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Summary 

A new triple-resonance 3D HNCOCA pulse scheme is presented, designed to identify the backbone 
nuclei (H N, N, CO, C ~) of doubly labelled proteins. The two carbon frequencies are labelled along the 
same indirect dimension and the corresponding dwell times can be independently scaled in order to 
account for the relaxation properties and chemical shift ranges of the CO and C ~. If one takes advantage 
of the symmetry properties of the spectra in the course of the peak picking, this 3D scheme has the same 
sensitivity as the 4D experiment, but with an improved resolution. The sequence is illustrated on a 0.5 
mM sample of Rhodobacter capsutatus cytochrome c', a homodimeric paramagnetic protein of 2 x 14 
kDa. A resonance assignment strategy; based on a low-concentration ~3C/15N-labetled sample and a more 
concentrated ~SN-labelled sample, is proposed for proteins where the expression system shows a limited 
efficiency. 

Multidimensional triple-resonance correlation (TRC) 
experiments, first proposed by the laboratories of Bax 
and Wagner (Ikura et al., 1990; Kay et al., 1990; Monte- 
lione and Wagner, 1990), have proven their ability for the 
backbone assignment of 15Np3C-labelled proteins up to 
molecular weights of 30 kDa (Grzesiek and Bax, 1992). 
Backbone nuclei are sequentially correlated via one-bond 
(and occasionally two-bond) J couplings. Each nucleus is 
usually labelled along a separate dimension. In practice, 
however, the number of residues that can be correlated in 
a single TRC experinaent is limited for several reasons: (i) 
the short T 2 relaxation times of larger molecules com- 
pared to the small J~c coupling constants prompt one to 
minimize the number of transfer delays and labelling 
periods; (ii) each additional dimension causes a x/2 loss in 
signal-to-noise (S/N) ratio; (iii) in a reasonable experimen- 
tal time, only coarse digital resolution in the indirect 
dimensions can be obtained; and (iv) relatively long pro- 
cessing times, high data storage requirements and multidi- 
mensional space (>2D) make data analysis less conveni- 
ent. Consequently, for larger proteins, a large collection 
of 2D and 3D data sets is generally required to resolve 
overlaps of the individual nuclei. 

*To whom correspondence should be addressed. 

Recently, we introduced the notation of a 'pseudo- 
residue' (formed by four nuclei: HN(i), N(i), CO(i- l)  and 
C~(i-1)) and presented a computer program for the auto- 
matic assignment of  backbone resonances of ~SN/~3C-label- 
led proteins. These building blocks (pseudoresidues) are 
automatically assigned to positions in the primary se- 
quence by an appropriate optimization procedure (Morel- 
le et al., 1995). The important points of the proposed 
strategy can be summarized as follows: (i) unambiguous 

identification ofpseudoresidues: this unusual combination 
of nuclei has been chosen because they can be correlated 
in one very sensitive pulse scheme. The relatively large 
coupling constants of JNCO (= 15 Hz) and Jcoc~ (= 55 Hz) 
and the slow T 2 relaxation of N and CO make the 'out- 
and-back' version of HNCOCA the most sensitive TRC 
experiment. In comparison, the 'net transfer' (H)CACO- 
NH experiment, which might also be used for this pur- 
pose, is less sensitive due to the short T2 relaxation of C ~ 
and the Jc~c~ coupling during the C ~ ~ CO transfer step. 
Therefore, the HNCOCA experiment yields good results, 
even for very large proteins (i.e., proteins with a molecu- 
lar mass of 30 kDa or greater). High sensitivity and good 
spectral resolution of the four involved nuclei reduce the 
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occurrence of errors in the identification step. In addition, 
the identified frequencies in this sensitive experiment may 
be used for improving the peak-picking procedure of any 
other (less sensitive) TRC experiment. (ii) High flexibility 
in the sequential assignment step: depending on the protein 
samples available, many types of information can be added 
to connect pseudoresidues or to limit the possible amino 
acid types for each of them. 

Here we present a 3D version of the HNCOCA corre- 
lation experiment with the detection of all four pseudo- 
residue nuclei (Fig. 1). High sensitivity and high resol- 
ution in all dimensions can be obtained, even for very 
large proteins. The interesting features of this pulse se- 
quence will be discussed. Finally, an application is shown 
for a 0.5 m M  sample (heine concentration) of Rhodobac- 
ter capsulatus ferricytochrome c', a 28 kDa paramagnetic 
homodimeric protein. 

