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Assignment of side-chain resonances is an essential component of the determination 
of protein structures by NMR methods. For small proteins with molecular weights 
less than approximately 10 kDa, side-chain assignment is achieved through the use of 
homonuclear Hartmann-Hahn/TOCSY (I, 2) and COSY (3) spectroscopy. These 
techniques rely on magnetization transfer via ‘H-‘H scalar couplings. For proteins 
with molecular weights in excess of - 10 kDa, ‘H linewidths are often significantly 
larger than the ‘H-‘H scalar couplings, which greatly decreases the applicability of 
these methods. The recently introduced HCCH-COSY (4), CCH-TOCSY (5), and 
HCCH-TOCSY (6) experiments transfer magnetization via the large (35-40 Hz) 
one-bond 13C-13C couplings. The transfer efficiency of magnetization in these exper- 
iments is superior to that of the transfer in experiments relying on ‘H couplings since 
homonuclear 13C-13C couplings are much larger than the corresponding ‘H couplings. 
In addition, by extending the dimensionality of these experiments to three, the reso- 
lution is greatly improved and assignment of side-chain ‘H and 13C resonances in 
proteins with molecular weights as large as 20 kDa is possible ( 7, 8). 

Despite the tremendous improvements in sensitivity and resolution that the HCCH- 
COSY and HCCH-TOCSY experiments provide, overlap of resonances may still occur, 
especially for cross peaks originating from structurally similar residues. For example, 
despite the relatively small size of the protein Drosophila calmodulin ( 148 amino 
acids), the large number of aspartic acid and glutamic acid residues ( 16 aspartic acids 
and 20 glutamic acids) and the existence of four highly homologous structural motifs 
in the protein complicate the side-chain assignment for these residues. In this situation, 
it would be useful to separate COSY and TOCSY side-chain connectivities by an 
alternate chemical shift, such as the carbonyl shift. Then, in residues with degenerate 
Hoi and Ca! chemical shifts but nondegenerate carbonyl (C’) chemical shifts, it would 
be straightforward to assign side-chain resonances in data sets where side-chain con- 
nectivities were separated by carbonyl shifts. In addition, automated assignment pro- 
cedures would be more applicable. 

In this Communication we present a number of experiments for correlating side- 
chain resonances which use the carbonyl shift to separate correlations. The first two 
experiments, termed HCACO-COSY and HCACO-TOCSY, provide correlations be- 
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tween Ha protons and protons on the same side chain. The third dimension in these 
experiments encodes the intraresidue carbonyl chemical shift. Briefly, magnetization 
originating on the Ha proton is transferred to the carbonyl spin via the intervening 
CCX spin in a manner identical to the transfer scheme of the HCACO experiment (9). 
The C’ chemical shift is recorded and magnetization returned to the Ca carbon. Sub- 
sequently magnetization is transferred along the side chain in either a COSY or TOCSY 
manner. Side-chain proton magnetization is detected during acquisition. The third 
experiment which we present, the HCACO-CBHB experiment, correlates C’, C/3 (Ccu ) , 
and HP (Ha) chemical shifts and is closely related to the HCACO-COSY scheme. 

The pulse sequences for the HCACO-TOCSY, HCACO-COSY, and HCACO- 
CBHB experiments are illustrated in Figs. 1 a- 1 c, respectively. Since the magnetization- 
transfer steps in all of the pulse schemes are quite similar it suffices to consider an in- 
depth description of only one of the sequences. In what follows, a product-operator 
description of the HCACO-CBHB experiment is provided. For clarity, only those 
terms that contribute to observable magnetization are indicated, the effects of relaxation 
are neglected, constant multiplicative factors preceding the terms of interest are omitted, 
and the phases of all of the pulses are indicated in the first step of the phase cycle 
described in the legend to Fig. 1. The spin operators used are I and S for Ha and Ca 
spins, I’ and S’ for H/3 and CD spins, and C’ for the carbonyl spin. The effects of 
multiple-bond couplings are ignored and it is assumed that only a single HCY spin is 
attached to spin S. 

