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Two new pulse sequences are presented for the recording of 2D
13C-HSQC and 3D 13C-NOESY-HSQC experiments, containing
two consecutive carbon evolution periods. The two periods are
separated by a z-filter which creates a clean CxHz-quantum state
for evolution in the second period. Each period is incremented (in
a non-constant-time fashion) only to the extent that the defocusing
of carbon inphase magnetization through J-coupling with neigh-
boring carbons remains insignificant. Therefore, 13C homonuclear
J-couplings are rendered ineffective, reducing the loss of signal
and peak splitting commonly associated with long 13C evolution
times. The two periods are incremented according to a special
acquisition protocol employing a 13C–13C gradient echo to yield a
data set analogous to one obtained by evolution over the added
duration of both periods. The spectra recorded with the new
technique on uniformly 13C-labeled proteins at twice the evolution
time of the standard 13C-HSQC experiment display a nearly two-
fold enhancement of resolution in the carbon domain, while main-
taining a good sensitivity even in the case of large proteins.
Applied to the IIAMan protein of E. coli (31 kDa), the 13C-HSQC
experiment recorded with a carbon evolution time of 2 3 8 ms
showed a 36% decrease in linewidths compared to the standard
13C-HSQC experiment, and the S/N ratio of representative cross-
peaks was reduced to 40%. This reduction reflects mostly the
typical loss of intensity observed when recording with an increased
resolution. The 13C-NOESY-HSQC experiment derived from the
13C-HSQC experiment yielded additional NOE restraints between
resonances which previously had been unresolved. © 1998 Academic

Press

Key Words: 13C-NOESY-HSQC; uniformly 13C-labeled pro-
teins; split evolution time; enhanced resolution; C–C gradient
echo.

INTRODUCTION

The determination of the structure of biopolymers by NMR
relies to a large part on NOE-derived proton–proton distances
obtained from multi-dimensional NOE spectroscopy (1–5). In
proteins the NOE-derived distances between protons of differ-
ent side chains constitute the essential experimental informa-
tion to determine the 3D structure. These NOE distances are
usually evaluated from carbon-edited NOESY spectra of uni-

formly 13C-labeled proteins. However, these spectra often dis-
play severe overlap between signals. Here we present new
experiments to record13C-HSQC and13C-NOESY-HSQC
spectra with a split carbon evolution period, allowing the
incrementation of the carbon magnetization to twice the stan-
dard duration on uniformly13C-labeled proteins. This results in
a twofold enhancement in resolution and a significant reduction
of signal overlap. At the same time the experiments display
high signal intensity even in the case of large proteins.

Difficulties in achieving sufficient resolution in the car-
bon domain of NOESY spectra of uniformly13C-labeled
proteins stem from scalar coupling of the carbons with
neighboring carbons. To avoid substantial loss of signal and
peak splitting due to the modulation of the inphase magne-
tization by the 1J(13C, 13C) couplings ('36 Hz), carbon
evolution periods are usually limited to ca. 10 ms (6).
Consequently, many cross-peaks are not separated in the
carbon domain. To improve resolution, constant time evo-
lution has to be used with an evolution period of 28 ms to
refocus 13C–13C antiphase magnetization (7, 8). This ap-
proach leads to the separation of nearly all cross-peaks for
typical proteins, even eliminating line broadening from
spin–spin relaxation. However, in large nondeuterated pro-
teins the resulting cross-peak intensities are very low. More-
over, the intensities also depend strongly on the spin–spin
relaxation rate of the individual carbons, and it is therefore
necessary to rescale the intensities of the NOE signals
depending on their13C trace. In contrast, highly deuterated
samples allow the use of constant time evolution of carbons
while maintaining a good sensitivity (9). However, they in
turn do not yield satisfactory NOE signals between aliphatic
protons because of the low density of these protons (10).

Since none of the published techniques yields adequate reso-
lution in the carbon domain combined with good sensitivity when
applied to uniformly13C-labeled proteins, we have developed a
modified 2D 13C-HSQC experiment and the derived 3D13C-
NOESY-HSQC experiment. In these the carbon magnetization
evolves in two separate evolution periods. Each period is incre-
mented (in anon-constant-time fashion) only to the extent that the
defocusing of carbon inphase magnetization throughJ-coupling
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with neighboring carbons remains tolerable. The information
from the two periods is combined to give a data set corresponding
to the evolution of the13C spins over the added duration of both
periods. This is achieved by the use of a13C,13C gradient echo
(11) for part of the evolution time. This new technique effectively
suppresses13C homonuclearJ-couplings, thus eliminating loss of
signal and peak splitting commonly associated with long13C
evolution times. The spectra recorded with this technique, where
the duration of each of the two periods is equal to the typical13C
evolution time of the standard13C-HSQC experiment, display
very good intensities even in the case of large proteins. The
technique can also be adapted to a variety of problems by con-
catenating any number of these periods.

