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Summary 

Three-dimensional IH-TOCSY-relayed ct-[~3C, IH]-HMQC is a novel experiment for aromatic spin system 
identification in uniformly ~3C-labeled proteins, which is implemented so that it correlates the chemical 
shift of a given aromatic proton with those of the directly attached carbon and all vicinal protons. The 
ct-HMQC scheme is used both for overlay of the indirect IH and 13C chemical shift evolution periods 
and for the generation of JH-~H antiphase magnetization to accelerate the ~H-TOCSY magnetization 
transfer at short mixing times. As an illustration, data recorded for the 18 kDa protein cyclophilin A 
are presented. Since transverse relaxation of J3C-~H zero-quantum and double-quantum coherences is 
to first order insensitive to ~3C-~H heteronuclear dipolar relaxation, the new experiment should work also 
for proteins with molecular weights above 20 kDa. 

Introduct ion 

Aromatic amino acids play a pivotal role in the archi- 
tecture of the hydrophobic core in proteins. Hence, com- 
plete assignment of the aromatic spin systems is a key 
factor for obtaining high-quality NMR structures of 
proteins. Sequence-specific assignments of aromatic resi- 
dues are usually achieved in two steps. One is the identifi- 
cation of the aromatic spin systems via scalar connect- 
ivities. Two-dimensional (2D) [~H,1H]-TOCSY and 
[1H,~H]-COSY have traditionally been employed for un- 
labeled proteins (Wfithrich, 1986), while 2D co2(~3C)-half - 
filtered [IH]H]-TOCSY (Otting and Wtithrich, 1990; 
Szyperski et al., 1994), 2D constant-time (ct) HCCH- 
TOCSY (e.g., Damberger et al., 1994; Logan et al., 1994) 
or 2D 1H-TOCSY-relayed ct-[13C, JH]-HSQC experiments 
(Archer et al., 1993) have been used for uniformly 13C- 
labeled proteins. In the other step, sequence-specific as- 
signments are obtained via NOEs observed between the 
aromatic IH spin systems and the 13-methylene protons 
(Wfithrich, 1986), either in 2D [~H,~H]-NOESY for un- 
labeled proteins (Wfithrich, 1986), or in 3D ~3C-resolved 
[~H]H]-NOESY (Ikura et al., 1990) and/or 2D m2(13C) - 

half-filtered [~H,IH]-NOESY (Otting and W/ithrich, 1990; 
Szyperski et al., 1994) for 13C-labeled proteins. Two ex- 
periments have also been proposed that use scalar coup- 
lings to establish connectivities between the aromatic spin 
systems and 13C[~ in 13C-labeled proteins (Yamazaki et al., 
1993; Grzesiek and Bax, 1995a). However, in spite of this 
impressive repertoire of NMR experiments, the assign- 
ment of aromatic spin systems remains a challenging task 
for larger proteins because of the typically very limited IH 
and ~3C chemical shift dispersion and the presence of 
large one-bond 13C-13C scalar couplings. Recently, 'reverse 
labeling' has been proposed for tackling these inherent 
difficulties (Vuister et al., 1994). In this paper we intro- 
duce the 3D ~H-TOCSY-relayed ct-[13C, IH]-HMQC ex- 
periment, which promises to be a valuable addition to the 
arsenal of approaches available for identification of aro- 
matic spin systems in ~3C-labeled proteins. 

M e t h o d s  

The 3D ~H-TOCSY-relayed ct-[~3C,~H]-HMQC experi- 
ment correlates the chemical shift of a given aromatic 
proton with that of the attached carbon and, provided 
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that the total correlation mixing time is chosen to be 
sufficiently short to prevent multiple ~H relays, with those 
of one or two vicinal protons (Fig. 1). The design of the 
new experiment (Fig. 2A) is based on the following con- 
siderations: ~3C frequency labeling is performed in a ct 
fashion (Vuister and Bax, 1992) to eliminate the large 
one-bond scalar couplings between aromatic carbons (~ 60 
Hz; Krivdin and Kalabin, 1989), which ensures sufficient 
resolution along the ~3C frequency axis (compare Figs. 
3A and B). The ct delay is also used for the generation of 
~HJH antiphase magnetization, for which the transfer 
into in-phase magnetization of the neighbouring proton 
by the subsequent ~H-TOCSY relay exhibits sine charac- 
teristics, while (1 -cos) characteristics result from IH in- 
phase magnetization (Braunschweiler and Ernst, 1983). 
Hence, the generation of 1H-IH antiphase magnetization 
greatly enhances the magnetization relay at short mixing 
times. ~H-~3C heteronuclear multiple-quantum coherence 
(HMQC; Miiller, 1979; Bax et al., 1983) is used to over- 
lay the ~H and ~3C chemical shift evolution periods (Kay 
et al., 1992; Szyperski et al., 1993). Since ~H-13C zero- 
quantum and double-quantum coherences are to first 
order insensitive to heteronuclear dipolar relaxation 
(Griffey and Redfield, 1987; Bax et al., 1990), the use of 
multiple-quantum coherence also results in increased 
sensitivity, in particular for large proteins with long over- 
all rotational correlation times. Since the ct-HMQC 
scheme can be implemented with application of as few as 
five radiofrequency (rf) pulses before the ~H-TOCSY 
mixing (Fig. 2A), magnetization losses due to B~ inhomo- 
geneity of the rf pulses are small. 