The coherence transfer pathway is essentially the same 
as previously described (Grzesiek and Bax, 1992), except 
for the N ~ CO transfer which uses an HMQC instead of 
an INEPT. The first feature of interest in this pulse se- 
quence is the reduction of the dimensionality of the ex- 
periment from 4D to 3D, using the method described pre- 
viously for different applications (Szyperski et al., 1993a, 
b; Brutscher et al., 1994; Simorre et al., 1994). In the 
present case, the two 13C frequencies (C ~, CO) are labelled 
in the same frequency dimension, resulting in two correla- 
tion peaks per pseudoresidue. The CO and C ~ chemical 
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shifts are then obtained from the separation (C ~) and the 
midpoint (CO) of the two peaks. As sensitivity is a crucial 
issue for larger molecules, this will be analyzed in detail. 
On the one hand, the splitting of a correlation peak into 
two peaks in the ~3C plane leads to a twofold decrease in 
sensitivity with respect to a 3D version with three detect- 
ed nuclei. On the other hand, a fourth dimension would 
also reduce the sensitivity by a factor of ~-, due to the 
magnetization splitting into two orthogonal components 
(for hypercomplex FT). Thus, the apparent experimental 
S/N ratio of the 4D version is ~-  higher than that of a 
3D version. However, if the central frequency of the two 
peaks is available (for instance, from an HNCO experi- 
ment which is highly sensitive), a better performance of 
the peak-picking routine is achieved by using the existing 
symmetry of the two correlation peaks. This sensitivity 
gain is illustrated in Fig. 2 for a ~3C strip extracted at a 
given {HN,N} frequency pair. In the lower part of Fig. 
2B, the mirror image (reflected at the CO frequency) has 
been added to the original strip. This results in a com- 
pletely symmetric spectrum with a ~-increase in SfN at 
the two peak positions. Although the experimental S/N 
ratio is ~ lower, the final sensitivity of the 3D experi- 
ment is the same as that of the 4D counterpart, provided 
that the symmetry information is astutely employed dur- 
ing the peak picking. Therefore, in view of the higher 
achievable resolution without sensitivity loss, the 3D 
HNCOCA experiment becomes very attractive. 
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Fig. t. Pulse sequence for the 3D H N C O C A  experiment. The sequence is slightly different for times t~ < 2T (insert B) and t~ > 2T (insert C), as the 
180 ~ decoupling pulse on the C ~ has to be moved at time 2T. The unchanged par t  of the sequence is shown in part  (A). In order to get minimal 
excitation at the CO and C ~ frequencies, respectively, the C ~ and CO R F  pulses were applied as square shaped pulses using RF  fields (TBJ2n) of  
4.4 kHz for 90 ~ pulses and 8.8 kHz for 180 ~ pulses. All frequency shifts on the 13C channel were achieved by linear phase incrementation (as imple- 
mented in the Bruker software for shaped pulses) to avoid any phase shift. Gradient  pulses of 200-400 gs (gradient strength = 20 G/cm) were used 
for water suppression and coherence pathway selection. The carrier frequencies were set to ~H = 4.73 ppm, ~SN = 121.8 ppm and ~3C = 174.8 ppm 
(phase shifted to 58.2 ppm for C ~ excitation). For the final excitation pulse, the 1H carrier frequency was shifted to the center of the ~H N (8.38 
ppm) resonances. For unambiguous determination of  the C a chemical shifts the demodulation frequency was shifted to 68 ppm. This was achieved 
by incrementing the phase ~4 after each complex point  in t2 (Ag=2nxAvx2~t) .  The spectral widths are: 3623 Hz (1HN), 1824 Hz (~5N) and 6000 
Hz (~3C). On account of the relaxation properties of the cytochrome c' sample, the transfer delays 8 (I]4JHN), S (I/2JNH), T (1NJNco) and A 
(1/2Jcoc~ 0 were optimized to 8 = 2.2 ms, e = 5.4 ms, T = 11 ms, T '=  11.0285 ms (b), T = 11.0855 ms (a) and A = 6.5 ms. The pulse lengths of the 13C 
pulses were taken into account (I") to avoid an important  first-order phase correction in t> For the same reason (in tz) the 180 ~ refocusing pulse 
on ~SN was applied at position (b) for the first point  in ta and then switched to position (a), Field strengths for composite decoupling are 2.8 kHz 
(for ~H) and 2.1 kHz (for ~SN). At the end of the ~H decoupling, a spin-lock pulse of 2 ms further removes the H~O resonance. All pulses are 
aligned along the x-axis, unless indicated otherwise. A four-step phase cycle was applied as follows: QI = X,--X; (~2 = 2(x),2(-x); (~3 =x,-x;  and %~ = 
2(x),2(-x). Quadrature detection was accomplished by incrementing the phases 01 and ~2, respectively, according to the States-TPPI method 
(Marion et al., 1989), 
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Fig. 2. 13C strip of residue V6, drawn at the noise level (A). The 
intensity of the two correlation peaks is close to the noise level. 
Nevertheless, the symmetry of the two peaks with respect to a known 
center point allows one to distinguish between signal and noise. This 
is shown in part (B), where spectrum (A) has been added to its mirror 
image (reflected on the CO frequency) resulting in an increased SIN 
ratio for the two correlation peaks. All other peaks, which do not 
display the symmetry with regard to the same CO frequency (e.g., the 
signal at 172 ppm), are more or less cancelled, together with the 
experimental artefacts, 

