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ality, projected NMR experiments. in projected experiments it can be exploited to yield peaks

located in the center of the doublets (5 ) . These central
peaks provide unambiguous identification of multiple peak
doublets with identical 1H(v2) chemical shifts and peakThis Communication describes the reduced-dimensional-
intensities, and enable straightforward improvement of theity (1–5) 2D ct-HC(C)H-COSY experiment ( the under-
spectra by symmetrization (5 ) . Moreover, the 13C steady-lined 1H and 13C spins are sampled simultaneously (2)) ,
state magnetization of quaternary carbons directly attachedwhich provides high resolution for indirectly measured 1H
to a CHn moiety, e.g., the g carbon of tyrosine, yields crossand 13C chemical shifts even with short recording times.
peaks at the chemical shifts of the quaternary carbons alongTwo-dimensional ct-HC(C)H-COSY derives from 3D ct-
v1 , which are not accessible by the parent 3D HC(C)H-HC(C)H-COSY (6) and 2D ct-(H)C(C)H-COSY (7) . In
COSY experiment.the latter experiment the indirect proton dimension is omitted

13C frequency labeling is achieved during a constant-timeand hence the introduction of a constant-time (ct) 13C evolu-
period (6) , which can optionally be extended by multiplestion period, which may extend over one or several 1J(13C,
of d Å 1/{21J(13C, 13C)} in order to attain larger t1,max( 13C)13C) dephasing/rephasing cycles (8, 9) , enables the use of
values. This is of practical interest for molecules with lowlong t1,max( 13C) values and concomitant high resolution in
molecular weight and long T2( 13C) relaxation times, for ex-the 13C dimension. In the present implementation of 2D ct-
ample, 13C-labeled oligosaccharides (7) . Following theHC(C)H-COSY, use of the high resolution attainable with
product operator descriptions of 3D ct-HC(C)H-COSY (6)2D ct-(H)C(C)H-COSY is combined with the potentiali-
and 2D ct-[ 13C, 1H]-HSQC (8, 9) , and the previously intro-ties of 3D ct-HC(C)H-COSY (6) .
duced simultaneous acquisition of multiplets and centralThe pulse scheme of 2D ct-HC(C)H-COSY (Fig. 1 )
peaks in projected NMR experiments (5) , the density matrixshows that magnetization is transferred in the linear ‘‘out-
s describing detectable magnetization at the beginning ofand-stay’’ fashion (10 ) as described previously for the par-
the acquisition time is given byent 3D HC(C)H-COSY experiment (6 ) , of which the new

experiment is a ‘‘projection’’ (1–5 ) . The experiment thus
s Ç (1) nIxsin(pJCHt2)sin(pJCHt1)correlates the resonances of vicinal proton pairs with the

chemical shift of the 13C nucleus attached to one of the 1 sin[pJCC(t3 / ird)]cos l(pJCHt2)
protons (Fig. 2 ) , or those of geminal proton pairs with the

1 sin(pJCCt3)cos n(pJCCt3)cosm(pJCCt3)directly bound 13C atom. The evolution of the chemical
shifts in the projected 1H dimension gives rise to a cosine 1 {RHsin(pJCHt1)sin(pJCHt2)cos k(pJCHt2)
modulation of the transfer amplitude (1, 2 ) , so that the

1 cos[kV(1H1) t1]cos[V(13C1) t1]magnetization that was initially excited on 1H generates
peak doublets. Because the refocusing delay of the first / RCcos k/1(pJCHt2)sin[V(13C1) t1]}, [1]
INEPT step (t2 in Fig. 1) is set to a compromise value to
ensure acceptable simultaneous magnetization transfer with
from 1H to methine, methylene, and methyl carbons (11 ) ,
a substantial fraction of the single-quantum coherence orig-

RH Å 1 0 exp{0Trel /T1( 1H)} and
inating from 13C steady-state magnetization is not dephased
at the end of this delay. In the parent 3D experiment (6 ) RC Å g(13C)/g(1H)[1 0 exp{0Trel /T1( 13C)}] .
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quadrature detection of 13C, the first term in Eq. [1] gives
rise to a peak doublet located at v2( 1H2) , with peaks at
v1( 13C1) {Dv1( 1H1) , and the second term yields the corre-
sponding central peak at v2( 1H2)/v1( 13C1) (see Fig. 2 for
the atom numeration). Since the central peaks are dispersive
when the doublets are phased absorptive, we recommend to
record two data sets by inverting the phase f2 in Fig. 1 (5) .
The difference of the two data sets yields the doublets, while
the sum contains the central peaks, and the two subspectra
can be phased separately to obtain absorptive peaks.