The transfer amplitude of the 3D ~H-TOCSY-relayed 
ct-[~3C,~H]-HMQC experiment (Fig. 2A) was evaluated 
using the product operator formalism (Sorensen et al., 
1983), where the IH-TOCSY relay was treated using spin 

H(3) 

I 
. x ~ / C  (3) 

C(2) 

Fig. 1. Magnetization transfer pathway of the 3D tH-TOCSY-relayed 
ct-[13C,1H]-HMQC experiment. The HMQC and the IH-TOCSY 
magnetization transfers are represented by a double- and a single- 
headed arrow, respectively. 

modes (Braunschweiler and Ernst, 1983) in a two-proton 
approximation. Thereby, we retained only terms resulting 
in observable magnetization during the detection period 
and only those trigonometric functions that describe the 
chemical shift evolution and the magnetization transfer. 
I and K denote the spin operators of the correlated pro- 
tons H ") and H (2), and S represents the carbon atom 
attached to H (1) (C ") in Fig. 1). For heteronuclear coup- 
lings the number of intervening bonds is indicated (~JcH, 
3Jcu ), whereas Jnn stands for 3JHH throughout. The trans- 
verse proton magnetization present after the first 90 ~ 
pulse on protons (a in Fig. 2A) is given by: 

~M (a) = --Iy (1) 

where the superscript M denotes the HMQC-type experi- 
ment. During the delay z the scalar coupling IJ(13C,1H) 
evolves, so that the first 90 ~ (~3C) pulse generates two-spin 
coherence. With x = 1/21J(13C,1H), at time b (Fig. 2A) we 
thus have: 

CY M (b) = -2IxSy (2) 

This term evolves during t 1 and t 2 with the chemical shifts 
of C (~) and H (1), co s and r t, respectively (Fig. 1). Further- 
more, depending on the position of the aromatic proton, 
the transverse 1H magnetization dephases due to the 
influence of 3J(~3C,~H) heteronuclear spin-spin couplings, 
which are between 4.5 and 8.5 Hz for aromatic com- 
pounds such as naphthalene or biphenyl (Hansen, 1981). 
Other long-range heteronuclear couplings as well as long- 
range homonuclear carbon-carbon couplings are much 
smaller (Hansen, 1981; Horak et al., 1985) and in the 
following their effects are therefore neglected. Then, m 
three-bond ~H-~3C scalar couplings must be considered 
during T + 2z - t~ -  t 2 (in Fig. 1, 3j(13C(3),lH(I)) is one of the 
couplings considered here; generally, 2 _< m < 3 in the four 
common aromatic amino acids). Likewise, transverse ~3C 
magnetization dephases due to n three-bond tH-~3C coup- 
lings during T -  t~ - t2 (e.g., 3j(13C(1),lH(3)) in Fig. 1; gener- 
ally, 1 < n < 4 in the four common aromatic amino acids). 
In contrast, provided that T = 1 / ~J(13C,~3C) and assuming 
weak scalar coupling, dephasing due to ~J(~3C,~3C) is re- 
focussed and can be accounted for by introduction of a 
factor (-1) k (k denotes the number of attached carbons; 
Vuister and Bax, 1992). The second 90~ pulse re- 
creates single-quantum antiphase coherence, which re- 
focuses during z. Considering the evolution of the density 
matrix due to JHH, the magnetization present before the 
TOCSY mixing scheme (c in Fig. 2A) is then given by: 