The longitudinal magnetization at time a is described by an operator of the form 
pa = I,. Proton magnetization is allowed to evolve during 27, and is transferred in an 
INEPT-type manner (10) to the Ca spin. At time b, the relevant density operator is 

pb = ~&sin( 2?T&r,), [II 
where JIs is the one-bond ‘H-13C coupling. Magnetization on the Ca spin, which is 
antiphase with respect to the directly coupled Ha spin, is refocused during 71, and 
subsequent evolution due to ‘H-13C couplings eliminated by the application of 
WALTZ- 16 decoupling ( 1 I ) on the proton channel. The use of coherent decoupling 
schemes, such as WALTZ, to maintain in-phase carbon magnetization is preferable 
over schemes which refocus the effects of ‘H-13C scalar couplings with 180” pulses 
since in macromolecules the relaxation time of the in-phase component of magneti- 
zation, ,S&), is significantly longer than the relaxation time of the antiphase mag- 
netization component, ScX,y) I (12-14). Ca magnetization dephases due to the Ca- z 
C’ scalar coupling during the period 271, so that at time c, pc is given by 

PC = s,C:Sin(2?rJ,,~T,)COS(2~JSS~7b), PI 

where Jscf and Jsst are the G-C and the Ccu-C/3 scalar coupling constants, respec- 
tively, and it is assumed that Tb = 1 /( 2 Jls). Note that the factors associated with &, 
have not been carried forward. Carbonyl and Ca pulses are adjusted so that the ap- 
plication of Ca! pulses produces minimal effects in the carbonyl region of the spectrum 
and vice versa ( 9). Simultaneous application of 90” Ca and C’ pulses at time d yields 

&j = L&c;. 131 
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FIG. 1. (a) Pulse scheme of the HCACO-TOCSY experiment. All narrow pulses have a Sip angle of 90” 
with wider pulses having a flip angle of 180”. Pulses for which the phases are not indicated are applied along 
the x axis. All Ccl 90” pulses., prior to the homospoil pulse (hsp) and all C’ 90” and 180” pulses are adjusted 
to satisfy the condition that Y, = (a~)/!%, where AV is the offset between the centers of the Co and the C’ 
regions of the carbon spectrum ( - 15.6 kHz for a 500 MHz spectrometer) and V, is the RF field strength 
of the Ca or C’ pulse. In contrast, Co 180” pulses are applied at a field strength satisfying the condition u, 
= ( Av)/ fi. For these strengths of RF fields application of Ca pulses produces minimal effects in the carbonyl 
region of the carbon spectrum and vice versa. Carbon pulses applied prior to the hsp period are centered at 
54 ppm, the middle of the Ca spectral region. For the application of successive carbon pulses it is advantageous 
to move the transmitter frequency midway between the Co and Cfi regions of the spectrum. Since the 
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Carbonyl magnetization evolves for a period ti and the effects of “N-C’ and G-C’ 
couplings are refocused by the simultaneous application of 15N and Ca 180” pulses 
in the center of the t, evolution period. Application of a 90” C’ pulse yields at time e 
an operator of the form 

pe = s,c:c0s(w~~l’), [41 

where wcl is the Larrnor frequency of spin C’. All carbon pulses applied to this point 
have been centered at 54 ppm, the middle of the Ca spectral region. For the application 
of successive carbon pulses it is advantageous to move the transmitter frequency mid- 
way between the Ca and C/3 regions of the spectrum. In addition to jumping the 
carbon frequency, a homospoil pulse of duration 5-10 ms is applied to aid in the 
removal of magnetization originating from unwanted coherence-transfer pathways. 
At time f the density operator is given by 

pf = s,c:. 151 
Subsequently, Ca magnetization is transferred to the C/3 spin in a COSY-type manner 
so that at time g the density operator is given by 