FIG. 1. Experimental scheme for 2D ct-HC(C)H-COSY and parame- Pulsed field gradients (PFG) were used for coherence
ters used to record the spectra in Figs. 3–5. Rectangular 907 and 1807 pulses pathway rejection (12, 13) . To minimize off-resonance ef-
are indicated by thin and thick black bars, respectively, and phases are fects we placed the 1H carrier in the center of the spectral
indicated above the pulses (where no phase is given, the pulse is applied

range and performed time-proportional phase incrementationalong x) . Ninety degree pulse lengths of 9.5 ms and 12 ms were used for
(TPPI) (4, 14, 15) on f1 , thereby shifting the apparent car-1H and 13C, respectively, and the 1807 pulses were applied with the same

power. For 1H the carrier was placed at 2.90 ppm, and for aliphatic and rier position to 6.37 ppm at the downfield edge of the 1H
carbonyl 13C at 34 ppm and 171 ppm, respectively. 13C decoupling during resonances (Fig. 1) . For the aliphatic side chains of 13C-
t1( 1H) is achieved with a (90y –180x–90y) composite pulse (28) . The labeled polypeptides the delays t1 and t3 (Fig. 1) were tuned13C(90x–90f9) pulse pair immediately before acquisition serves to reduce

with 1JCH Å 140 Hz and 1JCC Å 37 Hz. For other chemicalthe intensity of modulation sidebands originating from incompletely refo-
structures the delays must be adapted according to the rela-cused 1H magnetization (29) . The scaling factor for chemical shift evolution

of 1H is given by k. A DIPSI-2 sequence (30) (RF Å 2.5 kHz) is used to tions given in the legend to Fig. 1.
decouple 1H during the heteronuclear magnetization transfers, a GARP As a first illustration we acquired a variant II 2D ct-
sequence (31) (RF Å 2.5 kHz) to decouple 13C during the proton detection, HC(C)H-COSY experiment with i Å 0 for the uniformly
and a GARP sequence (RF Å 0.6 kHz) for 13CO composite pulse decou- 13C-labeled cyclic undecapeptide cyclosporin A (CsA), withpling. Phase cycling: f1 Å x ; f2 Å y ; f3 Å x , 0x ; f4 Å y , 0y ; f5 Å x ;

a constant time delay of 6.6 ms duration. Figure 3, A andf6 Å x , 0x ; f7 Å x , 0x ; f8 Å x , 0x ; f9 (receiver) Å x , 0x . Quadrature
detection in t1( 13C) was accomplished by alternating the phase f5 according B, shows contour plots taken from the resulting subspectra.
to States–TPPI (32) . The apparent 1H carrier position was shifted to 6.37 The peak pairs of the Ha–Ha transfer (corresponding to a
ppm by incrementing f1 in 457 steps according to TPPI (15) . The delays backtransfer of magnetization, H2 r C2 r H2 in Fig. 2) and
had the following values (6) : t1 Å 3.4 ms, tuned approximately to 0.5/

the Hb–Ha transfer (H1 r C1 r C2 r H2 in Fig. 2) areJCH; t2 Å 2.1 ms, tuned to 0.3/JCH; t3 Å 7.4 ms, tuned approximately to
observed in Fig. 3B at v2( 1Ha) , where they are centered0.25/JCC. For i Å 2, d Å 26.6 ms when tuned to 1/JCC. The durations and

amplitudes of the sine bell-shaped pulse field gradients (PFG) are 400 ms about the peaks at v1( 13Ca) and v1( 13Cb) , respectively. The
and 10 G/cm for G1 and G6, 2 ms and 50 G/cm for G2, 400 ms and 15 in-phase splittings yield the chemical shifts of protons
G/cm for G3, 400 ms and 20 G/cm for G4, and 1 ms and 50 G/cm for G5. attached to the carbon for which the chemical shift is en-
The recovery delays after G2 and G5 were set to 1 ms. Two data sets were

coded in the central peak (Fig. 3A). Since both subspectrarecorded with f2 Å y and f2 Å 0y , respectively, for simultaneous acquisi-
are derived from the same experiment, which ensures accu-tion of the peak doublets, which are obtained in the difference spectrum,

and the central peaks, which are obtained in the sum spectrum (see text) . rate relative positioning of the singlet and doublet peaks, the
doublets in Fig. 3B can be neatly separated by symmetriza-
tion (4, 5, 15, 16) relative to the individual central peaks
(Fig. 4) .The number of increments d added to t3 (Fig. 1) is given

by i , I is the spin operator of the detected proton H2 (Fig. As a second example, which emphasizes the high resolu-
tion that can be obtained with 2D ct-HC(C)H-COSY exper-2) , JCC and JCH are the one-bond carbon–carbon and car-

bon–proton couplings, n and m indicate the number of pas- iments, variant I with iÅ 2 and t1,maxÅ 33.2 ms was recorded
for CsA (Figs. 3C and 5). Signals from carbon atoms withsive JCC couplings for the carbon atoms C1 and C2 (Fig. 2) ,

k and l indicate the number of passive JCH couplings for the one or three passive JCC couplings (for example, Ca-MeLeu
protons H1 and H2 (Fig. 2) , k denotes the scaling factor for
chemical shifts in the projected dimension (3) , V(X ) ,
T1(X ) and g(X ) are the chemical shift, the longitudinal
relaxation time, and the gyromagnetic ratio of nucleus X ,
and Trel denotes the relaxation delay between scans. The
factor (01) n must be taken into account for i Å 1, 2, 5,
6rrr (variant I) , but not for i Å 0, 3, 4, 7, 8rrr (variant

