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Summary 

A simple heteronuclear relayed E.COSY pulse sequence with a minimum number of pulses is proposed 
for the quantitative determination of heteronuclear three-bond J-coupling constants in uniformly 13C- 
enriched polypeptide samples. Numerous heteronuclear three-bond coupling constants, including ‘JH~o, 
‘Jn~cp, ‘JHocj, ad ‘JGw, can be determined for each residue from a single heteronuclear relayed E.COSY 
spectrum. Couplings relevant for stereospecific assignments as well as for the determination of dihedral 
angles in the amino acid backbone and in side chains are obtained. The method is demonstrated on the 
uniformly 13C-enriched decapeptide antamanide (-Val1-Pro~-Pro3-Ala4-Phe5-Phe6-Pro7-Pro*-Pheg-Phe1o-). 

Introduction 

The determination of the three-dimensional structure 
of peptides and proteins in solution by NMR relies on 
distance constraints derived from cross-relaxation mea- 
surements (Wtithrich, 1986). In recent years, more and 
more investigations have also taken advantage of angular 
constraints obtained from the measurement of vicinal J- 
coupling constants, applying Karplus relations (Karplus, 
1959,1963). Based on a single vicinal J-coupling constant, 
it is impossible to uniquely determine a dihedral angle, 
due to a multivalued relation. The ambiguity can be 
removed by measuring several coupling constants that 
depend differently on the same dihedral angle. This re- 
quires, in addition to the measurement of the traditionally 
preferred homonuclear ‘H,‘H coupling constants, also the 
determination of heteronuclear coupling constants which 
also fulfill Karplus-relation-like dependencies on the 
dihedral bond angle (Wasylishen and Schaefer, 1972; 
Bystrov, 1976; Fishman et al., 1979). 

Ahhough procedures have been reported for the accu- 
rate measurement of heteronuclear coupling constants 

involving rare nuclei in natural abundance (Schmieder et 
al., 1991), for larger biopolymers it is of great advantage 
to have 13C- and/or 15N-labelled molecules available. Nu- 
merous techniques have been described in the literature, 
taking advantage of isotopically enriched proteins, to 
determine ‘H-13C, rH-15N, 15N-13C and 13C-13C coupling 
constants. The most simple approach for the measure- 
ment of ‘H-13C and rH-r5N couplings exploits the hetero- 
nuclear J-splittings apparent in conventional homonuclear 
proton two-dimensional spectra (Montelione et al., 1989; 
Montelione and Wagner, 1989; Wider et al., 1989; Edison 
et al., 1991). In fact, heteronuclear coupling constants can 
be read off directly from the cross-peak multiplet struc- 
tures in homonuclear two-dimensional spectra. Large 
heteronuclear one-bond couplings are employed for separ- 
ating two 2D multiplet patterns along one dimension 
(usually cur) in an E.COSY (exclusive correlation spectro- 
scopy) fashion, in order to accurately measure small long- 
range couplings from the relative displacement between 
the two patterns in the other dimension (usually o.Q. Due 
to the possibility of isotope-selective excitation, the de- 
sired simplicity of the cross-peak patterns can be accom- 
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plished without the phase-cycling procedures needed in 
homonuclear E.COSY experiments (Griesinger et al., 
1985,1986,1987). 

The design of special heteronuclear pulse experiments 
has provided more freedom in the optimization of mea- 
surement techniques for heteronuclear coupling constants. 
In particular, only strong one-bond and strong three- 
bond couplings can be exploited, both for the creation 
and for the E.COSY separation of the cross peaks. Tech- 
niques based on this principle have been proposed in the 
literature for the measurement of heteronuclear couplings 
(Sorensen, 1990; Eggenberger et al., 1992; Emerson and 
Montelione, 1992a,b; Seip et al., 1994; Weisemann et al., 
1994a,b). The same procedure can also be used for the 
determination of homonuclear ‘H,‘H coupling constants 
in cases where the conventional homonuclear E.COSY 
spectra are not sufficiently resolved or the cross-peak 
intensity is too weak (Gemmecker and Fesik, 1991; Wag- 
ner et al., 1991; Emerson and Montelione, 1992a,b; Grie- 
singer and Eggenberger, 1992; Madsen et al., 1993; Olsen 
et al., 1993a,b). Analogous techniques have been applied 
for the measurement of heteronuclear two-bond coupling 
constants (Delaglio et al., 1991; Vuister and Bax, 1992). 