pg = s,s~sin(2?rJsc/7,)sin(2aJss/Td). [61 

synthesizer used for the application of carbon pulses on our spectrometer does not maintain a constant 
phase during a frequency jump, “C magnetization is transferred to the z axis prior to changing the frequency. 
Subsequently all carbon pulses are centered at 43 ppm and applied with a field strength of 7.8 kHz. A DIPSI- 
3 mixing scheme ( 17) is employed, preceded by a 2 ms trim pulse. The delays used are T, = 1.8 ms, rt, = 
3.6 ms, 2~~ = 0.3/L-n = 2.1 ms. Prior to low-power decoupling (2.3 kHz field), a high-power 90: 90& 
pulse pair is applied in a manner described previously (18). The phase cycle used is 4, = x; & = 16(x), 
16(-x); +3 = 2(x), 2(-x); qi4 = 4(x), 4(-x); & =x, -x; C#J~ = 8(x), 8(-x); c#J,, = 2(x), 2(-x); & = 
8(x), 8(-x); & = 4(x), 4(-x); &, = 4(x), 4(-x); Ret = x, 2(-x), X, -x, 2(x), -x. Quadrature in 
1, and tz is obtained using the States-TPPI method (19), incrementing the phases 4, and 4s. (b) Pulse 
scheme of the HCACO-COSY experiment. Prior to low-power decoupling (2.3 kHz field), a high-power 
90: 90,0,, pulse pair is applied (18). The “Ca 90” pulses and the “C’ 90” and 180” pulses are applied with 
a field strength Y, = ( Av)/ fi while the “Ca 180” pulses are applied at a field strength vi = ( Av)/ fi. “Ca 
pulses are applied with the carbon transmitter at 54 ppm while “G/j3 pulses are centered at 43 ppm. 
Carbonyl decoupling is applied using the shaped decoupling sequence, SEDUCE-l (20). A 600 Hz SEDUCE- 
1 decoupling field is applied. The delays used are r, = 1.8 ms, rb = 3.6 ms, 7, = 4.3 ms, 74 = 4.8 ms, 7, = 
1.1 ms, and or = 3.6 ms. The phase cycling used is as follows: #J, = x; & = 16(x), 16(-x); ti3 = 2(x), 
2(-x); $4 = 4(x), 4(-x); 6s = x, -x; & = 8(x), 8(-x); 4, = 2(x), 2(-x); $8 = 8(x), 8(-x); & = 
16(x), 16(-x); @,,, = 4(x), 4(-x); $I,, = 4(x), 4(-x); Ret = x, 2(-x),x, -x, 2(x), -x. Quadrature 
in t, and t2 is obtained using the States-TPPI method (19), incrementing the phases Cp, and &. (c) Pulse 
scheme of the HCACO-CBHB experiment. Prior to low-power decoupling (2.3 kHz field), a high-power 
90,” 90& pulse is applied (18). All details are identical to those of the HCACO-COSY experiment with the 
exceptionthatthephasecycleusedis~,=4(x),4(-x);~,=x,-x;~3=8(x),8(-x);~,=2(x),2(-x); 
4s = 16(x), 16(-x); & = 16(x), 16(-x); $7 = 8(x), 8(-x); $8 = x; 4~9 = 4(x), 4(-x); $,,, = 4(x), 
4(-x); Ret = x, 2(-x), x, -x, 2(x), -x. Quadrature in t, and t2 is obtained using the States-TPPI 
method (I 9), incrementing the phases & and &,. In the present implementation of this experiment and 
the HCACO-COSY experiment, a delay equal to the duration of the C’ 180” pulse is inserted between the 
Ccy/p pulses & and & (HCACO-CBHB) or & and & (HCACO-COSY) in order to compensate for Cu 
chemical-shift evolution during application of the C’ 180” pulse (between f and g). Alternatively, an additional 
C’ 180” pulse can be inserted immediately before application of the pulses of phase & (HCACO-CBHB) 
or &, ( HCACO-COSY) to negate the phase error caused by the Bloch-Siegert shift (21) present during the 
first C’ 180” pulse and increase the sensitivity of the experiments. 
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Note that during the interval between points f and g, CLY magnetization dephases with 
respect to the attached CD spin as it rephases with respect to the C’ spin. Refocusing 
of the 13C-13C coupling and simultaneous dephasing due to the ‘H-13C coupling occur 
during 27r so that at time h, 

[71 

where Js’x denotes the scalar coupling constant between spin S’ (C/3) and a carbon 
K (K # S), ws’ is the Larmor frequency of spin S’, the effects of multiple-bond 13C- 
i5N couplings are neglected, and A is given by (15) 

