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Summary 

We have developed a useful strategy for identifying amino acid spin systems and side-chain carbon 
resonance assignments in small ~SN-,~3C-enriched proteins. Multidimensional constant-time pulsed field 
gradient (PFG) HCC(CO)NH-TOCSY experiments provide side-chain resonance frequency information 
and establish connectivities between sequential amino acid spin systems. In PFG HCC(CO)NH-TOCSY 
experiments recorded with a properly tuned constant-time period for frequency labeling of aliphatic ~3C 
resonances, phases of cross peaks provide information that is useful for identifying spin system types. 
When combined with ~3C chemical shift information, these patterns allow identification of the following 
spin system types: Gly, Ala, Thr, Val, Leu, Ile, Lys, Arg, Pro, long-type (i.e., Gln, Glu and Met), Set, 
and AMX-type (i.e., Asp, Asn, Cys, His, Phe, Trp and Tyr). 

Sequence-specific resonance assignments provide the 
basis for interpretation of multidimensional NMR spectra 
and for determination of 3D structures of proteins. A key 
step in this assignment procedure is the identification of 
amino acid spin systems. Recently, 13C-13C COSY (Grze- 
siek and Bax, 1992a,b,1993; Wittekind and Mueller, 1993; 
Muhandiram and Kay, 1994; Wang et al., 1994) and 
TOCSY (Logan et al., 1992; Montelione et al., 1992; 
Clowes et al., 1993; Grzesiek et al., 1993; Lyons et al., 
1993; Lyons and Montelione, 1993; Richardson et al., 
1993; Farmer and Venters, 1995) experiments have been 
described to correlate the aliphatic ~H or 13C resonances 
of a given amino acid directly with the intraresidue back- 
bone amide group, or with the backbone amide group of 
the following residue in the sequence. These data allow 
identification of some spin system types based on 13CC~ 
and ~3C~ chemical shifts and cross-peak phases (Grzesiek 
and Bax, 1993), chemical shifts of aliphatic 13, ~,, 8 and 
resonances (Grzesiek et al., 1993; Logan et al., 1993; 
Lyons et al., 1993), and identification of cross peaks 
between aliphatic and side-chain amide resonances of 
asparagine and glutamine residues (Montelione et al., 
1992; Lyons et al., 1993; Wittekind and Mueller, 1993). 

Experiments have also been developed that allow identifi- 
cation of glycine a resonances, based on suppression of 
methine groups (Wittekind et al., 1993), of aromatic 
(Yamazaki et al., 1993) or arginine (Yamazaki et al., 
1995) spin systems using coherence transfer between side- 
chain resonances, and of aromatic spin systems using 
phase effects due to scalar coupling of ~3C~ and aromatic 
13C~ nuclei (Grzesiek and Bax, 1993). 