The second point deals with spectral resolution. In 
efforts to reduce the transverse relaxation periods, con- 
stant-time editing has been proposed, where the labelling 
of a nucleus is overtayed on an already existing INEPT 
transfer period (Bax et al., 1979). As long as constant- 
time evolution is performed, high resolution can be 
achieved without loss of sensitivity. More recently, for the 
so-called 'out-and-back' TRC experiments, different 
methods have been proposed to double the resolution in 
the constant-time dimensions for HMQC- (Madsen and 
Sorensen, 1992) and HSMQC-type transfer (Van Doren 
and Zuiderweg, 1994). In these so-called 'full sweep con- 
stant-time' versions, both the defocusing and the 
refocusing period of a transfer are used for spin labelling. 
This method is particularly appealing for transfer via 
relatively large coupling constants (and, consequently, 
short transfer delays). The HMQC version was imple- 
mented here for both N - ~  CO and CO -~ C ~ transfers. In 
these two cases, no significant sensitMty difference is 
observed between the HSMQC and the HMQC version: 
both the MQ and SQ relaxation rates are essentially 
determined by the ~H-~3C ~ dipolar relaxation, because the 
CO does not bear a proton and the lSN has a low 
gyromagnetic ratio. On the other hand, HMQC transfer 
entails fewer pulses and no additional phase cycling and 
thus results in less signal loss due to pulse imperfections. 

A basic phase cycle of only four scans is proposed to 
allow the recording of a high-resolution spectrum in less 
than three days. The resolution can be further improved 
by applying mirror-image linear prediction along the CT 
dimension (Zhu and Bax, 1990). 

The labelling of the carbon frequencies can be 
optimized in the 3D HNCOCA on the basis of the chemi- 
cal shift ranges and relaxation properties of the CO and 
C ~. The chemical shift range of the CO in proteins is 
about 10 ppm, as compared to 30 ppm for the C ~, and 
the transverse relaxation of  the CO is slower than that of  
the C% The slower relaxation rate of the CO prompts us 
to use a slower sampling rate and a longer acquisition 
time for the CO. To achieve this relative scaling of the 
two dwell times, the slowly relaxing CO nucleus is 
labelled twice, as an MQ coherence together with the C ~ 
and during the CO--~ C ~ CT transfer. For a complete 
discussion, the influence of the Jc~c~ and JNc~ coupling 
constants during the t 2 labelling period should be con- 
sidered. The Jc~c~ coupling is active during the C ~ 
labelling. This coupling cannot be removed easily (by 
applying a 180 ~ decoupling pulse), because of the overlap- 
ping chemical shift ranges of C ~ and C 0. As the ~SN 
nucleus remains in the transverse plane, the JNC~ coupling 
is active during the CT labelling of CO (the C ~ coherence 
is not part of the {~SN-CO} MQ coherence) but not dur- 
ing the second part of the labelling ({~SN-CO-C ~} MQ 
coherence). Keeping in mind the simplicity of the pulse 
sequence, this coupling has not been removed as its value 
(= 10 Hz) can be neglected with respect to the natural ~3C 
linewidth (Av = 40 Hz) and the Jcc~d3 coupling (~-35 Hz). 
The signal modulation (in tz) is described as follows: 

e x p ( ~ )  x exp(iAf~cot2) 