A = sin(2nJ1st7,), for methines, 

A = sin(2nJ,,~7,)cos(2?~~~s~~~ ), for methylenes, 

A = 0.25 { sin(2nJ1tsrr,) + sin(67rJistT,)}, for methyls. [81 
The number of pulses is minimized by concatenation in a manner described previously 
( 16). Finally, immediately before acquisition, the magnetization is given by 

p = k! COS(W,~t,)COS(WS~t,)Sin(2n~~ST,)Sin(2?r~~,~T.)sin(2a~~~Th)COS(2?r~SS’T~) 

X sin(271-&!T,)sin(2?rJssrTd)sin(2?rJss!Tr) n cos(2a.&‘xTf), [9] 

where all the previously omitted trigonometric factors have been included. Fourier 
transformation of the data yields peaks at coordinates ( wc’, wst, ~~3). In addition, 
peaks are found at coordinates (wc, ws, or) since not all magnetization is transferred 
from Ca to Co during the COSY transfer. Thus, in addition to providing the HP and 
C/3 coordinates separated by the C’ chemical shift, this experiment also yields (C’, Ca, 
Hcu) correlations in an analogous manner to the HCACO experiment (9). 

Equation [ 9 ] indicates that carbonyl editing of side-chain COSY connectivities 
results in a sensitivity loss of a factor of 2-2.5 relative to that of the HCCH-COSY 
experiment for application to proteins the size of calmodulin. This sensitivity loss is 
kept at a minimum, in large part, due to the simultaneous refocusing and defocusing 
of scalar coupling interactions that occur during the course of the sequences. For 
example, in both the HCACO-COSY and the HCACO-CBHB experiments, Ca mag- 
netization is refocused with respect to C’ spins as it dephases with respect to C/3 spins 
prior to COSY transfer of magnetization to the C@ carbon. Unfortunately, the sensitivity 
of the HCACO-TOCSY experiment is reduced further since this experiment requires 
that Ca magnetization be refocused with respect to the coupled carbonyl spin prior 
to allowing the transfer of magnetization to side-chain carbons to occur via the TOCSY 
portion of the sequence. Nevertheless, as we shall illustrate below, the sensitivity of 
each of the experiments is sufficiently good for application to proteins at least as large 
as calmodulin. 

The sequences described are illustrated on a 1.5 mM sample of “N, 13C-labeled 
calmodulin from Xenopus luevis, complexed with 4 M equivalents of calcium, 0.1 M 
KCl, pD = 6.3, and dissolved in 0.5 ml DzO. Experiments were performed on a Varian 
UNITY-500 spectrometer at 37°C. The size of each of the acquired data matrices for 
the HCACO-TOCSY and the HCACO-COSY experiments was 64 X 32 X 5 12 (Ha, 
C’, JWPI Y - * + ) , where all numbers correspond to complex points and the acquisition 
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FIG. 2. Sections of slices from the HCACO-COSY (top) and HCACO-TOCSY (middle) (F, /F,) and 
HCACO-CBHB (bottom) ( F2/F3) spectra of a 1.5 mM solution of Xenopus luevis calmodulin, recorded 
at 500 MHz, 37”C, pD = 6.8. Slices are at a carbonyl shift of 181.0 ppm (A) and 175.7 ppm (B). The 
HCACO-TOCSY and HCACO-COSY spectra were recorded as 64 X 32 X 512 complex data matrices. 
After zero-filling and Fourier transformation the matrix size of the absorptive part of the final 3D spectra 
was 128 X 64 X 1024. For the HCACO-CBHB experiment a data matrix of 48 X 32 X 5 12 was obtained. 
Linear prediction (22) was employed to extend the time-domain data in the tz dimension to 64 complex 
points. The absorptive part of the final 3D spectrum was 128 X 128 X 1024. Note that the (C’, C/3, Ho) 
cross peaks for A46 and A103 are folded. The data sets were processed using a combination of NMRi 
software (New Methods Research, Syracuse, New York) and software developed in house. 