(yM (C) = (--1) k COS m[n 3JcH (T + 2X - tl - t2)] 

cos n[n 3JcH (T - t a - t2)] cos(cost~) cos(c0tt2) (3) 

• { -Iy cos[n Ju. (T + 2x)] + 2IxKz sin[n J . ,  (T + 2z)] } 
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Fig. 2. Experimental schemes for (A) 3D ~H-TOCSY-relayed ct-[13C, I H]-HMQC and (B) 2D 'H-TOCSY-relayed ct-[13C, I H]-HSQC, with indication 
of the parameters used for the presently reported experiments. 90 ~ and 180 ~ ~H and ~3C pulses are indicated by thin and thick vertical bars, 
respectively, and phases are indicated above the pulses. When no phase is marked, the pulse was applied along the x-axis. Prior to the first proton 
pulse, the proton carrier was placed near the center of the aromatic region at 6.9 ppm, and it was then switched to the position of the water line 
(4.76 ppm at 26 ~ during the z-filter delay. The carbon carrier was set to 126 ppm. Pulsed field gradients were used for coherence pathway 
rejection and suppression of the water signal (Bax and Pochapsky, 1992; Wider and W/ithrich, 1993). All gradients are block-shaped and have 
amplitudes of 5 G/cm and durations of 0.5 ms, except for those applied to select for longitudinal proton magnetization (20 G/cm and 1 ms for 
G 3 in A and for G 5 in B; 15 G/cm and 1 ms, and -8 G/cm and 1 ms for G 2 and G 3, respectively, in B). A recovery delay of 200 gs was introduced 
between gradients and immediately following rf pulses. The constant-time period T was adjusted to 1/lJ(13C,t3C) = 16.6 ms, and ~ was set to 3.0 
ms. For proton isotropic mixing, a clean-TOCSY (Griesinger et al., 1988) pulse train using the MLEV17 supercycle (Levitt et al., 1982) was applied 
during % = 20 ms. Carbon decoupling during acquisition was accomplished with a GARP decoupling scheme (Shaka et al., 1985) using a 2.5 kHz 
rf field. The 90 ~ pulse lengths were 12 gs for IH and 20 las for t3C. Phase cycling: (A) Vi = 8(x,-x); V2 = 4(x),4(y),4(-x),4(-y); 0t = 16(x); 02 = 
2(2(x),2(y),2(-x),2(-y)); *3 = 2(4(x),4(-x)); 04 = 4(2(x),2(-x)); rec. = 2(2(x,-x),2(-x,x)); (B) t~ = 8(x,-x); ~2 = 2(2(x),2(y),2(-x),2(-y)); 0~ = 2(4(y),4(-y)); 
02 = 2(4(x),4(-x)); 03 = 8(x),8(-x); 04 = 4(2(x),2(-x)); rec. = 2(2(x,-x),2(-x,x)). Quadrature detection in t~ and t: was achieved by altering the phases 
0~ and ~t according to the States-TPPI method (Marion et al., 1989). 

F o r  the fo l lowing desc r ip t ion  o f  the subsequen t  1H iso- 
t ropic  mix ing  in a two-sp in  a p p r o x i m a t i o n ,  ~M (C) is ab- 

b rev ia ted  as: 

G M (C) = --R Iy + 2 ~ I, K s (4) 

where  the def in i t ions  o f  a and  13 are  evident  f rom Eq. 3. 
~M (C) is then  t r a n s f o r m e d  in to  the basis  set f o rmed  by 

spin  m o d e s  (Braunschwei le r  a n d  Ernst ,  1983), which are 

def ined as: 

Z y  = 1/2 (Iy + Ky) (5a) 

~z~ = (Iz Kx + Ix K~) (5b) 

Ay = 1/2 (Iy - Ky) (5c) 

Azx = (Is Kx - Ix Kz) (5d) 

yielding:  

~M (C) = --0~ ( ~ y  + Ay) + 13 (~zx - A~x) (6) 

The  dens i ty  ma t r ix  descr ib ing  the magne t i z a t i on  af ter  the 

i so t rop ic  mix ing  per iod ,  %,  is then given by: 

oM(d)  = - ~ ] ~ y  + ~ ] z x  - Azx [[~ cos(2n JHH "l~m) 

+ a sin(2n JHH "~m)] -- Ay [13~ cos(2n JHH Xm) 

- 1~ sin(2n Jrm Xm)] 