The measurement of heteronuclear J-coupling con- 
stants associated with a non-protonated carbon is particu- 
larly difficult. It is, for example, virtually impossible to 
determine these couplings from a homonuclear 2D spec- 
trum. Of particular interest are the amino acid main- 
chain coupling constants ‘Jn~~~~,c,~~~ and 3Jo~i-1j,n~~ij, and the 
side-chain coupling constants 3Jns~i~,o~ij and 3Jn~~ij,c~~,j for a 
non-protonated y carbon. In favourable cases, line shape 
deconvolution methods have been successfully applied to 
measure these couplings, since they appear as the active 
coupling in heteronuclear correlation peaks (Titman et al., 

c--J HN ------A 

Fig. 1. Typical spin-coupling network encountered in polypeptides. 
The phenylalanine side chain is chosen as an example. The approxi- 
mate magnitudes of the relevant one-bond J-coupling constants are 
indicated (in hertz). Arrows indicate the heteronuclear three-bond 
couplings examined in the present investigation. 

1989). Eggenberger et al. (1992) have described a SOFT- 
HCCH-COSY experiment which allows the measurement 
of ‘Jnbc, from an E.COSY pattern generated by a two-step 
coherence transfer from 13Ca to Hs via 13Cp. This pro- 
cedure has been expanded into a 3D experiment by 
Weisemann et al. (1994a) for ‘5N,13C-labelled proteins. An 
analogous procedure can be applied for the measurement 
of ‘Jn~o (Seip et al., 1994; Weisemann et al., 1994b). 
These techniques are primarily based on efficient transfers 
through one-bond couplings. 

In this paper we propose an alternative procedure for 
the measurement of heteronuclear three-bond couplings 
to non-protonated carbons by a heteronuclear relayed 
E.COSY technique which is characterized by a pulse 
sequence of great simplicity. To comply with the attempt- 
ed simplicity, it is of advantage to use coherence transfers 
through the three-bond couplings ‘Jnan~ or ‘JnGnb. Despite 
the relative weakness of these couplings, it is shown by 
experiments on a uniformly 13C-enriched sample of the 
antamanide that JH~c, Jnpo, JuaU and JH~cp (Fig. 1) can 
be measured with high accuracy from a single 2D data 
set. A convenient diagram is introduced to visualize the 
involved transfer and coupling pathways. 

Methods 

The concept 
In the following, we designate the two active spins in 

an E.COSY-type experiment by A and B. They determine 
the position of the cross-peak multiplet at (Q&r+), which 
is separated in two patterns shifted by JAp and JBp along 
a, and cuZ, respectively, by the passive spin P. It turns out 
that for the measurement of heteronuclear three-bond J- 
couplings to a non-protonated carbon, the potential coup- 
lings JAB are too weak to produce a sufficiently strong 
cross peak. It is then necessary to transfer coherence in a 
relayed fashion (Eich et al., 1982) employing a relay spin 
R in the transfer sequence A -+ R -+ B. 

