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directly after the MLEV-17 mixing time in the 2D 13C TOCSY-REVINEPT experiment. This leads to an experiment in
which 13CN M R signals and the scalar correlated I3C spins are
detected in wIand wz, respectively, and the protons attached to
the carbons (wz) are detected in w3.
Cross-sections ( ~ l , 0 3 )of a 3D [13C-13C-1H] TOCSY-REVINEPT spectrum of [13C,1SN]
T4 lysozyme are shown in Figure
1, B and C. The spectra are markedly simplified compared to
the 2D "C TOCSY-REVINEPT spectra, facilitating the identification of the amino acid spin systems. For example, from the
( w I , w ~ ) plane located at 69.2 ppm ( q )the
, I3C spectra of three
amino acid spin systems are resolved and identified as threonines
from the characteristic I3C chemical shifts. Since this plane is
located at a frequency typical for @-carbonsof these residues, the
@-protonchemical shifts (w3) are also obtained. The shifts of the
other protons of the threonine spin systems are determined from
planes located at the w2 frequencies (equal to the w lfrequencies)
of the C a and C y carbons. As illustrated for the y protons in
panel C, these proton frequencies can easily be extracted from
more crowded planes because they contain the same I3C (al)
subspectrum as the B protons (panel B).
In conclusion, 2D and 3D NMR experiments are described that
employ isotropic 13C-13C magnetization transfer to provide spin
system assignments for both I3Cand 'H signals in the spectra of
large proteins. These assignments, which cannot be obtained from
classical proton 2D experiments, are necessary for the identification
of NOES used in the structure determination of large proteins.
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Complete resonance assignment of the 'H NMR spectrum of
a protein is a prerequisite for obtaining its high-resolution solution
structure. For proteins with molecular weights of less than 10
kDa, these assignments often can be obtained by systematic
analysis of lH-'H J correlation and NOE spectra. For larger
proteins, the 'Hline width is often too large for efficient correlation
via the relatively small 'H-IH J couplings, seriously impeding the
assignment process. Although these problems can be largely solved
for the polypeptide backbone by heteronuclear l5N-'H 3D NMR
techniques' and selective labeling experiments,z these methods
are less useful for the amino acid side chains. As recently shown
by Markley and co-w~rkers,~
Jcc couplings can be used for the
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Figure 1. Pulse scheme of the 3D HCCH correlation technique. The
delay 7 is slightly shorter than 1/(4JcH),1.5 ms. The delays 8, and 62
are 1/(6JcH)to permit optimal transfer from CH, CH2, and CH3 groups
simultaneously. By setting 8, or 8* to a longer value, (CH)/(CH2,CH3)
editing of the 3D spectrum can be obtained. The duration (2A + 26J
is 1/(4Jcc). The number of 'H and I3C 180' pulses has been minimized
by concatenation, as described e l ~ e w h e r e . The
~ phase cycling is q4, =
16(x), 16(-x), 42 = Y , -Y, 43 E 2(x), Z c V ) , 2(-x), 2(-y!, 4 4 = 8(x), 8cV),
Acq. = 2(x,-x,-x,x), 2(-x,x,x,-x). Data are acquired with the TPPI-states
methodlo for obtaining quadrature in both the t , and f 2 dimensions (by
altering the phase of the first 90' ' H pulse and the first 90' 13C pulse).

assignments of protein carbon spectra by recording 13C-13Cdouble
quantum INADEQUATE spectra. Subsequent heteronuclear
correlation then provides proton assignments for resolved resonances. As Markley et al. point out, a relatively low level (<50%)
of 13C enrichment is advantageous in the application of this
method. Here we present a different approach that requires a
high level of enrichment but provides superior sensitivity and
resolution.
We propose to use the relatively large and uniform one-bond
l3C-l3C J couplings combined with the large heteronuclear lJCH
couplings to transfer magnetization from one proton to its vicinal
neighbor. Because 'JCc couplings are relatively uniform (33-45
Hz for sp3 carbons) the transfer efficiency from one proton to
another is independent of conformation, presenting an ideal
pathway for assignment of the side chains. Technically, this
H -C
C H approach is most easily executed as a 2D NMR
experiment, yielding spectra that appear similar to COSY.
However, for larger proteins such 2D spectra show very severe
overlap. Also, because all protons observed are attached to 13C,
the large heteronuclear dipolar coupling causes substantial proton
line broadening, nearly doubling the line width and aggravating
the overlap problem. This overlap can be removed by performing
the experiment in the 3D mode, separating the "COSY" spectra
by the 13C frequency of either the origin CH, or the destination
CH, site.
One of the two 3D pulse schemes used in our study is sketched
in Figure 1. A regular 'H-13C correlation sequence4 is used to
transfer proton polarization to I3C. The magnitude of polarization
transferred is tl modulated by the proton chemical shift. The delay
26, is used for refocusing the "C magnetization, which is antiphase
with respect to the 'H from which it originates. During this
refocusing delay and the t z evolution period 13C magnetization
becomes antiphase with respect to its I3C neighbor@). The
subsequent 90, pulse serves a similar function as the 90° mixing
pulse in a regular COSY experiment, transferring I3C magnetization to its coupling partner@). After a subsequent refocusing
delay (2a2 + 2A), chosen on the order of 1/(4Jm) (which includes
a 213~JCHdephasing delay), an INEPT sequences is used to transfer
polarization back to the protons. To avoid sensitivity and resolution
loss caused by the relatively large (-55 Hz) C a - C = O coupling,
homonuclear GARP decouplinp of the carbonyl resonances (using
a very weak rf field, -400 Hz) was used throughout the experiment. In the final 3D spectrum, the F, and F3 coordinates
of a resonance correspond to the origin and destination proton
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Figure 2. Slices from the 3D HCCH J correlation spectra of a 1.5 mM
sample of the protein calmodulin, uniformly labeled (>%) with I3Cand