EXPERIMENTAL

Figure 1 shows the new13C-HSQC (Fig. 1a) and the derived
13C-NOESY-HSQC (Fig. 1b) sequences. The pathway of mag-

FIG. 1. 2D 13C-HSQC (a) and 3D13C-NOESY-HSQC (b) experiments
modified for split carbon evolution. Both experiments preserve the water
magnetization at equilibrium and were applied to the IIAMan protein. (a)
13C-HSQC: The data set was recorded in two measurements corresponding to
the two blocks of13C evolution. The same pulse program but different pulsed
field gradient (PFG) strengths were used for each block of the experiment. The
phase cycling during either block wasc1 5 x, 2x; Rec5 x, 2x. During the
first block two scans were accumulated, during the second block, eight. (Also
see general parameters below.)First block: The delayd was incremented
starting at zero length (delayd9 5 0). Quadrature detection was performed in
STATES-echo–antiecho mode (13, 21), incrementing phasec1 and inverting
PFGG8 for echo–antiecho selection. PFG strengths wereG1 5 4%,G2 5 80%,
G3 5 6%,G4 5 6%,G5 5 68%,G6 5 51.7%,G7 5 251.7%, andG8 5 26%.
Second block:The delayd9 was incremented starting at zero length for the first
point. The delayd remained fixed at its maximal durationNDt1, whereN is the
number ofcomplexcarbon data points recorded during the first block andDt1
is the STATES-time increment. As above, quadrature detection was performed
in STATES-echo–antiecho mode, incrementing phasec1 and inverting PFG
G8 for echo–antiecho selection. PFG strengths were set toG1 5 4%, G2 5
80%,G3 5 10%,G4 5 210%,G5 5 80%,G6 5 41.7%,G7 5 241.7%, and
G8 5 26%. (b)13C-NOESY-HSQC: Analogous to the13C-HSQC, the data set
(domains13C(t1) 3 1H(t2) 3 1HC(Acq)) was collected in two measurements
corresponding to the two blocks of incrementation of the13C(t1) domain. The
same pulse program, but different PFG strengths were used for each block of
the experiment. The phase cycling during either block wasc1 5 x; c2 5 45,
245;c3 5 2x, 2(2x); Rec5 x, 2x, 2x, x. Four scans (first block) and 16 scans
(second block) were accumulated. Within each block the indirect1H(t2)
domain was recorded, interleaved with the13C(t1) domain, as described in the
following. First the evolution of the1H(t2) domain was acquired according to
the STATES-TPPI protocol (21), incrementingc1 andRec. However, follow-
ing every1H(t2) FID, the same FID was rerecorded with an inverted PFGG8.
Since inversion of the PFGG8 selects the echo and antiecho signals for13C(t1)
evolution, this handling resulted in an interleaving of the13C(t1) and the1H(t2)
domains. After completion of the incrementation in1H(t2), the1H(t2) evolution
delay was reset to zero, the13C(t1) evolution delay was incremented (by a

FIG. 2. Suppressing13C homonuclearJ-couplings by dividing the
evolution period into two parts: Evolving carbon magnetization to 16 ms
(2j) results in signal loss and peak splitting due to the cosine modulation
of the intensity of the transverse magnetization (CxHz) by 1J(13C, 13C)
couplings (a, where the effect of a single coupling is shown). In contrast,
evolving the magnetization in two separate periods of 8 ms (j) each and
‘‘combining’’ the information from both periods to a data set analogous to
one gained by evolution over the added time of both periods results in a line
that is only slightly affected by13C–13C J-couplings (b). This ‘‘combina-
tion’’ of information can be achieved by a13C–13C gradient echo that
relays information on the phase of magnetization from one period to the
other and generates a joint signal.