FIG. 2. Magnetization transfer pathway of the 2D ct-HC(C)H-COSYII) . In variant I the sign of the peaks from carbons coupled
experiment. The two square boxes indicate that the chemical shifts of these

to an odd number of 13C spins is thus opposite to that for a two nuclei are observed in a common dimension. The arrows represent
carbon with an even number of 13C– 13C couplings, but the HSQC-type transfers of magnetization, and the circle indicates that the

magnetization is detected on the proton H2.same sign is obtained for all peaks in variant II (8, 9) . With
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FIG. 3. Contour plots showing 2D ct-HC(C)H-COSY spectra recorded with acquisition of central peaks (5) , which contain the signals detected on
the a protons of uniformly 13C-labeled CsA dissolved in 100% CDCl3 (T Å 237C, concentration 10 mM) . CsA is cyclo( –MeBmt1–Abu2–Sar3–
MeLeu4–Val5–MeLeu6–Ala7–D–Ala8–MeLeu9–MeLeu10–MeVal11– ), with MeBmtÅ (2S, 3R, 4R, 6E)-3-hydroxy-4-methyl-2-(methylamino)oct-
6-enoic acid, Sar Å sarcosine, MeLeu Å N-methylleucine, MeVal Å N-methylvaline, and Abu Å aminobutyric acid. (A) Sum subspectrum showing the
central peaks obtained from the sum of the two data sets recorded with a f2 phase shift of 1807 and i Å 0, so that d Å 0 ms (Eq. [1] and Fig. 1) . The
peak positions along v1 are at v1( 13Ca) and v1( 13Cb) . The assignments of the peaks to the individual residues (17) are given by the sequence numbers
at the top of the spectrum. For residues Ala7 and MeLeu9 the 13Ca and 13Cb peaks are individually identified. (B) Difference subspectrum containing
the doublets corresponding to the peaks in (A). We used k Å 1 (Fig. 1) , so that the peak positions are at v1( 13Ca) { Dv1( 1Ha) and v1( 13Cb) {
Dv1( 1Hb) . The in-phase splittings measured on the 13C chemical shift scale in ppm, 2rDv1( 1H), are equal to 2rdv(1H)r[g(1H)/g(13C)] , where
dv(1H) denotes the chemical difference in ppm with respect to the 1H carrier position at 6.37 ppm. The splittings are identified by solid arrows for the
residues Ala7 and MeLeu9, which indicates how the following chemical shifts relative to TMS were extracted: v1( 1Ha , Ala7) Å 4.52 ppm, v1( 13Ca ,
Ala7) Å 48.69 ppm, v1( 1Hb , Ala7) Å 1.37 ppm, v1( 13Cb , Ala7) Å 16.07 ppm, v1( 1Ha , MeLeu9) Å 5.70 ppm, v1( 13Ca , MeLeu9) Å 48.30 ppm,
v1( 1Hb1 , MeLeu9) Å 1.25 ppm, v1( 1Hb2 , MeLeu9) Å 2.13 ppm, v1( 13Cb , MeLeu9) Å 39.04 ppm. The positions of the cross sections shown in Figs.
4 and 5 are indicated by broken and dotted vertical lines, respectively. To obtain the subspectra (A) and (B), 110( t1)* 1024( t2) complex points were
accumulated, with t1,max( 13C) Å 6.6 ms, t1,max( 1H) Å 6.6 ms, and t2,max( 1H) Å 184.3 ms. Two scans per increment were acquired and the relaxation delay
between scans was set to 1.7 s, resulting in a total measuring time of 26 min. The data matrices were extended to 200 complex points along t1 by linear
prediction (33) . The digital resolution after zero-filling was 16.2 Hz/pt along v1( 13C/1H) and 2.7 Hz/pt along v2( 1H). (C) Same as (B), except that
we used i Å 2 and d Å 26.6 ms (Eq. [1] and Fig. 1) . Negative peaks are enclosed in circles. A total of 550( t1)* 1024( t2) complex points were
accumulated, with t1,max( 13C) Å 33.2 ms, t1,max( 1H) Å 33.2 ms, and t2,max( 1H) Å 184.3 ms. Two scans per increment were acquired, and the relaxation
delay between scans was set to 1.5 s, resulting in a total measuring time of 110 min. The data matrices were extended to 800 complex points along t1