(7) 

C o n s i d e r i n g  tha t  the subsequen t  z-fi l ter  (Sorensen  et al., 

1984) des t roys  dispers ive  1H-~H an t iphase  magne t i za t i on  
a l igned a long  the x-axis,  and  neglec t ing  z e r o - q u a n t u m  
te rms  tha t  are  no t  des t royed  by the z-fi l ter  (Rance  et al., 
1985; S u b r a m a n i a n  and  Bax, 1987), the b a c k - t r a n s f o r m -  
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ation of  cy M (d) into Cartesian operators yields, with inclu- 
sion of  the trigonometric terms of  Eq. 3, the density 
matrix describing the observable magnetization at the 
beginning of  the detection period (e in Fig. 2A): 

(~M (e) : (-1) k COS m[7~ 3JcH (T + 2x - t~ - t2)] 

cos n[7~ 3JcH (T - t~ - t2) ] COS(~ s t 0 COS(m] t2) 

X { -Iy / 2 { cos[rt J.H (T + 2~)] 

q- COS[7~ JHH (T + 2x)] cos[2~t JH. "l~m] 

- sin[Tr JHH (T + 2x)] sin[2~ JUH Xm]} 

-Ky / 2 { cos[Tr J.H (T + 2Z)] 

- cos[~t JHH (T + 2"0] cos[2n J.H '~m] 

+ sin[n JnH (T + 2"q sin[2n JHH %]} } 

(8a) 

(8b) 

The terms 8a and 8b represent the direct and relay peaks, 

respectively, which are observed in a 3D ~H-TOCSY- 
relayed ct-[~3C,~H]-HMQC experiment. 

In order to compare the H M Q C  experiment with its 
HSQC counterpart,  we implemented a 2D ~H-TOCSY- 
relayed ct-[t3C,~H]-HSQC experiment (Fig. 2B). A treat- 
ment analogous to that described in Eqs. 1-7 leads to the 
density matrix: 

c~ s (e) = (-1) k cos 2m[~ 3jc H ~7] cos(~s tl) 

• { -Iy [ 2 { cos[re JHH ~] 

+ COS[7~ Jr~H I:] COS[2rl; Jrm Xm] (9a) 

- sin[Tz JHH 'I;] sin[2n JHH %]} 

-Ky / 2 { cos[Tr JHH X] 

- cos[rt JHH X] cos[2rt JHH %] (9b) 

+ sin[n JHH Z] sin[2n JHH %]} } 
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Fig. 3. Contour plots of four different 2D ~H -]3C correlation experiments performed with cyclophilin A, which display a spectral region containing 
resonances of phenylalanyl residues. (A) 2D [13C,tH]-HSQC (Bodenhausen and Ruben, 1980). (B) 2D ct-[~3C,~H]-HSQC (Vuister and Bax, 1992). 
(C) 2D ct-HCCH-COSY (lkura et al., 1991). (D) 2D ~H-TOCSY-relayed ct-[~3C,tH]-HMQC recorded with % =20 ms (Fig. 2A). All spectra were 
recorded with a 1.5 mM solution of uniformly ~3C-labeled cyclophilin A in D20 (pD=6.5, T=26 ~ on a Bruker AMX-600 spectrometer as data 
matrices of 1024 (t2) * 78 (t~) (A, B, D) or 1024 (t2) * 65 (tl) (C) complex data points, with t] .... (~3C) = 16 ms (A, B, D) or 12.5 ms (C), and t 2 .... 
(~H) = 150 ms. A total of 128 scans were acquired, resulting in measurement times of 9 h each for A, B and D, and 6,8 h for C. Time-domain data 
were extended by linear prediction along h, and digital filtering was performed with cosine window functions in both dimensions (DeMarco and 
Wiithrich, 1976). The digital resolution after zero-filling was 9.5 Hz along o)~(~3C) and 1.7 Hz along 0~2(tH). The spectra were processed with the 
program PROSA (GiJntert et al., 1992). In C and D the pattern of cross peaks that correlate the three direct 13C-IH cross peaks of Phe 53 (identified 
as 538, 53e and 53~) is indicated with solid lines; in A and B the same pattern has been drawn with broken lines to indicate that no connectivities 
are expected in these experiments. 
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TABLE 1 
COMPARISON OF RELATIVE PEAK INTENSITIES FOR WELL-RESOLVED RESONANCES OF TRYPTOPHAN AND PHENYL- 
ALANINE IN CYCLOPHILIN A 