STATES-time increment), and the procedure was restarted. Delaysd and d9
were used, analogous to the13C-HSQC for carbon incrementation. The result-
ing 13C data set is analogous to one obtained by a STATES-echo–antiecho
protocol. PFG strengths during the first block wereG0 5 4%, G1 5 90%,G2

5 80%,G3 5 5%,G4 5 5%,G5 5 70%,G6 5 51.7%,G7 5 251.7%, andG8

5 26%. PFG strengths during the second block wereG0 5 4%,G1 5 90%,G2

5 80%,G3 5 10%,G4 5 210%,G5 5 80%,G6 5 41.7%,G7 5 241.7%, and
G8 5 26%.General parameters:Pulses, where no explicit phase is given, were
applied along thex axis. PFGs had a sine-bell shape with a duration of 0.5 ms,
followed by a 0.25-ms recovery delay. A PFG strength of 100% equals ca. 70
G/cm. Delays wereD 5 1.6 ms,e 5 2.0 ms,d 5 length of 180°13C-pulse,tM

5 130 ms. The recycle delay was 1.3 s. RF power was 25 kHz (1H) and 25 kHz
(13C). Decoupling denotedcont. was started where the previous decoupling
had left off. For decoupling of13C a GARP train (22) (RF power 2.6 kHz), for
15N a GARP train (22) (RF power 1.25 kHz), and for13CO a MLEV-16 train
(24) of Gaussian inversion pulses of 800-ms length were used.
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netization through the13C-HSQC sequence starts out with
excitation of proton coherence. Next, this magnetization is
transferred to the directly bound carbon by the first 90° carbon
pulse. In the subsequent periodd9 the magnetization is trans-
verse on the carbon, before being converted toz-magnetization
by the first 90° pulse of the centralz-filter. The second 90°

pulse of thez-filter returns the magnetization to thex, y-plane,
and after completion of periodd the magnetization is trans-
ferred back to the proton, where it is detected.

The 13C-HSQC experiment is based on two main concepts.
First, two separate periods are used, each of which is below the
time required for the build-up of significant13C–13C antiphase
magnetization, thus suppressing13C homonuclearJ-couplings
(Fig. 2). The two evolution periods are consecutive with an
interveningz-filter. Thisz-filter destroys the13C–13C antiphase
magnetization that has built-up during the first periodd9,
creating a cleanCxHz-quantum state for evolution in the second
periodd. Second,the two periods are incremented according to
a protocol which results in a data set corresponding to evolu-
tion over the combined time of both periods, and which em-
ploys a13C–13C gradient echo for part of the evolution time
(Fig. 3). In this protocol both periods start out at zero length
(the 180° proton pulses are neglected in the following). During
the first phase of13C evolution the periodd is incremented,
while periodd9 remains at zero length (first block). During this
block of the experiment the pulsed field gradients (PFG)G1,
G2, andG5 serve as spoil gradients, PFGsG3 andG4 cleanse
the intervening 180° pulse (12), and PFGsG6, G7, and G8

select the echo and antiecho signals for quadrature detection
(13). After periodd has been incremented to its maximum (ca.
8 ms), it is kept at this value and periodd9 is incremented
(second block). The pulsed field gradients are now set to new
values. PFGsG1, G2, andG5 still serve as spoil gradients, but
PFGsG3, G4, G6, and G7 now produce a13C–13C gradient
echo. This echo is set up so that the phase of the transverse
magnetization hit by PFGsG6 andG7 is shifted by an amount
corresponding to the evolution duringd9 (5VCt1b for any
given carbon of resonance frequencyVC in the rotating frame).
Thus, a signal arises at the end of periodd that represents
evolution over the combined time of the two periods. The
13C–13C gradient echo works analogously to the1H–1H gradi-

ent echo used, for example, in the stimulated echo (14), the
GOESY (15, 16), and the diagonal-free NOESY (17) experi-
ments. Using the product operator formalism in the Cartesian
basis, the transfer of magnetization starting at the first 90°
carbon pulse can be described as follows (only the desired
magnetization is listed,J(13C, 13C) couplings are neglected):

wherewcoil(z) denotes the phase shift created by PFGsG3 and
G4 when twisting the transverse magnetization into a coil along
the z-axis. As stated earlier, the last term corresponds exactly
to evolution over the combined time of both periods. In addi-
tion to their role in the13C–13C gradient echo, PFGsG6 andG7

together with PFGG8 select the echo and antiecho components
of the combined signal for quadrature detection. Because of the
13C–13C gradient echo, the sensitivity during the second block
of incrementation is lowered to half its value during the first
block (11). This reduced sensitivity is compensated for by
accumulating four times as many scans during the second
block of the experiment.