The minimum spin system for the heteronuclear re- 
layed E.COSY experiment is shown in Fig. 2a. A func- 
tional representation is depicted in Fig. 2b, where the two 
active spins are represented by the diagonal peaks of a 
virtual (u+,Q 2D spectrum. The pathway of relayed 
coherence transfer is indicated by arrows, while the mag- 
nitude of the couplings to the passive spin P is visualized 
by heavy and light lines. The (A,B) cross peak is assumed 
to exhibit a large splitting in the c~), direction and a small 
one along al. It is important to ensure that, during the 
relayed transfer, the spin state of the passive spin P is not 
changed. This scheme has been used before in homonu- 
clear experiments for the measurement of long-range ‘H- 
‘H couplings (Schmidt et al., 1994) and in heteronuclear 
experiments (Montelione and Wagner, 1989; Sorensen, 
1990; Eggenberger et al., 1992; Emerson and Montelione, 
1992a,b; Seip et al., 1994; Weisemann et al., 1994a,b). 
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Fig. 2, Schematic representation of the spin-coupling networks used for the determination of multiple-bond coupling constants by heteronuclear 
relayed E.COSY. The basic four-spin subsystem (a) is redrawn in the form of a schematic 2D spectrum (b) with two encircled diagonal peaks A 
and B and a square cross peak with the desired E.COSY multiplet structure caused by spin P Arrows indicate the active couplings which are 
essential for coherence transfer via the relay spin R. The passive spin P exhibits a strong coupling (thick hne) used for separation of the two 
multiplet halves in u~r, while the mz separation represents the multiple-bond coupling to be measured (thin line). Schemes c, d> e and fare applicable 
to ‘C-enriched peptides, while scheme g requires nC,15N doubly labeled samples. 

The intent here is to design an experiment of maximum 
simplicity. For the optimum choice of the four spins A, 
B, P and R, let us consider the three typical situations 
indicated in Figs. 2c-e. In all of them, a J-coupling con- 
stant to a non-protonated carbon must be measured. It is 
mandatory to select this carbon as the passive spin P 
when proton polarization and/or proton observation 
should be used. The selection of the relay spin R is less 
obvious. It seems most appropriate to choose exclusively 
coherence transfers through strong one-bond couplings. 
For example, for the measurement of ‘Joup it would be 
possible to make the selection A = C?, R = C? and B = HP, 
using ‘Jcacb and ‘J,-aup for the relayed transfer and ‘Jocp 
for the E.COSY dispersion, as employed by Eggenberger 
et al. (1992). It turns out that a much simpler pulse se- 
quen.ce results when R=Ha is chosen, as shown in Fig. 
2d. The disadvantage that the relayed transfer involves 
the weaker ‘JHaHa coupling is offset by the possibility to 
use an efficient heteronuclear multiple-quantum coherence 
(HMQC) scheme. This is possible because the polariz- 
ation used to polarize spin A stems from the relay spin R, 
such that a two-way heteronuclear transfer through the 
same pathway is possible. Similar arguments fixed the 
choice of the relay spin R in the schemes of Figs. 2~ and e. 

Minimum-length pulse sequence 
Pulse sequences suitable for heteronuclear relayed 

E.COSY experiments are shown in Fig. 3. They apply to 
situations c-f in Fig. 2. Starting with Ha (or Ha) polariz- 
ation, heteronuclear two-spin coherence is created by the 
sequence (rc/2)r&-(~/2)~3c, where ‘c- (2 ‘JcH))*. During ti, 
the two-spin coherence senses the Ca (or CO) chemical 
shift and the neighbor spin states mediated through the 
‘JclXc and ‘Jca,-.a (or ‘Jc~c~ and ‘Jc& couplings. At the 
same time, antiphase coherence is generated due to the 
coupling ‘JHaH~ (or ‘J”&. At the end of the t1 period, 
proton single-quantum coherence is reestablished by a 13C 
pulse that is selected, as described below, to have a small 
effect on the spin state of the passive spins C’, Ca (or (7, 
Ca). After refocusing of the antiphase coherence due to 
the coupling *Jc” during the period 7, a relay mixing pulse 
(rc/2)rn is applied that transfers the coherence to the detec- 
tion spin HN, HP, or H’. 

Three possibilities to prevent a mixing of the states of 
the passive spin P during the relayed coherence transfer 
are indicated in Figs. 3a-c: (i) application of frequency- 
selective 13C pulses (Fig. 3a); (ii) application of small-flip- 
angle i3C pulses (Fig. 3b); and (iii) application of 
E.COSY phase-cycling procedures (Fig. 3~). 