times were 32.0 ms (tl), 21.3 ms (t2), and 85.0 ms (t3). In the case of the data set 
recorded with the HCACO-CBHB sequence, a matrix of 48 X 32 X 512 complex 
points (C’, Ca/& Ha/@) was collected and the acquisition times were 32.0 ms (t,), 
7.1 ms ( tz), and 85.0 ms ( t3). A 32-step phase cycle was employed for each experiment 
with a delay of 0.8 s between scans, giving rise to a total measuring time of - 75 hours 
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FlG. 3. Sections of the F2/F3 slices from the HCACO-CBHB spectrum of Xenopus laevis calmodulin at 
F, ( “C) = 176.8 and 175.7 ppm. Although the Ha, Cq and C@ chemical shifts of residues D2 and D80 are 
within 0.05 and 0.40 ppm for the proton and carbon shifts, respectively, it is still possible to obtain accurate 
side-chain chemical shifts for these residues since their carbonyl chemical shifts are 1.1 ppm apart. 

for the HCACO-TOCSY and HCACO-COSY data sets and -55 hours for the 
HCACO-CBHB data set. 

Figure 2 illustrates the quality of the data obtained from the various experiments 
discussed above. Slices taken at carbonyl chemical shifts of 18 1 .O ppm (Fig. 2A) and 
175.7 ppm (Fig. 2B) are presented. Slices from the HCACO-COSY (HCACO- 
TOCSY) spectrum have the same appearance as slices from the HCCH-COSY 
(HCCH-TOCSY) spectrum, while slices from the HCACO-CBHB spectrum have a 
‘H-13C HMQC-type appearance. Note that in order to increase the resolution in the 
C/3 dimension of the HCACO-CBHB experiment, a spectral width of f 18 ppm was 
chosen in this dimension. This results in the folding of some of the cross peaks, such 
as those linking the (C’, Co, H/3) shifts of alanine residues. As with the HCCH- 
TOCSY experiment, the sensitivity of the HCACO-TOCSY experiment is sufficiently 
high that magnetization originating on the Ca carbon of lysine residues (K148 and 
K115 in Fig. 2) is relayed down the side chain to the Cc carbon. Figure 2B shows that 
despite the fact that the Ha and Ca chemical shifts of residues 43, El 14, and Kl15 
overlap, it is straightforward to separate the Ho resonances of the different residues 
in the slice from the HCACO-CBHB spectrum at 175.7 ppm. 

Figure 3 shows portions of slices at carbonyl chemical shifts of 176.8 and 175.7 
ppm. Although the differences in Ha, Ca, and Cp chemical shifts for residues D2 and 
D80 are less than 0.05,0.40, and 0.40 ppm, respectively, it is straightforward to dis- 
tinguish the side-chain chemical shifts of each residue since their carbonyl chemical 
shifts are distinct. The accuracy of the determination of the Cfi and Ho shifts from 
the HCCH-COSY and HCCH-TOCSY experiments is compromised as a result of 
the extensive overlap. In fact, based on analysis of the HCCH-COSY and HCCH- 
TOCSY spectra of calmodulin, the HB chemical shifts of D2 and D80 were previously 
thought to be degenerate (8). A close inspection of Fig. 3 yields more accurate C/3 
and H/3 chemical shifts for both D2 and D80. In the case of calmodulin there are 15 
pairs of residues that could be identified from the amino acids aspartic acid, glutamic 
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acid, asparagine, glutamine, and methionine, for which the differences in Ha, Ca, 
and C/3 chemical shifts are less than 0.05, 0.40, and 0.40 ppm, respectively (8). In 
over 30% of these cases the chemical shifts of the car-bony1 resonances are sufficiently 
different to allow accurate determination of side-chain H/3 and C/3 shifts from the 
experiments described in this Communication. In cases where the carbonyl shifts of 
the residues are also degenerate, experiments which separate side-chain chemical shifts 
based on backbone “N shifts will prove extremely useful. 

In this Communication we have presented a number of pulse schemes for the cor- 
relation of side-chain resonances in proteins, with separation achieved via the intra- 
residue carbonyl chemical shift. It is anticipated that these experiments will be most 
useful when used in concert with the existing HCCH-COSY and HCCH-TOCSY 
experiments. For residues having degenerate Ha and CLY chemical shifts, separation 
of peaks via the carbonyl shift may, in many cases, remove potential ambiguities in 
the assignment and aid in the development of an automated side-chain assignment 
protocol. 
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