• cos/--s • cos(  - - 2 -  ) (1) 

--t  2 
x c~ 0~-  1) x JNc~ t~ 1 x e x p ( ~ ,  T2-~OC~) 1 )~ 

where )~ is the scaling factor between the CO and C ~ 
dwell times (DW(CO)=)~ • DW(C~)) and zX the CO ~ C ~ 
transfer delay (Fig. 1). If )~ is set to 1 (no additional CO 
labelling), the peak difference in Hz equals twice the 
frequency difference between the C ~ chemical shift and 
the C ~ demodulation frequency (Af~c~). 

The scaling factor )~ has two outcomes on the experi- 
mental spectrum: the location of the peaks and their 
linewidth. As the effective C ~ modulation frequency is 
given by Af~cd)~, the separation of the two peaks is scaled 
according to 1/~,, as previously described (Brutscher et al., 
1994). As a consequence, the scaling factor )~ reduces the 
spectral width in the ~3C dimension. A total ~3C spectral 
width of SW(CO) + 2 x SW(C~)/)~ is sufficient to avoid any 
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signal folding. On the other hand, the apparent linewidth 
of the correlation peaks is altered by this scaling pro- 
cedure. As the additional CO editing is achieved during 
CT evolution, the associated relaxation reduces the peak 
intensity (first exponential term of Eq. 1) but does not 
further broaden the peaks. Consequently, for the same 
overall acquisition time in the ~C dimension (determined 
by the decay rate of  the COC ~ coherence during t~) the 
effective transverse relaxation time is ;t*T2(COC~). As the 
effective Jc~c~ coupling is reduced in the same way, the re- 
sulting signal linewidth in the ~3C dimension is decreased 
by a factor of  ;t. In the pulse sequence of Fig. 1, a scaling 
factor ;~= 2.0 has been chosen, which is a good compro- 
mise taking into account the resulting ~3C spectral width 
and the values of  A and T;(COC ~) for larger proteins. 
Thus, the spectral width was set to 40 ppm (CO scNe) 
without folding of signals. Further experimental details 
are given in the legend of Fig. I. 

To test the performance of the sequence, a 3D data set 
was recorded on a ~N/~3C-labelled cytochrome c'. This 
protein forms a 28 kDa complex of two identical sub- 
units. Each of the monomers consists of  129 residues and 

a paramagnetic heine group (spin state of  the oxidized 
Fe(III) form: S = 5/2). The Rb. capsulatus cytochrome c" 
gene has not been cloned and expressed in an appropriate 
vector; thus, only a very small amount of  ~SN/~3C-labelled 
cytochrome c', which was purified from Rb. capsutatus 
grown in minimal media, was available. For the N M R  
experiments the protein was dissolved in 200 ~tl, resulting 
in a concentration of approximately 0.5 mM (heine con- 
centration). A Shigemi N M R  tube (Shigemi, Allison Park, 
PA) was used to avoid homogeneity problems due to the 
small sample volume. The experiment was performed on 
a Bruker AMX-600 spectrometer equipped with a triple- 
resonance gradient probe. Due to the finite stability of  
the sample, the overall experimental time was limited to 
35 h and 8 transients were recorded per {t~, t2} increment 
to benefit from the larger N M R  signal at the early stages 
of the experiment. As a result, the potential resolution 
was not attained in the ~SN dimension. The acquisition 
matrix contained 256(~H) x 41(ISN) x 128(I3C) complex 
points (acquisition times were: 71 ms (IH), 22.5 ms (15N) 
and 21.4 ms (~3C))~ The data were processed using the 
FELIX program, version 2.35 (Biosym Technologies, San 
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Fig. 3.2D representation of the 3D HNCOCA experiment for the CO and C ~ assignment of residues K29-V51. Each residue is taken at the 
{~HN,~SN} frequencies of the following residue. In cases of more than two correlation peaks (e.g. K37, A40, K42) the correct combination is 
indicated by open squares. A separate scale for C ~ is given, taking into account the scaling factor ~, = 2.0. The corresponding CO and C ~ frequencies 
have been extracted in the following way: for each doublet, the center frequency is the CO shift and the distance to the center is the C a shiR (using 
the C ~ scale and versus the demodulation frequency: 68 ppm). These chemical shifts, shown as devimions from random coil values 6oh ~ - 6r~ (Richarz 
and W/ithrich, 1978), indicate a helical region from residue A33 to I46 (Wishart and Sykes, 1994). 
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Diego, CA). Prior to Fourier transformation the data 
were multiplied by Lorentzian-to-Gaussian transforma- 
tion (~H and ~3C) and skewed sine-bell functions (15N) and 
zero-filled to a final matrix of 512 x 128 x 256 real points. 
As stated above, the cytochrome c" sample was degrad- 
ing during the course of the experiment, yielding a signal 
decay in the ~SN dimension recorded in the slowest loop 
(about one complex point per hour). For this reason, no 
mirror-image linear prediction was applied in this CT 
dimension. For convenient analysis of the transformed 
data, a ~H-lSN correlation spectrum was recorded in order 
to extract ~3C strips from the 3D matrix. A FELIX macro 
extracts these strips and stores them into a 2D matrix, as 
previously described (Caffrey et al., 1994). 