For the present work, we have chosen the application 
of a 13C pulse with a small flip angle, because this elimin- 
ates the need for phase cycling, and it is still applicable 
when frequency selectivity is difficult to achieve experi- 
mentally. 
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Fig. 3, Pulse sequences for the determination of heteronuclear three- 
bond couplings. Filled rectangular bars represent a/2 pulses (unless the 
flip angle !3 is indicated) and open bars represent K pulses. The com- 
plementary ECOSY spectrum is obtained with SX replaced by (rt - & 
in the small-flip-angle experiments (b) and (d); in the other approaches 
an additional rr pulse on the 13C channel may be used at the end of 
the refocussing period 7. (a) Heteronuclear relayed E.COSY sequence 
using a selective ‘% mixing pulse to prevent transitions of the passive 
nuclei. (b) Heteronuclear relayed E.COSY sequence using a 
nonselective small-flip-angle mixing pulse; pX = 35’ is chosen to achieve 
reasonable suppression of unwanted multiplet components. The 
minimum phase cycle is q,=x,-x,x,-x, v*=y,y,-y,-y, ~~~r=x,-x,x,-x. 
In practice, supercycles are used that include inversion of the 180’ 
refocussing pulse phase and of both 13C pulse phases without altering 
the receiver phase. In addition, the phase of the excitation pulse can 
be inverted with concomitant inversion of the receiver phase. (c) 
Heteronuclear relayed ECOSY using phase cycles for spectral editing. 
The minimum phase cycle is qZ= O’, 60’, 120°, 240°, 300’, q&x (O’), 
3 x (1809, 1 x (On), 1 x (O’), 3 x (180’); the multipliers indicate the 
amplitude weights. (d) Heteronuclear relayed E.COSY using a spin- 
lock sequence instead of a (~12) proton pulse for mixing. This scheme 
leads to in-phase multiplets in the spectrum. The minimum phase cycle 
is rp, =x,-x, alar= x,-x. If overlap is a problem, it is possible to utilize 
an additional W-refocused multiple-quantum evolution period in a 
3D ‘%,‘H,‘H-experiment by inserting a t3/2-(n)c-t3/2 period immediate- 
ly before or after the ‘H-refocussing pulse. Note that the additional 
carbon refocussing pulse would give rise to a complementary E.COSY 
pattern. 

The basic pulse sequence is essentially a small-flip- 
angle relay variant of the HMQC-COSY sequence (Frey 
et al., 1985; Lerner and Bax, 1986; Clore et al., 198% 
Gronenborn et al., 1989). It is also possible to replace the 
relay mixing pulse by a short TOCSY mixing period 
when in-phase multiplets are desired (Fig. 3d). 

Response calculation 
We concentrate on a heteronuclear four-spin system 

and identify in the following the two active spins A and 
B with S1 and IZ, respectively, the relay spin R with Ii and 
the passive spin P with SZ. We assume, as in Fig. 2, Jris?= 
Jr?s, = 0 and obtain the following expression for the den- 
sity operator after the first two 7rl2 pulses, starting with 
CT0 = I,Z: 

o(qt, = 0) = -2Sy [I,X cos (rcJ1,iZr) + 2I,&sin (rcJrrr*r) ] (1) 

provided that r is adjusted to (2Jr,sr)-’ and q, is set to the 
x phase. The I-spin chemical shift precession can be disre- 
garded, because of the rc refocusing pulse. The relevant 
spin operators containing Sly, sensitive to the (&)s pulse 
at the end of the tr interval, are given by: 

For a weak (pX)s pulse it is possible to neglect its influ- 
ence on the spin S1, and after the refocusing period 7, Eq. 
3 is obtained: 

The Iy term in the second bracket does not contribute to 
the observed cross peak and can be neglected. After the 
(TC/~)~ proton mixing pulse, we find for the coherence term 
responsible for the S,I1 cross peak: 

In terms of the polarization operators St = l/2 + SZZ and 
Si = l/2 - SZZ and the frequencies 

and 

one can recast Eq. 4 in the form 

o(qtl,T,t2 =0) = -2I& sin l3 sin (rcJr,r* (2r+ t,)) 
x[S~co~(~~t~)+S~cos(A,t~)] 

(6) 

The evolution during the detection period, finally, takes 
the form: 
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and 

The observable terms STIZy (and SyIZX for quadrature 
detection), where m = CX$, lead to two antiphase squares 
with the active coupling constant 27cJ1,rZ at positions 
(&,L) and (Ar,AZ). This is the expected typical E.COSY 
pattern that allows the determination of the desired coup- 
ling constant JrZsZ from the displacement 