The 13C-NOESY-HSQC (Fig. 1b) experiment has been de-
rived from the13C-HSQC experiment by inserting a proton

FIG. 3. Scheme of13C evolution.No constant time incrementation was
performed. During the first block periodd is incremented. During the second
block periodd9 is incremented, while periodd is kept at full extension. During
this time PFGs produce a13C–13C gradient echo to generate a signal corre-
sponding to evolution over the combined time of both periods.

2CyO¡
VCt1bCz

2Cycos~VCt1b! 1 Cxsin~VCt1b!O¡
G3,180x,G4

Cycos~VCt1b 1 wcoil~z!! 1 Cxsin~VCt1b 1 wcoil~z!!O¡
90x

Czcos~VCt1b 1 wcoil~ z!!O¡
90x

2Cycos~VCt1b 1 wcoil~ z!!O¡
VCt1aCz

cos~VCt1b 1 wcoil~ z!!$2Cycos~VCt1a!

1 Cxsin~VCt1a!}O¡
G6,180x,G7

~1/ 2!$Cycos~VC~t1b 1 t1a!! 1 Cxsin~VC~t1b 1 t1a!!% , [1]
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evolution period and NOE mixing time in front of the se-
quence, while keeping to the modified protocol for carbon
recording. The suggested NOESY experiment preserves the
water magnetization at equilibrium, ensuring an enhancement
of the intensity of cross-peaks involving amide protons.

RESULTS

The new experiments were applied to a 31-kDa protein, the
homodimeric IIAMan domain of the mannose transporter ofE.
coli (18, 19). The spectra were recorded at 310 K on a Bruker

DMX600 spectrometer. A [U-15N/13C] sample was used with a
concentration of about 0.8 mM (dimer) in 90% H2O/10% D2O
and 10 mM Na-(Pi) buffer at pH 7.5. The symmetric IIAMan

dimer exhibits a single set of NMR signals, corresponding to
the 135 amino acids of the monomer.

In a first step the parameters for the13C-HSQC experiment
were optimized. Optimal sizes for the maximal evolution times in
periodsd and d9 were obtained by recording the first block of
incrementation (evolution time 16 ms) of a trial13C-HSQC on the
IIA Man protein. The data matrix was processed only in the acqui-
sition domain, and 1D slices alongt1 were extracted from this
interferogram at the position of signals which were resolved in the
processed1H domain. These slices represent carbon FIDs.
The time (t 5 8 ms) at which the decay of the signals in these
FIDs due to spin–spin relaxation (exponential decay) was as fast,
that is, had the same derivative, as the decay due to the1J(13C,

FIG. 4. Comparison of the13C-HSQC experiment (Fig. 1a) (a) and the standard13C-HSQC experiment (20) (b) recorded on IIAMan. New high-resolution
experiment (a): Both carbon periods were incremented to 7.9 ms, recording a total of 3203 1024 real points (domains13C(t1) 3 1H(Acq)) with spectral widths
of 10,000 Hz3 8333 Hz. The differences in intensities between the FIDs from the first and the second block were compensated for by dividing the amplitude
of the FIDs from the second block by two before processing. Standard experiment (b): The carbon period was incremented to 7.9 ms, recording 1603 1024
real points (domains13C(t1) 3 1H(Acq)) with spectral widths of 10,000 Hz3 8333 Hz. Both data sets were processed [in echo–antiecho manner (13)] to matrices
of 512 3 2048 real points after apodization with a 90° shifted sine-bell window function and subsequent zero filling in both dimensions.

FIG. 5. 1D columns extracted from the 2D spectra of Fig. 4a (solid line)
and Fig. 4b (dotted line) at the position of the cross-peak Leu56 Cd2–Hd2. The
full widths at half maximum (FWHM) are 90 Hz (solid line) and 140 Hz
(dotted line). For easy comparison the traces were scaled to the same peak
height.

FIG. 6. 1D rows extracted from the spectra of Fig. 4a (upper traces) and
Fig. 4b (lower traces) at the position of the cross-peaks Leu56 Cd2–Hd2 (see
arrow in Fig. 4) and Val66 Ca–Ha (not displayed in Fig. 4). To the right of the
traces the normalizedS/N ratios of the cross-peaks are given.
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13C) couplings (cosine-shaped decay) was chosen as the maximal
evolution time in the two periodsd9 andd for all further experi-
ments. This choice ensures a good combination of resolution and
intensity in the case of the IIAMan sample.