Spectral data characteristic of spin system types are 
very helpful in algorithms for automated analysis of res- 
onance assignments (Zimmerman and Montelione, 1995). 
In order to obtain additional information that is useful 
for classifying amino acid spin systems in small proteins, 
we have developed an improved version of the 3D HCC- 
(CO)NH-TOCSY experiment (Logan et al., 1992; Monte- 
lione et al., 1992; Clowes et al., 1993; Grzesiek et al., 
1993) which utilizes pulsed-field gradients (PFGs) and 
constant-time ~3C frequency labeling. In this PFG HCC- 
(CO)NH-TOCSY experiment, the constant-time 13C fre- 
quency labeling period is tuned to generate cross-peak 
phases that depend on the number of  directly coupled 
aliphatic carbons, providing information that is useful for 
the identification of many spin system types. 
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Fig. 1. Pulse sequence of the 3D PFG HCC(CO)NH-TOCSY experiment with constant-time aliphatic 13C frequency labeling. For an 8 kDa protein, 
coherence transfer delays are tuned to a = 1.5 ms, a_foc = 2.5 ms, b = 3.2 ms, c = 13.5 ms, d = 2.7 ms, and e = 650 gs, respectively; the constant-time 
evolution periods are T N = 14 ms and T M = 14 ms. 13C isotropic mixing is achieved using either DIPSI-3 (Shaka et al., 1988) or FLOPSY-8 (Mohebbi 
and Shaka, 1991), with variable mixing times. During aliphatic ]3C frequency labeling, ~H and 15N spins are decoupled from aliphatic '3C using 
GARP (Shaka et al., 1985) and the carbonyl ~3C' spins are decoupled using band-selective SINC (S.D. Emerson and G.T. Montelione, unpublished 
results) waveforms. During t 2, the ]H N and ]3C~ spins are decoupled from tSN using GARP and SINC, respectively, and during t 3, ~SN spins are 
decoupled from 'H N using GARR GARP was also used to simultaneously decouple ~3C" and carbonyl ]3C' spins from ]SN during the reverse- 
refocused INEPT transfer step from ~SN to ]H following the t 2 evolution time. These multiple spin-lock and decoupling schemes were executed 
using waveform generators. The GARP ~H decoupling during T N and T M requires lower decoupler powers and results in less sample heating than 
other decoupling sequences like WALTZ-16. The SINC narrow-band decoupling sequence exhibits smaller off-resonance effects than several other 
tested schemes (S.D. Emerson and G.T. Montelione, unpublished results). Gradients represented by open vertical bars are optional z and zz filters, 
while those shown as hatched vertical bars are used for 15N coherence selection. Quadrature detection in the tt domain was obtained in the States- 
TPPI manner (Marion et al., 1989). The pulse phases were cycled as follows: 01 =4(+y),4(-y); ~2=+x,-x; ~3 =+x,+x,-x,-x; #4=8(+x),8(-x); 
r and the receiver phase qbr= +x,-x,-x,+x,-x,+x,+x,-x,-x,+x,+x,-x,+x,-x,-x,+x. All 180 ~ pulses were applied with phase y. For each t2 
value, two FIDs were recorded with ~5 = +y, g4 =+z and ~5 =-y, g4-=-z, and stored separately. Postacquisition processing involved adding and 
subtracting these two time domain data sets, storing the results in separate memory locations, Fourier transforming the two data sets, and then 
applying 90 ~ zero-order phase corrections in both t 2 and t 3 to one data set before adding them together to yield pure phase in the ~SN dimension 
with sensitivity enhancement (Palmer et al., 1991; Kay et al., 1992; Muhandiram and Kay, 1994; Schleucher et al., 1994). The values of coherence 
transfer delays b and c were determined empirically and depend on the relaxation properties of the protein system. Their optimum values depend 
on the time required for development (or refocusing) of antiphase magnetization and the attenuation of these coherences due to passive couplings 
and relaxation. Accordingly, it can be advantageous to tune the b delays before and after the C ~ ~ C' coherence transfer pulses separately. The 
pulse sequence source code for this PFG HCC(CO)NH-TOCSY experiment is available by anonymous ftp at nmrlab.cabm.rutgers.edu. 

The pulse scheme for a 3D P F G  H C C ( C O ) N H - T O C S Y  
experiment  is shown in Fig. 1. Conceptually,  this experi- 
ment  is similar to non-phase  versions of  these experiments 
that  have already been publ ished (Logan et al., 1992; 
Monte l ione  et al., 1992; Clowes et al., 1993; Grzesiek et 
al., 1993; Fa rmer  and Venters, 1995). The key differences 

are the use of  P F G s  for ~SN coherence selection and sol- 
vent suppression,  the addi t ion  o f  an op t iona l  sensitivity 
enhancement  scheme (Palmer et al., 1991; Kay  et al., 
1992), opt imized concatenat ion of  coherence defocusing 
and refocusing per iods  with constant- t ime frequency 

labeling of  ]3C and lSN, and the use of  S INC sinc-type 
band-selective decoupl ing of  13C' carbonyl  and ]3C~ reson- 

ances during constant- t ime per iods  2T N and 2T M, respect- 
ively. The SINC decoupl ing scheme, which will be de- 
scribed in detail  elsewhere, provides uniform and highly 
selective decoupl ing of  the ]3C' (or 13C~) resonance, with 