In practice, when the #Qs pulse is not sufficiently 
weak, a small perturbation by an additional complemen- 
tary ECOSY contribution with a relative amplitude given 
by tan2@/2) must be expected. It can easily be taken into 
account in a quantitative computer analysis of the multi- 
plet structure (Schmidt et al., 1994). Another potential 
reason for the appearance of a complementary E.COSY 
pattern is longitudinal relaxation between the t, and t2 
periods (Montelione et al., 1992). The limited length of 
this period in the experiments of Figs. 3a-c, 7 = 3.5 ms, 
minimizes these effects. 

Determination of three-bond couplings in polypeptides 

In the following, we will refer to the spin topologies 
typical of peptide chains (Fig. 1). It is assumed that the 
carbon sites are 13C-labeled. For determining the back- 
bone angle $ in an amino acid residue, six three-bond J- 
coupling constants can be used: ‘Jri~ua, ‘JH~e, 3Jrr~c-, 
3J~~~i-~~~~~~i~ 3J~~~ie~~,~~~i~ and 3J~~+~~ c(i). ‘JHN~ and ‘J+yp will be 
determined in the context of the present investigation. A 
method is also proposed to determine the coupling con- 
stant 3J~~,-1~,n~~,j in uniformly 13C,15N doubly enriched 
peptides. Assuming the presence of a @Hi group, the 
side-chain dihedral angle x1 can be determined from a 
total of nine coupling constants, among them ‘JHaHs2, 
'JHaHp3, 3JHp2c, ‘JH~xcl, 3JH~2N,, ‘J”~x~ and ‘JHacP We discuss 
here the measurement of the ‘JHc coupling constants. If 
15N-enriched material is available, analogous measure- 
ments apply to ‘JHN couplings. 

Determination of ‘JH,vc 
For the determination of the coupling constant ‘J”N~ 

by the pulse sequences of Fig. 3 and the scheme of Fig. 
2c, a coherence transfer from Ca to HN must be accom- 
plished. The Ha proton acts as the relay spin, while C’ is 
the passive spin. The one-bond coupling between Ca and 
C’ of approximately 55 Hz is used for the separation of 
Ca,HN cross-peak components in cur. The small 3Jr+c, 
coupling is then determined from the difference in the a2 
coordinates. The ‘JUNKS coupling would provide a direct 
pathway for coherence transfer, but this coupling con- 
stant is usually too small (on the order of a few hertz) for 
an efficient transfer. 

Determination of ‘JH,vcp 
As a bonus, the coupling constant 'J"N,-~ can be deter- 

mined from the same cross peak as 3Jrr~c, discussed above. 
The passive spin Cs gives rise to an additional hetero- 
nuclear E.COSY-type pattern from which 3JH~cb can be 
determined according to the scheme of Fig. 2f. The pass- 
ive one-bond coupling constant between the aliphatic C? 
and Cs spins, used for the multiplet dispersion, is in the 
range 30-40 Hz. An alternative, perhaps even more 
straightforward, method for the determination of 'JH~,-p 

has been demonstrated by Edison and co-workers (1991) 
using a homonuclear relayed COSY scheme. 

Determination of ‘JHpcz 
The heteronuclear three-bond coupling constant JHpcV 

can be determined from the (P,Hs) cross peak in the 
heteronuclear relayed E.COSY spectrum, obtained also 
with the pulse sequences of Fig. 3, where again the coup- 
ling constant ‘Jcac is exploited for separation following 
Fig. 2d. The direct coupling between the detected HP 
proton and its attached carbon causes a large splitting in 
a?, which may lead to overlap problems when the chemi- 
cal shifts of the two HP protons are similar. 

Determination of ‘JHacr 
For aromatic amino acid side chains, the coupling 

constant ‘JHaU can be retrieved, according to Fig. 2e, 
from the (CP,Ha) cross peak in the heteronuclear relayed 
E.COSY spectrum, again recorded with the pulse sequen- 
ces of Fig. 3. The determination depends on the disper- 
sion by the passive coupling of approximately 40 Hz 
between Cs and Cr. 