2D ~H-TOCSY-relayed 2D ~H-TOCSY-relayed 2D ct-HCCH- 2D ct-HCCH- 
ct-HMQC a ct-HSQC TOCSY b COSY c 

Tryptophan 
relay peaks 1.00 0.49 0.42 1.09 
direct peaks 1.00 0.98 0.14 0.51 
sum d 2.00 1.47 0.56 1.60 

Phenylalanine 
relay peaks 1.00 0.66 0.89 1.29 
direct peaks 1.00 1.18 0.48 0.44 
suna d 2.00 1.84 1.37 1.73 

" The intensities observed were measured in 2D spectra recorded with the experimental schemes of Fig. 2. 
b t3 C isotropic mixing was achieved by applying a 3 ms DIPSI-2 (Shaka et al., 1988) sequence using an rf power of 7 kHz. 

The constant-time delay in the 2D ct-HCCH-COSY experiment (Ikura et al., 1991) was tuned to 3/(4 tJcc) to yield carbon carbon antiphase 
coherence for the COSY transfer, and the delay for refocusing of this coupling was set to 1/(4 ~Jcc), so that the t3C magnetization remained 
transverse for the same duration as in the ~H-TOCSY-relayed experiments. Measured peak intensities were multiplied by a factor of 4/3 in order 
to compensate for the shorter measuring time used for this experiment (see legend to Fig. 3). 
The last row contains the summed intensities, which are a measure of the total magnetization retained in the experiment. 

where the superscript S denotes the HSQC-type experi- 
ment. 

Results and Discussion 

We used the presently introduced HMQC experiment 
(Fig. 2A) for resonance assignments of uniformly 13C- 
labeled cyclophilin A, a protein with 165 amino acid resi- 
dues and a molecular weight of about 18 kDa, which con- 
tains 22 aromatic residues (15 phenylalanines, 4 histidines, 
2 tyrosines and 1 tryptophan). We also compared the 
relative sensitivity of the experiment of Fig. 2A with other 
experiments in use for aromatic spin system identification. 

In Table 1 the intensities of well-resolved direct and 
relayed peaks observed in a 2D XH-TOCSY-relayed ct- 
[~3C, JH]-HMQC spectrum recorded with 'l:m = 2 0  m s  (Fig. 
3D) are compared with those obtained from 2D 1H- 
TOCSY-relayed ct-[13C, IH]-HSQC (% = 20 ms), 2D ct- 
HCCH-TOCSY (% = 3 ms; Damberger et al., 1994), and 
2D ct-HCCH-COSY (Ikura et al., 1991). Two-dimension- 
al ~H-TOCSY-relayed ct-[~3C,~H]-HMQC has more in- 
tense relay peaks and higher overall peak intensity than 
either 2D ~H-TOCSY-relayed ct-[~3C, IH]-HSQC or 2D ct- 
HCCH-TOCSY. For the latter experiment, the reduced 
signal intensity is primarily due to the fact that quater- 
nary carbon atoms act as coherence sinks during 13C- 
TOCSY mixing, since the transverse magnetization trans- 
ferred to quaternary carbons is not converted back into 
observable proton magnetization. Similarly, the overall 
sensitivity ('sum' in Table I) of 2D ct-HCCH-COSY is 
reduced, and here the spectral analysis is further ham- 
pered by the fact that direct peaks and relay peaks have 
opposite sign and may be mutually cancelled in crowded 
spectral regions (Fig. 3C). 