lsN.Spectra a-c are obtained with the scheme of Figure 1; the section
shown in d results from a 3D experiment with the central part of the pulse
sequence (between the pair of simultaneous IH,l3C90° pulses) reversed.
Spectra result from a (64 complex) X (32 complex) X (512 real) data
matrix, with acquisition times of 24. 8.1, and 52 ms in the tI, f2, and f 3
dimensions. After zero filling, the digital resolution is 10.4 Hz (Fl),62
Hz (F2),and 4.8 Hz ( F J . Because the presence of I3C significantly
shortens the 'H T,relaxation time, only a short delay time (650 ms) was
used between scans, resulting in a total measuring time of 50 h. The
resonance AI' in Figure 2a originates from protein molecules with an
additional methionine residue at the N-terminus.

chemical shifts. The F2 coordinate is the 13Cchemical shift of
the carbon attached to the proton from which magnetization
originates. The scheme of Figure 1 can also easily be changed
to yield the 13Cshift of the destination carbon along the F2 axis,
providing complementary information.
Both versions of the 3D experiment were applied to calmodulin
(16.7 kDa), uniformly (>%) labeled with 13Cand IsN, 1.5 mM
in 99.9% D20, p2H 6.3, 7 mM Ca2+, 37 OC. Spectra were recorded on a modified Bruker AM-500 spectrometer. Extensive
folding' of the "C frequencies was used in the F2 dimension to
yield higher digital resolution. For any given narrow proton
frequency region the I3C chemical shift range of carbons attached
to these protons never exceeds 30 ppm. This allowed us to use
an F, spectral width of only 3 1.5 ppm, without introducing any
overlap in the (Fl,F3) planes between folded and nonfolded resonances. Hence, for every slice two I3C frequencies apply; from
the ' H frequency of the diagonal resonance it is clear which of
the two I3C frequencies is appropriate.
Figure 2a shows a (F1,F3) slice of the 3D spectrum taken a t
a F2 frequency that corresponds to 51.0 and 19.5 ppm. Figure
(7) Kay, L. E.;Marion, D.;Bax, A. J. M a p . Reson. 1989, 84, 72.

2a shows dramatic simplification when compared with the IH
COSY spectrum of unlabeled calmodulin (recorded at 600 MHz,
supplementary material). Several cross peaks are found in the
3D spectrum that fall in well-resolved regions of the COSY
spectrum but are too weak to be observed in the 2D map (for
example, the Asn-137 CaH/Cj3H2 cross peak seen in Figure 2a).
The Fl,F3 slice is asymmetric about the diagonal since only
magnetization that originated from protons attached to carbons
at 51.0 or 19.5 ppm is visible. The corresponding cross peak at
the other side of the Fl = F3 diagonal is found in the slice taken
at the I3C frequency of the destination carbon. This is illustrated
in Figure 2b,c for the side chain of Thr-62. The slice taken at
the Cj3 I3C shift (Figure 2b) correlates Cj3H with both C a H and
CyH, protons and the slice at the C y shift (Figure 2c) shows
connectivity to the Cj3H proton.
As mentioned above, (FIJ3) slices of the 3D spectrum recorded
with the scheme of Figure 1 are asymmetric about the diagonal
and cross peaks appear in the F3 dimension only (Figure 2a-c).
By recording a 3D spectrum with a pulse sequence in which the
central part (between the simultaneous 90' IH/l3C pulses) has
been reversed, a 3D spectrum is obtained in which (Fl,F3) slices
show cross peaks in the FI dimension only. Figure 2d shows the
"mirror image" of Figure 2c, recorded with such a reversed pulse
sequence. Note that to minimize printing space requirements,
the orientation of this section is rotated by 90° relative to Figure
2c.
Complete analysis of the 3D experiment described above yields
unique spin system assignments for all non-aromatic residues. A
combination of the HCCH 3D correlation spectrum with the 3D
HMQC-NOESY spectrum8 is particularly powerful, permitting
many NOES to be assigned uniquely in the first round of data
analysis. This greatly facilitates the structure determination
process.
The HCCH J correlation method solves the IH line width
problem that hitherto has limited the size of proteins for which
complete side chain assignments could be obtained. With the
HCCH method, the I3C line width is the major limiting factor.
For 13Cresonances in calmodulin (17 kDa) the line widths vary
from about 15 Hz for C a protons to about 25 Hz for methylene
carbons. Narrower line widths are found for many of the methyl
groups. Since these line widths are still significantly smaller than
the Jcc couplings, we expect that the methodology presented here
will be efficient for proteins up to a t least 25 kDa.
Of course, the 3D experiment can also be recorded in the 2D
mode, albeit a t the cost of resolution. However, well-known
heteronuclear editing procedures can be used to simplify such
spectra, making this approach a possibility for laboratories not
yet set up for 3D NMR. The 3D spectrum required 50 h of
measuring time and a relatively small 4 megaword data matrix
before processing, indicating that this approach does not put any
extraordinary requirements on instrument time or disk storage
space while providing tremendous spectral simplification.
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