Determmatlon of 3 JHEfij,cPCi-,) 
The heteronuclear relayed E.COSY procedure can be 

applied to 15N-labeled compounds for the determination 
of 3JHacij,c+r1, as indicated in Fig. 2g. The 15N nucleus 
serves as the active spin, and the one-bond coupling 
’ J~~(-~~.N~i~ functions as the E.COSY ‘separator’. With a 
value of about 15 Hz, this coupling is relatively small. No 
selective or weak relay mixing pulse is necessary in this 
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case, as the passive 13C spin is not affected by “N and ‘H 
pulses. Alternatively, 3Jc,+11,~~~11 could be determined from 
the E.COSY-type splitting caused by the passive spin Ha 
in the (often weak) C’(i-1)-C?(i) cross peak in a carbon 
COSY spectrum. 

Experimental section 

The heteronuclear relayed E.COSY experiment of Fig. 
3b was applied for the measurement of three-bond J- 
coupling constants in the cyclic decapeptide antamanide, 
which is known to exhibit backbone dynamics resulting 
in an averaging of the J-coupling constants (Madi et al., 
1990; Brtischweiler et al., 1991; Ernst et al., 1991; Black- 
ledge et al., 1993). To identify the involved conforma- 
tions, as many geometric constraints as possible are re- 
quired. The heteronuclear three-bond J-coupling constants 
measured in the present work form part of this data set. 

Sample preparation 
Uniformly 13C-labeled antamanide was synthesized 

from commercially available 13C-enriched amino acids. 
The linear peptide Pro-Ala-Phe-Phe-Pro-Pro-Phe-Phe-Val- 
Pro was prepared by standard solid-phase synthesis, start- 
ing from Boc-Pro-PAM-resin (Mitchell et al., 1978). The 
peptide (101 mg) was cyclized in the presence of p-nitro- 
phenol (139 mg) and 1-(3-dimethylaminopropyl)-3-ethyl- 
carbodiimide hydrochloride (155 mg) in a mixed solvent 
of l-methyl-2-pyrrolidone (20 ml) and chloroform (20 

Vat Ala4 Phe5 Phe6 

ml). Antamanide (30 mg) was isolated from the reaction 
mixture by reversed-phase HPLC. The 13C abundance was 
measured to be 98.6% by mass spectrometry. For the 
NMR measurements, antamanide was dissolved in deu- 
terated chloroform at a concentration of approximately 
20 mM. 

Spectrum acquisition 
The NMR experiment was performed on a Bruker 

AMX-500 spectrometer at 3 10 K using the pulse sequence 
of Fig. 3b. The delay r for the evolution of ‘H-13C one- 
bond couplings was set to 3.57 ms. By positioning the 13C 
rf carrier frequency at the center of the aliphatic carbon 
resonances and adjusting the spectral width to 7576 Hz, 
the aromatic carbon resonances were folded onto the 
methyl carbon region of the spectrum, which were both 
of no direct interest. The TPPI method was used to dis- 
tinguish positive and negative frequencies in the rnl di- 
mension. The proton spectral width in ur* was 5556 Hz, 
with the audio filter frequency set to the same value to 
minimize aliased noise. The delay of the proton signal 
acquisition required a 180’ linear phase correction after 
Fourier transformation, resulting in an optimally flat 
baseline (Marion and Bax, 1988). The acquisition times 
were 369 and 102 ms in the ts and ti dimensions, respect- 
ively. In the tZ detection period, 4K data points were re- 
corded. For each of the 1536 t1 increments, 16 transients 
were accumulated with the phase cycle given in the cap- 
tion of Fig. 3b. The spectrum was recorded within 12 h. 