The good S/N ratio of the data is illustrated in Fig. 3 
for the ~3C strips assigned to residues K29-V51. In most 
cases the CO(i-l)  and C~(i-1) frequencies could be deter- 
mined directly by calculation of the midpoint (CO) and 
the distance (C ~) of the two correlation peaks seen in the 
strip. In cases of overlapping or nonresolved {~H,lSN} 
HSQC peaks, the peak picking of a 2D H(N)CO experi- 
ment (recorded in 1 h) was used to differentiate among 
possible combinations. In this way 103 out of the 124 
possible pseudoresidues (129 residues minus three prolines 
and the amino- and carboxy-terminal residues) could be 
unambiguously identified. For five {~H,lSN} pairs detect- 
ed in the HSQC experiment, no pseudoresidue could be 
built. Note that, for a few residues close to the paramag- 
netic center, no HSQC correlation peak could be detect- 
ed, probably due to line broadening. This example shows 
that the 3D HNCOCA pulse sequence described here 
yields good results, even under very poor NMR condi- 
tions (low concentration, high molecular weight, presence 
of a paramagnetic center and unstable sample conditions). 
With the aid of an additional HNCA experiment (Grze- 
siek and Bax, 1992) the assignment previously obtained 
by 1H-15N NMR on an 8 mM sample labelled with ~SN 
has been confirmed (Caffrey et al., 1995). In addition, the 
~3C chemical shifts have been used to identify the second- 
ary structural elements of the protein (Wishart and Sykes, 
1994). This is shown in Fig. 3 for one out of the four 
helices (A33-I46) which have been identified in the Rb. 

capsulatus cytochrome c'. 

In conclusion, this 3D version of a high-resolution 
HNCOCA correlation experiment enables unambiguous 
identification of pseudoresidues in a doubly labelled pro- 
tein using only one data set. In spite of difficulties usually 
encountered for TRC experiments of higher dimensional- 
ity, this pulse sequence still yields good results for pro- 
teins with high molecular weights (e.g. 28 kDa) and low 
sample concentration. Therefore, the HNCOCA experi- 
ment provides a sensitivity which is sufficient for a low- 
concentration 15N/13C sample when the protein cannot be 
expressed (or overexpressed) at a high rate. The derived 
information, combined with that of an HNCA experi- 

ment, yields a valuable basis for the assignment of larger 
proteins. In many cases, a second sample labelled with 
15N is available at a much higher concentration; a reliable 
assignment can be obtained when the information of the 
two sensitive TRC experiments (3D HNCOCA and 3D 
HNCA) is used in concert with additional and indepen- 
dent information from {IH,~SN} NMR experiments. We 
believe that the approach of using two samples, a low- 
concentration 15N/~3C-labelled sample together with a 
high-concentration ~SN-labelled sample, can be a very at- 
tractive and inexpensive alternative in cases where suit- 
able expression systems are either missing or inefficient. 
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