To investigate signal intensity and resolution of the experi-
ments, the13C-HSQC experiment (Fig. 1a, 8-ms evolution time
in both carbon evolution periods, measurement time 46 min)
and a standard13C-HSQC (20) (8 ms carbon evolution time,
measurement time 46 min) were recorded on the IIAMan sam-
ple. Figure 4 shows details from the methyl region of both
spectra. Obviously, the carbon linewidths in the plot of the new
experiment (a) are significantly reduced, leading to the sepa-
ration of some previously unresolved cross-peaks, such as
Leu17 Cd2–Hd2 and Leu114 Cd2–Hd2. For a representative
cross-peak (Leu56 Cd2Hd2) the full width at half maximum
(FWHM) is reduced by 36% to 90 Hz (Fig. 5). This also shows
that the resolution of the new experiment is still below the
actual linewidth of most IIAMan carbons (ca. 30 Hz, as deter-
mined from a13C-HSQC spectrum with a long carbon evolu-
tion time), ruling out wasteful overdigitization. To compare the
sensitivity of the two experiments, 1D rows containing repre-
sentative signals were extracted from either spectrum (Fig. 6).
These signals show a reduction inS/N to about 40% for the
new high-resolution experiment. The reduction stems in part
from the handling of the two evolution periods using the
13C–13C gradient echo (11). However, the biggest loss is due to
recording more of the very weak signal at the end of the rapidly
decaying FID (T2 ' 8 ms for a typical Ca of IIA Man).

The high-resolution 3D13C-NOESY-HSQC experiment
(Fig. 1b) was recorded on the IIAMan sample with the same
value of 8 ms for the maximal evolution time in the two carbon
evolution periods. The experiment was recorded over 3 days.
The traces shown in Fig. 7 demonstrate the good sensitivity of
the experiment in the case of large proteins, as even weak
cross-peaks can be easily observed (e.g., all Ca(i)–Ha(i)–HN(i)
cross-peaks were observed). Figure 8 shows a1H(t2)–

13C(t1)
cross-section extracted at a chemical shift of 0.69 ppm in the
acquisition domain1HC(Acq). The NOE traces of resonances
Leu17 Hd2 and Leu114 Hd2 are largely separated, and addi-
tional NOE restraints were obtained.

CONCLUSION

We describe a13C-HSQC experiment and the derived13C-
NOESY-HSQC experiment with two separated periods for

FIG. 7. Sample NOE traces (Ala77 Ha and Ala77 Hb) taken from the
high-resolution 13C-NOESY-HSQC spectrum of IIAMan (Fig. 1b). The
NOESY experiment was recorded over 3 days with a total size of 1603 2243
1024 real points (domains13C(t1) 3 1H(t2) 3 1HC(Acq)) with spectral widths
of 5000 Hz3 7143 Hz3 8333 Hz. The13C domain was folded. The recording
followed the protocol given in the legend of Fig. 1, but only two scans (first
block) and eight scans (second block) repeating the first two steps of the phase

cycle were accumulated. Therefore, the axial artifacts at the position of the13C
source frequency did not cancel out. However, since the13C source frequency
was set to 40.4 ppm, these artifacts appear in a sparsely populated region of the
spectrum. The amplitude of the FIDs from the second13C(t1)-block were
divided by 2 and the FIDs were resorted to remove interleaving of13C(t1) and
1H(t2) data before processing. The data was processed to a matrix of 2563
256 3 512 real points after apodization with a 90° shifted sine-bell window
function and subsequent zero filling in all dimensions.
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carbon evolution. The use of the two periods, each of which is
kept below the time required for significant13C–13C J-cou-
pling, renders all13C homonuclearJ-couplings ineffective. The
information from the two periods is combined to a data set
corresponding to evolution over the added duration of both
periods via a13C–13C gradient echo. For large proteins the
sensitivity of the13C-HSQC experiment is lower than that of a
standard13C-HSQC experiment, but far better than that of the
constant time version with an evolution time of 28 ms. Applied
to the 31-kDa IIAMan protein, the linewidths observed in the
13C-HSQC spectrum recorded in two blocks of 8 ms carbon
evolution time each are reduced by about 36% compared to the
standard13C-HSQC experiment, while theS/N of representa-
tive cross-peaks is lowered to about 40%. A13C-NOESY-
HSQC experiment based on this13C-HSQC experiment has

enabled us to evaluate additional NOE distances between res-
onances which were previously unresolved.
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