The overlap of direct and relay peaks seen in the 2D 

~H-TOCSY-relayed ct-[13C, IH]-HMQC experiment (Fig. 
3D) is neatly resolved in the corresponding 3D experi- 
ment (Fig. 4A). With the presently used short mixing time 
of 20 ms, multiple relays are generally not observed for 
proteins, so that the experiment essentially provides IH-IH 
COSY information. This is a suitable basis for identifica- 
tion of the aromatic spin systems, since the different 
carbon positions exhibit characteristically different and 
only slightly conformation-dependent ~3C chemical shifts 
(Wiithrich, 1976). Furthermore, with this set-up of ~H- 
TOCSY-relayed ct-[~3C,~H]-HMQC, usually only the ~; 
carbon of phenylalanine, and the 43 and r12 carbons of 
tryptophan give rise to two relay peaks (Fig. 4A; if the 
two e-proton chemical shifts of phenylalanine are not 
degenerate, the ~ proton will also give rise to two relay 
peaks). Whenever multiple relays are desirable, 2D ct- 
HCCH-TOCSY complements the IH-TOCSu ct- 
[~3C, IH]-HMQC experiment. With a mixing time of about 
7-10 ms for 2D ct-HCCH-TOCSY, the ~3CSUH~J reson- 
ance of tryptophan can be correlated with the protons of 
the six-membered ring of the indole moiety (Fig. 4B). 
This greatly facilitates the sequence-specific assignment of 
tryptophan, since the 81 proton can readily be linked to 
the 13C~H-13CI~H2 fragment of the same residue, either via 
NOEs (Wtithrich, 1986) or via scalar connectivities (Ya- 
mazaki et al., 1993). With this combined use of 3D ~H- 
TOCSY-relayed ct-[)3C, IH]-HMQC and 2D ct-HCCH- 
TOCSY, nearly complete assignments of the aromatic spin 
systems of cyclophilin A were obtained, as will be de- 
scribed elsewhere (M. Ottiger, O. Zerbe and K. Wfithrich, 
to be published). 

The encouraging results obtained in practice with 1H- 
TOCSY-relayed ct-[~3C,~H]-HMQC (Figs. 3D and 4) are 
largely based on favorable sensitivity relative to other 
experiments in use for aromatic spin system identification. 



104 

To establish this aspect in a more quantitative fashion, we 
compared the buildup rates of relayed in-phase magneti- 
zation for the HMQC and HSQC experiments in 2D 
spectra with ~3C-labeled tyrosine, using the experimental 
schemes of Fig. 2A (with t:(~H)=0) and Fig. 2B, respect- 
ively (Fig. 5). Inspection of Eqs. 8 and 9 reveals two 
important differences between the HMQC and HSQC 
experiments. First, the influence of passive 3j(~3C,~H) 
couplings is negligible for the 2D HSQC experiment, since 
COS[g 3JcH "[] = 1. In contrast, the signal of the HMQC 
experiment is reduced by: 

T T  

A : 1 - ( 1 / T : ) f f c o s  m[g 3Jc. (T + 2x- t,-t2)] 
0 0 

cos ~[~ 3JcH (T - t~ - t2) ] dt~ dt 2 
(10) 