Phe’ Phe’ ’ 

SAAbl >v2) 

-20 20 -20 20 [Hz] 

-20 20 -20 20 [Hz] 

Fig. 4. Pure 2D absorptive SAA and pure 2D dispersive So,, parts of the experimental (Ca,HN) multiplets of ‘T-enriched antamanide, obtained with 
the heteronuclear relayed E.COSY pulse sequence depicted in Fig. 3b. Positive and negative contours are drawn with levels increasing by factors 
of & and 2, respectively. 
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Fig. 5. Dispersive multiplets of the spectrum in Fig. 4, showing positive contour levels only. From these cross peaks, the heteronuclear coupling 
constants ‘JHncb and ‘J,,N~ were determined, At 310 K, the multiplets are located at the following (v,,v~) coordinates given in ppm: Val’ (56,4,7.57), 
Ala4 (49.6,7.95), Phe’ (56.7,6.96), Phe6 (52.2,7.81), Phe9 (57.3,7.35) and PheJ’(58.9,7.24). 

Spectrum processing 
The data matrix was Fourier-transformed to 2K x 2K 

hypercomplex points using zero-filling in the e+ dimen- 
sion. The spectral resolutions were 3.699 and 2.713 Hz in 
the a, and a1 dimensions, respectively. Prior to the 
Fourier transformation with respect to tZ, moderate resol- 
ution enhancement was applied by multiplication of the 
FID with a Gaussian function with a width 6 = tImaX/ = 
93 ms and its maximum centered at tlmaX15= 74 ms. A 
cosine window function was used for apodization in t,. 
The first t1 point was multiplied by 0.8 in order to achieve 
minimal ridges along cu, in the spectrum (Otting et al., 
1986). For the determination of the J-coupling constants, 
the 2D spectrum was phase-adjusted to display a pure 2D 
dispersion spectrum Snn(cu,,cQ (Pelczer et al., 1991), as 
shown in Fig. 4. However, the 2D mixed-phase spectrum 
S~*(W,,@ was also retained to facilitate the evaluation of 
the multiple& 

J-coupling evaluation 
The relative shift along the cnZ direction between the 

two relevant E.COSY multiplet patterns yields the desired 
coupling constant. Representative projections were calcu- 
lated from aZ sections taken through the two multiplet 
halves. In the simplest version, one of the two sections is 
then shifted pointwise to achieve an optimum superposi- 
tion of the two sections. The accuracy of the J-coupling 

couphng, partial overlap, or differential relaxation effects 
(Gorlach et al., 1993). 

To avoid the limited accuracy of J-coupling determina- 
tion by a sampling grid in the frequency space, we use 
here a least-squares fitting procedure in the t1 time do- 
main. The two sections F(u$,&) and F(u$,cQ taken from 
the two multiplet halves, are Fourier-transformed into the 
time domain to yield f(@,Q and f(c.$,t& respectively. 
The indices o and fi signify the spin states of the relevant 
passive spin. 

A frequency shift of F($,uQ by 27rJ corresponds to a 
multiplication of f(c$,tZ) by the complex factor 
exp{i2nJtZ}. The least-squares fitting procedure has then 
the purpose of minimizing the expression 

n-1 

c2(J)= x ]f(cuy,kAt2)-exp{i27tJkAtZ}f((ur,kAt2)]2 (10) 
k=O 

as a function of J, where n is the number of sampling 
points with the time-domain separation At2. The shift 
parameter J can assume arbitrary values and is not re- 
stricted to discrete values by a sampling grid. 

Error calculation 
The statistical error of the J value obtained can be com- 

puted by straightforward error propagation laws (Clifford, 
1973). One obtains for the variance c$ of the J-coupling: 

n-1 -1 

k;o]2rckAt2 exp{i27rJ0ptkAt1}f(u$,kAt1)]2 GU 

constant determined can be increased by application of 
zero-filling in the t1 domain before resolution enhance- 
ment (Griesinger et al., 1987). Alternatively, the centers 
of gravity of the two multiplet halves may be computed 
from the 2D spectrum. The two passive coupling con- 
stants are then obtained from the coordinate differences 
in crl and e.rZ (Montelione et al., 1992). For dissimilar 
patterns of the two multiplet halves, the results obtained 
by the two methods differ due to the presence of strong 