minimal  per turba t ion  of  ~3C~ (or 13C') spin states. Fur ther -  
more, in the following discussion we describe how the 
constant- t ime ~3C frequency labeling per iod  2T N can be 
tuned to develop phase and frequency informat ion that  is 
characterist ic  of  different spin system types. 
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In the following description of the HCC(CO)NH- 
TOCSY experiment, product operators (Sorensen et al., 
1983) for the spins of the aliphatic backbone and side- 
chain proton, the amide proton, the ~3C aliphatic side- 
chain carbon, the ~3C~ carbon, the ~3C' carbonyl carbon, 
and the 15N backbone amide are identified with the nota- 
tion H, H N, C, C ", C', and N, respectively. For simplicity, 
the effects of relaxation are not included here; they will 
be discussed elsewhere. The first step of the pulse scheme 
involves an INEPT transfer to enhance the nuclear spin 
polarization of aliphatic carbons. The resulting spin oper- 
ators at times 1 through 4 are H,, 2HxC z, -2H,C,, and 
2H,Cy, respectively. An optional short (< 500 gs) zz filter 
(Bruhwiler and Wagner, 1986; Montelione and Wagner, 
1989; John et al., 1992) can be applied between time 
points 3 and 4 by using a z gradient pulse. During the 
delay a_foc, the 2HzCy t e r m  rephases with respect to its 
attached proton(s), and can be tuned to distinguish methi- 
nes, methylenes, and methyls (Ernst et al., 1987; Witte- 
kind et al., 1993). In this work, the delay a foc was set to 
2.5 ms to simultaneously optimize positive coherence for 
these three kinds of aliphatic carbons. With this value of 
a_foc, the phase of the ~3C magnetization at the end of 
the constant-time evolution period 2TN (point 5 in Fig. 1) 
depends only on the number of direct ~3C-~3C couplings 
(Vuister and Bax, 1992; Grzesiek and Bax, 1993). Accord- 
ingly (ignoring relaxation), the magnetization develops 
differently during t~ for different ~3C coupling topologies: 

-C~ ---> 
--..) 

- - )  

--.-) 

-Cx cos(c%t0 0 13C-13C couplings 
-C,  cos(%h) cos(2rtJc e TN) 

-Cx cos(%h) COS(2/tJcQ TN) 
x cos(2nJcR TN) +. �9 �9 
-Cx cos(o~tl) cos(2nJcQ TN) 
x cos(2nJcR TN) cos(2nJcs TN) 
+ . . .  3 13C-13C couplings 

1 13C-13C coupling 
(1) 

2 t3C-13C couplings 

whe re . . ,  denotes terms that do not result in observable 
magnetization, co~ is the 13C Larmor frequency, and the 
aliphatic carbons interacting with carbon spin C by one- 
bond 13C-13C scalar coupling are denoted Q, R and S. 
Assuming J=JcQ=JcR = Jcs, the terms of Eq. 1 can be 
rewritten generally as: 

-Cx cos(O)ctl) cosm(2nJ TN) (2) 

where the exponent m corresponds to the number of 
aliphatic carbons with active one-bond coupling to car- 
bon spin C. The resulting modulation of coherences dur- 
ing the constant-time period 2TN is shown in Fig. 2A. For 
short T N values, all topologies result in cross peaks with 
identical phases, while for values 1/2J < 2TN < 3/2J, topo- 
logies with odd and even m values result in cross peaks 
with opposite phases. This modulation provides a general 
approach for distinguishing different spin system types. 
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Fig. 2. (A) Coherence transfer function for different values of con- 
stant-time (2TN) evolution. The modulation of coherence transfer 
depends on the number m of directly coupled aliphatic carbons (Ernst 
et al., 1987) as follows: m=0 (e.g. glycine C% dotted line; m= 1 (e.g. 
all other C ~, and AMX-type Ca), thin line; m=2 (e.g. long-type Ca), 
dashed line; m = 3 (e.g. valine C a, leucine C v, and isoleucine Ca), thick 
line. (B) Schematic diagram of phase patterns of the aliphatic carbon 
cross peaks for 10 amino acid spin system classes identified in the 
PFG HCC(CO)NH-TOCSY experiment. Open, hatched and solid bars 
denote methine, methylene and methyl carbons, which can be distin- 
guished by their characteristic 13C chemical shift ranges. The peak 
phases are designated by the direction (positive or negative) of the 
bars; by convention, the non-glycine C ~ cross peaks are plotted with 
positive contours. 