where m and n are defined as in Eq. 3. Considering that 
3JcH scalar couplings are between 4.5 and 8.5 Hz (Hansen, 
1981), we estimated A values for all aromatic positions 
using 3JcH = 7 Hz in Eq. 10. The signal attenuation was 
thus found to vary between 12 and 19% for the 2D 
HMQC experiment with t 2 = 0 and omitting the integra- 
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Fig. 4. (A) Contour  plots of  [01~(~C), m3(~H)] strips from a 3D ~H-TOCSY-relayed c t -HMQC experiment recorded with a 1.5 mM solution of  
cyclophilin A (the s a n e  sample as in Fig. 3) on a Bruker AMX-600 spectrometer using the experimental scheme of Fig. 2A with a TOCSY mixing 
time of % =20 ms. 1024 (t3) * 32 (t2) * 78 (t0 complex points were accumulated, yielding t~ .... (]3C)= h .... (~H)= 16 ms and t3 .... (~H)= 150 ms. 
Sixteen scans per increment were acquired, resulting in a measuring time of about 36 h. Prior to Fourier transformation, the data matrix was 
extended by linear prediction along h and h, and digital filtering was performed with cosine window functions in all dimensions (DeMarco and 
Wiithrich, 1976). The digital resolution after zero-filling was 15.3 Hz along 01](13C), 18.9 Hz along 01z(IH) and 6.7 Hz along 013(1H). The spectrum 
was processed using the program PROSA (G0ntert  et al., 1992). The strips were taken at the aromatic ~H chemical shifts of Phe 53 and Trp ~2] along 
012, and are centered about the corresponding ~3C shifts in c0~. Additional peaks in the strips of Phe 53 belong to Phe 8 (#) and Phe 83 (*). (B) Contour  
plots of [01~(~3C), %(IH)] strips of Trp t2t, taken from a 2D ct-HCCH-TOCSY spectrum recorded with an isotropic mixing period of 7.5 ms and 
employing a 7 kHz DIPSI-3 sequence (Shaka et al., 1988). The spectrum was recorded with the same sample as in (A), as a data matrix of 2048 
(tz) * 115 (t 0 complex points on a Varian UnityPlus 750 MHz spectrometer, yielding t l .... (13C) = 16 ms and t 2 .... (~H) = 205 ms. Per increment 128 
scans were acquired, resulting in a measuring time of about 13 h. The spectrum was processed identically to those in Fig. 3. The digital resolution 
after zero-filling was 14 Hz along 011(~3C) and 2.4 Hz along 012(~H). In (A) and (B) the direct 1 3 C - I H  c r o s s  peaks are circled with a broken line, and 
assignment pathways for the aromatic spin systems are indicated with arrows. 
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Fig. 5. ~H-TOCSY magnetization transfer profiles presented as plots 
of the relative transfer rate, Ir~ ~, versus the mixing time %. (A) Anti- 
phase (IxK,) to in-phase (Ky) (solid line) and in-phase (ly) to in-phase 
(Ky) (dashed line) transfer calculated with Jrm = 8.5 Hz. (B) The curves 
represent the results of similar calculations as in (A) for the linear 
combinations of in-phase and antiphase magnetization present in 2D 
IH-TOCSY-relayed ct-[13C,IH]-HMQC (solid line) and 2D tH- 
TOCSY-relayed ct-[13C,~H]-HSQC (dotted line) experiments at the 
start of the isotropic mixing period (Eqs. 8b and 9b, respectively). For 
the HMQC experiment, the attenuation factor A was estimated with 
Eq. 10 to be 0.12 (see text). The relative intensities of the relay peaks 
observed for ~3C-labeled tyrosine in 2D IH-TOCSY-relayed ct-[13C, IH] - 
HMQC and 2D ~H-TOCSY-relayed ct-[~3C,~H]-HSQC experiments 
recorded with varying mixing time are presented as filled and open 
circles, respectively. (C) The same calculation as in (B), except that 
transverse relaxation was also considered, as described in the text. The 
interatomic distances were set to rHa =2.51 A and rcH= 1.09 A, and a 
field strength of 14.I T was used for the calculations. The solid and 
dashed lines were calculated for 2D ~H-TOCSY-relayed ct-[13C, tH]- 
HMQC and 2D ~H-TOCSY-relayed ct-[13C,~H]-HSQC, respectively, 
assuming a correlation time of z R = 8 ns for the overall rotational 
tumbling. The dashed-dotted and dotted lines were likewise calculated 
for the HMQC and HSQC experiments, respectively, using ~R = 15 ns. 

tion over t2, and between 5 and 8% for the 3D HMQC 
experiment (Fig. 2A). Second, we have that sin[rt JHH (T + 
2Z)] >> sin[n JHH ~] for JHH = 8.5 Hz, T= 1/~J(~3C,~3C) and 
< 1/2 ~J(J3C,~H). As a result, at short mixing times the 1H 
magnetization transfer is more efficient in the HMQC 
experiment. This is due to the fact that at time c (Fig. 2) 
the HMQC experiment contains a significantly larger 
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fraction of 1H-IH antiphase magnetization, which at short 
mixing times up to about 27 ms results in increased build- 
up of relayed in-phase magnetization (Fig. 5A). Figure 5B 
compares the predicted % dependence of the relative 
relay-peak intensities of the HMQC and HSQC experi- 
ments with the buildup of the cross-peak intensities 
measured for ~3C-labeled tyrosine. The measured relative 
relay-peak intensities closely follow the curves predicted 
by Eqs. 8b and 9b. For % --- 20 ms, the intensity of the 
relay peak in the HMQC experiment with tyrosine is 
increased by about 30%, and a comparable gain in sensi- 
tivity at short mixing times can be anticipated for the IH 
spin systems of phenylalanine and tryptophan. Overall, 
we thus have that the signal attenuation from passive 3Jc~ 
couplings is significantly smaller than the gain originating 
from the accelerated 1H magnetization transfer due to the 
generation of 1H-JH antiphase magnetization during the 
constant-time delay in HMQC. 