by linear prediction (33) . The digital resolution after zero-filling was 4.0 Hz/pt along v1( 13C/1H) and 2.7 Hz/pt along v2( 1H). All spectra were recorded
on a Bruker AMX600 spectrometer operating at 600 MHz 1H resonance frequency, which was equipped with a Bruker gradient accessory and a triple-
resonance probehead with a self-shielded z-gradient coil. Digital filtering was performed with a squared cosine window in t1 and a sine window shifted
by 707 in t2 (34) . The spectra were processed and analyzed using the programs PROSA (35) and XEASY (36) , respectively. The chemical shifts are
relative to internal tetramethylsilane.

9; note that C * is decoupled), and those from carbon atoms tion about the position of the central peaks (Fig. 4) . In
general, the resolution of a NMR experiment depends on thewith none or two carbon coupling partners (for example,

Cb-MeLeu 9) have opposite signs (Figs. 3C and 5) (8, 9) . maximal evolution times, tmax , and the transverse relaxation
times of the observed nuclei. In constant-time evolution peri-Multidimensional NMR experiments can be compared in

terms of resolution, i.e., the precision of the chemical shift ods the transverse relaxation is manifested by signal attenua-
tion and not by line broadening, so that tmax remains asmeasurement, and in terms of dispersion, i.e., the distribution

of peaks encoding chemical shifts in one or several dimen- the key variable determining the resolution. The following
considerations show that 2D ct-HC(C)H-COSY offers sig-sions. Increased resolution may compensate for insufficient

dispersion, and vice versa. It is a novel feature of reduced- nificantly increased resolution within a given measurement
time when compared with 3D ct-HC(C)H-COSY. The spec-dimensionality experiments recorded with simultaneous ac-

quisition of central peaks (5, 15) that the loss of dispersion tra in Fig. 3, A and B, were recorded in 26 min with t1,max Å
6.6 ms. For identical resolution, the same maximal evolutionarising from the projection can be recovered by symmetriza-
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22 complex points must be recorded along t2( 13C). The
2D ct-HC(C)H-COSY experiments represent two data sets
recorded each with two scans per increment, so that each
subspectrum (see Fig. 3, A and B) contains signals which are
effectively accumulated with four scans per real increment.
However, without symmetrization about the central peaks
the signal-to-noise ratio obtained in a projected experiment
is reduced by a factor

√
2 when compared with the parent

3D experiment (e.g., 15) . Hence, only two scans per real
increment are assumed for the hypothetical 3D experiment.
With a relaxation delay of 1.7 s, a time for acquisition and
duration of the actual pulse sequence of about 300 ms, and
two scans per real increment, we then obtain a measurement
time of about 3 hours for the 3D experiment. The same
calculation performed for the 2D experiment which was re-
corded with t1,max Å 33.2 ms in 110 min (Fig. 3C) reveals
that a hypothetical 3D spectrum sampling both indirect di-
mensions with tmax Å 33.2 ms would require about 3 days

FIG. 4. Cross sections taken along the broken vertical lines from the two
subspectra of the 2D ct-HC(C)H-COSY experiment in Fig. 3, A and B. The
relative intensity, I, is plotted versus the frequency v1(13C). (A) Central
peaks detected at v2(1Ha) of MeLeu9. (B) Peak doublets at v2(1Ha) of
MeLeu9 and v1(13Ca){Dv1(1Ha), and v1(13Cb){Dv1(1Hb), respectively.
(C) and (D) show the spectrum (B) after separation of the Ca and Cb

doublets by symmetrization (16), which was performed as described in (5).

times would have to be achieved for 1H and 13C in the
indirect dimensions of the 3D experiment. Since the 13C

FIG. 5. Cross sections taken along the dotted vertical lines from thedimension can be aliased in the 3D experiment, we assume
2D ct-HC(C)H-COSY subspectra in Fig. 3, B and C. These cross sectionsa corresponding sweep width of 3300 Hz, and the sweep
contain the doublets detected at v2( 1Ha) of MeLeu6. (A) From Fig. 3Bwidth for the indirect proton dimension shall be 4500 Hz.
( t1,max Å 6.6 ms). (B) From Fig. 3C ( t1,max Å 33.2 ms). The peaks marked

Then, in 3D HCCH-COSY t1,max( 1H)rSW(1H) Å 6.6 ms 1 with an asterisk correspond to one component each of the two doublets
4500 Hz Å 30 complex points must be recorded along arising from the nondegenerate b protons of MeLeu6 (in Fig. 3, B and C,

all four Hb components are shown).t1( 1H), and t2,max( 13C)rSW(13C) Å 6.6 ms 1 3300 Hz Å
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