carbonyls in the HCACO experiment are much weaker than the correlations 
to the backbone carbonyl resonances. Moreover, because the methylene protons usually 
resonate well upfield from the HCI protons, the presence of these additional correlations 
does not pose any problems. 

Finally, Fig. 9 shows a slice taken from the HCA( CO)N relay spectrum, displaying 
connectivity between the Ha resonances of residues with a Ca shift of 55.8 1- 0.5 ppm 
and the “N shift of the succeeding residue. This slice corresponds to the same Ca 
shift as the slice of Fig. 8. Therefore, correlations for the same residues are observed, 
with the exception of Met-145 for which the correlation falls outside the spectral 
window shown ( 15N of Thr-146 resonates at 110.0 ppm). Matching the “N shifts 
observed in the HCA(CO)N spectrum with the r5N shifts measured in the HNCA 
and HNCO) spectra provides anothersource of sequential connectivity. Note that the 
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FIG. 9. Part of an ( F2, F3) slice of the HCA (CO)N 3D spectrum, taken at an F, (Cal) chemical shift of 
55.8 ppm, displaying interresidue Hol-15N correlations. The 3D spectrum results from a (32 complex) 
X (32 complex) X (512 real) data matrix (2 Mword), with acquisition times of 11.5 (to, 30 (fz), and 64 
(ts) ms. After zero filling, the digital resolution is 43 (F,, Cay), 17 (F2, 15N), and 8 Hz (F,, Hoi). A 0.75 s 
relaxation delay was used, resulting in a total measuring time of 32 h. The delay 7 was 1.5 ms, A was set to 
18 ms, and A was set to 3 ms. No baseline correction was used during data processing. 

“N shifts measured in D20 and HZ0 samples differ substantially ( -0.7 ppm) because 
of the 2H isotope effect. 

As demonstrated elsewhere ( Z7), the four new experiments together with the pre- 
viously described “N HOHAHA-HMQC 3D experiment provide sufficient information 
to obtain complete ‘H, 13C, and *‘N assignments, without relying on NOE information. 
Therefore, these methods make it possible to obtain complete sequential assignments 
in a manner that is largely independent of the protein backbone conformation. 

The methods described above clearly can generate high-quality 3D spectra for low 
concentrations ( - 1 mM) of relatively large proteins. The sensitivity of the methods 
is high because all magnetization transfer steps occur via J couplings that, with the 
exception of 2 JN,cu, are well resolved for proteins with correlation times shorter than 
- 10 ns. When the correlation time is increased to about 15 ns, corresponding to a 
-25 kDa globular monomeric protein at 30°C the “N linewidth becomes comparable 
to the ’ JN, ca coupling, rapidly decreasing the sensitivity of the HNCA experiment. 
At a correlation time of -20 ns, the “N linewidth becomes comparable with the 
’ JN,cr coupling, reducing the sensitivity of the HNCO experiment. Of the two remaining 
experiments, the HCA (CO) N relay experiment has lower intrinsic sensitivity compared 
to HCACO, because of the two relay steps involved in the transfer of magnetization 
from C’ to “N and back. The sensitivity of both experiments is expected to decrease 
rapidly for correlation times larger than -20 ns. Note that for high sensitivity the CCX 
linewidth must be narrow compared to ’ Jca,cf ( - 55 Hz), and the C’ linewidth must 
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be small relative to lJct,N ( - 15 Hz). As pointed out before, in addition to the new 
triple-resonance experiments, the 15N HOHAHA-HMQC experiment is needed for 
determining the intraresidue connectivity patterns. The effectiveness of this experiment 
depends on the NH-Ha Jcoupling and on the NH and Ha linewidths. For calmodulin, 
all nonexchanging amide protons showed an observable correlation despite the fact 
that nearly half the NH-Ha couplings are 5 Hz or smaller. However, for correlation 
times larger than - 10 ns it is expected that many of the NH-Ha correlations arising 
from J couplings smaller than 5 Hz will become vanishingly weak. It therefore may 
be expected that the assignment approach based on the methods described above will 
be applicable for proteins up to about 20 kDa. For larger proteins, the sensitivity of 
some of the 3D experiments will decrease rapidly, requiring longer measuring times, 
higher sample concentrations, or additional methods such as 3D NOESY or selective 
labeling to complete the assignment process. 

Although recording of five 3D spectra at first sight may appear laborious, it should 
be noted that all spectra can be recorded in a total of less than 10 days. The data 
matrix sizes can all be relatively small, 2-8 Mword, depending on the type of exper- 
iment. Data processing and storage therefore do not impose any unusual problems. 
Because of the low level of resonance overlap in the 3D spectra, much of the 3D peak 
picking can be done in a fully automated manner. Automated analysis of the resulting 
resonance coordinate tables obtained for each 3D spectrum is then quite straightforward 
( Z7), thus dramatically reducing the amount of human intelligence (! ) and labor 
required in the assignment process. 
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Note added in proof Recent experiments indicate that the sensitivity of both the intra- and especially the 
interresidue HNCA correlations can be improved by setting the delay d to 22 ms instead of 33 ms. Under 
these conditions, nearly all interresidue HNCA correlations were observed. 
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