Considering the structures of the amino acids, the 
phase patterns of side-chain cross peaks can provide 
valuable information for identification of spin system 
types in HCC(CO)NH-TOCSY spectra. As shown in Fig. 
2B, seven amino acid types (Gly, Ala, Thr, Val, Leu, Ile 
and Lys) exhibit unique phase patterns. This information 
is further complemented by the characteristic ~3C chemical 
shift ranges of aliphatic methine, methylene and methyl 
resonances. Although both proline and arginine spin 
systems exhibit identical phase patterns, these can be 
distinguished from statistical differences in their ~3C~ 
chemical shift values, and from the fact that in other 
intraresidue triple resonance experiments, proline spin 
systems have no backbone amide connections, while argi- 
nine aliphatic resonances can be correlated with both 
backbone and side-chain ~SN resonances. Spin systems of 
glutamine and asparagine can also be identified in HCC- 
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Fig. 3. (A) Strip plots of ~3C-HN planes from the 3D PFG HCC(CO)NH-TOCSY spectrum (TOCSY mixing time=24 ms) for the c~-helical 
polypeptide segment Leu45-Asn 52 of Z-Domain. Each amide shows correlations to carbon resonances of side chains in the preceding residue. 
Negative peaks are displayed with a single contour, and positive peaks with several contours. Data collection included 120 complex points in tt, 
44 complex points in t2, and 512 complex points in t 3. The total collection time was approximately 36 h. The data were extended in the ~SN 
dimension using linear prediction, and were zero-filled prior to Fourier transformation, resulting in final digital resolutions of 31 Hz/point in to~, 
13 Hz/point in o h and 5 Hz/point in co 3. (B) Survey of sequential connectivities identified by analysis of 2D and 3D PFG HCC(CO)NH-TOCSY 
data for Z-Domain, recorded with TOCSY mixing times of 14 and 24 ms. Sequential cross peaks from the aliphatic carbon C a, C 1~, C v, C ~, and 
C ~ resonances of residue i to the ~SN and H N resonances of residue i+l are indicated by horizontal bars labeled et, 13, 7, (5, and e, respectively. Cross- 
peak phases are distinguished by solid (positive) or open (negative) bars. The 300 lal sample of uniformly 13C-,15N-enriched Z-Domain was prepared 
in a Shigemi NMR tube at a protein concentration of 1.2 mM. The solvent was 95% H20/5% D20 containing 10 mM K2HPO4 and 0.2 mM NaN 3, 
pH 6.5, at a temperature of 30+0.1 ~ NMR spectra were obtained on a Varian Unity 500 spectrometer, modified to provide a second ~3C 
synthesizer frequency for pulsing and decoupling of carbonyl resonances. Data processing was carried out using VNMR (Varian Associates), Triad 
(Tripos, Inc.), and NMRCompass (Molecular Simulations, Inc.) software. 



(CO)NH-TOCSY spectra using characteristic cross peaks 
to side-chain amide protons (Montelione et al., 1992; 
Lyons et al., 1993), while serine residues are distinguished 
from other AMX spin systems with the same side-chain 
phase patterns using their characteristic C ~ resonance 
frequencies. 

Following the constant-time ~3C frequency labeling 
period in Fig. 1, the transverse Cx magnetization is flip- 
ped onto the z-axis for 13C-~3C isotropic mixing, which is 
typically 10-50 ms. In our experience, when short (< 50 
ms) mixing times are used, similar results are obtained 
employing either DIPSI-3 (Shaka et al., 1985) or 
FLOPSY-8 (Mohebbi and Shaka, 1991) for this TOCSY 
transfer. Optional z gradients (< 500 gs) before and after 
the isotropic mixing step can also be used for improved 
H20 solvent suppression. Following the TOCSY transfer 
step, the 13C carrier frequency is reset to the center of the 
C ~ region, and the resulting C~ magnetization is flipped 
into the transverse plane at point 6'. Next, magnetization 
is transferred from C a nuclei (point 7) to C' nuclei (point 
8) and then to the backbone amide nitrogen of the fol- 
lowing residue Ni+ ~ (point 9), using two concatenated 
INEPT-type sequences. During the subsequent constant- 
time 15N evolution period 2T M (beginning at point 10), 
nitrogen magnetization antiphase to C' (2NyC'z) is re- 
focused while nitrogen magnetization antiphase to H N is 
developed (-2NyHzN). ~SN chemical shift evolution during 
the constant-time period 2TM gives rise to: 