Transverse relaxation during the constant-time period 
is a major source of sensitivity losses in ~H-TOCSY-re- 
layed ct-[13C,~H] correlation spectroscopy. While trans- 
verse ~3C relaxation in HSQC experiments is dominated 
by heteronuclear dipolar coupling with the attached pro- 
ton, relaxation of IH-t3C zero-quantum and double-quan- 
tum coherences in HMQC experiments is to first order 
insensitive to dipolar heteronuclear coupling (Bax et al., 
1990). Hence, relaxation of these coherences is dominated 
by ~H-~H dipolar couplings and is thus comparable to 
relaxation of single-quantum coherences of protons at- 
tached to J2C. We calculated the influence of transverse 
relaxation on the time course of the signal intensities in 
2D ~H-TOCSY-relayed HSQC and ~H-TOCSY-relayed 
HMQC experiments (Fig. 5C) using Eqs. 2a-c in the 
paper by Bax et al. (1990), with the following assump- 
tions: (i) relaxation of IH single-quantum coherences and 
~H magnetization of aromatic protons present during the 
isotropic mixing period z m and the delays x (Fig. 2) is 
entirely due to heteronuclear dipolar coupling with the 
attached ~3C and to ~H-~H dipolar coupling with two vi- 
cinal aromatic protons; (ii) ~3C single-quantum coherence 
relaxation is entirely due to dipolar coupling with the 
attached proton; (iii) relaxation of JH-J3C zero-quantum 
and double-quantum coherences is entirely due to JH-~H 
dipolar coupling with two vicinal aromatic protons. The 
results obtained clearly support the previously advanced 
notion (Bax et al., 1990; Seip et al., 1992; Grzesiek and 
Bax, 1995b; Grzesiek et al., 1995) that [~3C]H]-HMQC- 
type experiments may become superior to their HSQC 
counterparts when the overall rotational correlation time, 
ZR, approaches the slow tumbling limit. Figure 5C shows 
that for large proteins (xR = 15 ns) a 2D ~H-TOCSY-re- 
layed ctf3C]H]-HMQC experiment, performed with a 
mixing time of about 20 ms can be expected to be rough- 
ly two- to threefold more sensitive than its HSQC ana- 
logue. 
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For 3D versions of ~H-TOCSY-relayed ct-[13C,1H] 
correlation spectroscopy, the use of HMQC is mandatory 
in order to obtain workable sensitivity for larger proteins. 
Intrinsically, when compared with 2D NMR, the sensitiv- 
ity of 3D experiments is reduced by a factor q2- due to 
phase-sensitive detection in the second indirect dimension 
(Bax and Grzesiek, 1993). In addition, the ~H chemical 
shift evolution in the indirect dimension t2 in a (hypo- 
thetical) 3D HSQC experiment would not be overlaid 
with the L3C chemical shift evolution in t~, so that the 
additional delay for t2 would lead to significant additional 
losses arising from transverse ~H relaxation. 

Conclusions 

The presently introduced 3D 1H-TOCSY-relayed ct- 
[13C,1H]-HMQC experiment for assignment of aromatic 
spin systems in uniformly 13C-labeled proteins exploits 
transfer of antiphase to in-phase magnetization to accel- 
erate ~H total correlation at short mixing times. Due to 
its high inherent sensitivity, the experiment has the poten- 
tial for complete identification of the aromatic spin sys- 
tems in larger proteins. The interest in complete assign- 
ments of the aromatic proton spin systems in proteins is 
clearly documented by the following: for the protein used 
here for illustration purposes, cyclophilin A, a recent 
high-quality NMR solution structure determination (M. 
Ottiger, O. Zerbe and K. Wfithrich, to be published) was 
based on 4097 NOE upper distance constraints, 501 of 
which involve aromatic protons. The mean pairwise glo- 
bal root-mean-square deviation (rmsd) relative to the 
mean coordinates calculated for all heavy atoms of resi- 
dues 2 to 165 increased from 0.86 to 1.11 /k when the 
NOEs involving aromatic protons were omitted from the 
structure calculation. This increase is significant, but due 
to the compact 13-barrel folding topology of cyclophilin A 
(Spitzfaden et al., 1994), it is smaller than for certain 
other proteins where the spatial arrangement of the sec- 
ondary structure elements does not per se impose tight 
packing constraints. For example, for the 15 kDa plant 
defense protein P14A (T. Szyperski, C. Fernfindez, T. 
Bruy+re, E. M6singer and K. Wiithrich, to be published) 
an input of 1712 NOE upper distance constraints was 
used, 303 of which involved aromatic protons. P14A has 
a complex ~[3 folding topology, and the rmsd values 
relative to the mean coordinates calculated for all heavy 
atoms with and without inclusion of NOEs involving 
aromatic protons are 1.29 and 2.24 A, respectively. 
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