-2NyH~ COS(0)Nt2) + 2NxH ~ sin(c0Nt2) (3) 

at point 10'. These two terms are directed into the re- 
ceiver with 90 ~ phase shifts in both the t 2 and t 3 dimen- 
sions using reverse-INEPT with sensitivity enhancement, 
as described elsewhere (Palmer et al., 1991; Kay et al., 
1992; Muhandiram and Kay, 1994; Schleucher et al., 
1994). 

The pulse sequence was optimized and tested on Z- 
Domain, a predominantly (x-helical, 8.0 kDa protein 
domain derived from the immunoglobulin-binding Protein 
A of Staphylococcus aureus (Nilsson et al., 1987; Lyons et 
al., 1993). Figure 3A shows 13C-HN strips from a typical 
3D PFG HCC(CO)NH-TOCSY spectrum recorded on a 
1.2 mM sample of ~3C-,15N-enriched Z-Domain. The 
sequential connectivities identified by analysis of spectra 
recorded with different DIPSI-3 mixing times are sum- 
marized in Fig. 3B. In most cases, multiple sequential 
connectivities with phase information were established 
between each amino acid spin system in the sequence, 
including many ~ N ~ N Ci-H~+~ and C i-Hi+ 1 connectivities (Fig. 
3B). Similar results were obtained using a 3.0 mM ~3C-, 
15N-enriched sample of the 8.0 kDa major cold shock 
protein from Escherichia coli (data not shown). 

The HCC(CO)NH-TOCSY experiment can be recorded 
either without (using 2TN < l/2J) or with (using 2TN ~l/J) 
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side-chain topology phase information. Of course, the 
phase version of the experiment exhibits lower sensitivity 
due to nuclear relaxation during the lengthened 2T N per- 
iod. This difference in sensitivity depends on the relevant 
coherence relaxation rates, which for larger protein sys- 
tems may preclude useful signal-to-noise ratios. For this 
reason, it is generally best to record both the non-phase 
(higher sensitivity) and phase (lower sensitivity) versions 
of the experiment. In addition, the efficiency of ~3C-~3C 
TOCSY transfer depends on several factors, and is opti- 
mal for different side-chain carbons using different iso- 
tropic mixing times. It is our experience that the most 
complete data sets are obtained by recording several 
spectra with different isotropic mixing times. In very 
poorly resolved regions of HCC(CO)NH-TOCSY spectra, 
some confusion in classifying spin system types can also 
arise due to partial cancellation of overlapping positive 
and negative peaks. 

In summary, these results demonstrate that the phase 
version of the PFG HCC(CO)NH-TOCSY experiment is 
quite efficient for small proteins. The resulting phase 
patterns can be combined with ~3C chemical shift informa- 
tion to uniquely characterize many spin system types, and 
are highly amenable to automated analysis. Similar results 
have been obtained on small (< 10 kDa) proteins using 
related PFG HCCNH-TOCSY, PFG HCCNH-COSY 
and PFG HCC(CO)NH-COSY pulse sequences (C.B. 
Rios, M. Tashiro and G.T. Montelione, unpublished re- 
sults), with either carbon or proton frequency evolution 
in the t~ period. Modified versions of these constant-time 
triple resonance experiments that are useful for unique 
identification of aromatic or Glx/Asx spin systems, ex- 
ploiting ideas inherent in the 2D-edited constant-time 
HSQC experiment (Grzesiek and Bax, 1993) are also 
being developed in our laboratory. For larger proteins 
with short transverse ~3C relaxation times, the PFG HCC- 
(CO)NH-TOCSY experiment described here does not 
work very well. However, it may be possible to obtain 
side-chain ~3C phase information for larger proteins using 
randomly or uniformly deuterated samples and beginning 
with aliphatic carbon polarization, as has recently been 
demonstrated for the non-phase CC(CO)NH-TOCSY 
experiment (Farmer and Venters, 1995). 
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