The variance 0; of the time-domain data can be esti- 
mated by the approximation 

rq?z -L e= CJ& WI 
n-l 

Results 

The heteronuclear three-bond J-coupling constants in 
antamanide, determined by the heteronuclear relayed 
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Fig. 6. Experimental (C’,Hs*.3) multiplets from the dispersive heteronuclear relayed E.COSY spectrum of ‘%-enriched antamamde, showing positive 
contour levels only. From these cross peaks, the heteronuclear coupling constants ‘J+,s+ and ‘Ju~3~ were determined. At 310 K, the multiplets are 
located at the following (v,,vr) coordinates. given in ppm: Val’ (.56.4,2.04), Ala4 (49.6,1.10), Phe5 (56,7,3.06/2.96), Phe’ (52.2,3.18/2.91), Phe9 
(57.3,3.19/2,97) and Phe” (58.9,3.38/3,15). The parallelograms indicate the relation of the constituent multiplet parts. The edges represent splittings 
along v, and vz due to the couplmgs ‘.Jcq and ‘Jupca, respectively. The boxes indicate cross peaks below the plot level. 

E.COSY experiment of Fig. 3, are listed in Table I for 
valine, alanine and phenylalanine residues. Since 13C 
decoupling was avoided during acquisition, 13C-bound 
protons gave rise to large splittings from heteronuclear 
one-bond couplings in the detection dimension (Figs. 6 
and 7). As a consequence, a split relayed E.COSY pattern 
appears and the desired small passive couplings can be 
determined twice. The coupling constants in Table 1 are 
averaged values, i.e., J= l/2 (J-+ J+). The statistical error 
of the derived coupling constants is characterized by the 
standard deviation, conservatively calculated according to 
CfJ = (CT-+ of+)? 

3JfpVcf and 3JH~cp couplings 
In the amide proton chemical-shift region of the he- 

teronuclear relayed E.COSY spectrum, all six expected 
(Ca,HN) multiplets appear (Fig. 5). The HN resonances of 
Val’ and Phe6 show appseciable line broadening, as has 
been reported before (Ernst et al., 1991). The ‘Jn~e as 
well as the ‘Jn~~b coupling constants were found to be in 
the range O-3 Hz. 

3Jff/k, couplings 
For each of the four phenylalanine residues, the he- 

teronuclear coupling constants ‘JeHp and ‘Jcnv were de- 
termined from the (CG,Hb’) and (Ca,Hp”) cross peaks, 
respectively (Fig. 6). Values of up to 5.3 Hz were found. 
The unique ‘Jenp coupling constant in Val’ was found to 
be 1.7 Hz. The ‘Jcns coupling constant in Ala4 is confor- 
mationally averaged, due to rotation of the methyl group. 
A value of 4.0 Hz was found. 

3JlPCY couplings 
The ‘JHacy coupling constants in phenylalanine residues 

were determined from the (Cs,Ha) cross peak (Fig. 7). 
The similar one-bond couplings ‘JcsUt and ‘Jcacy,’ in Val’ 
cause overlap of the central multiplet components in mi. 
Therefore, only the sum of the two ‘Jnacy coupling con- 
stants could be determined from the outer muhiplet com- 
ponents. With the aid of 13C-u+-filtered TOCSY experi- 
ments, it was possible to determine also their difference, 
leading to values of 2.8 and 3.3 Hz for the coupling con- 
stants ‘JHacr, and ‘Jnqv, respectively. 

Discussion 

Based on known relations between dihedral bond 
angles and three-bond J-coupling constants, it is possible 
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TABLE 1 
EXPERIMENTAL THREE-BOND J(H,C) COUPLING CONSTANTS (Hz) ASSOCIATED WITH BACKBONE I$ ANGLES OR SIDE- 
CHAIN x1 ANGLES IN ANTAMANIDEa 

Val’ 1.12&0.18 1.74kO.43 6.15k l.43b 1.32kO.24 
Ala4 0.14*0.07 3.96kO.13 - 1.79?0.08 
Phe’ 1.45*0.09 0.26kO.75 5.31 kO.81 2.49 Ik. 0.68 1.53?0.13 
Phe6 1.82TO.31 5.33 kO.42 2.lOAO.37 4.55 kO.36 1.10~0.28 
Phe9 0.61 kO.21 1.10*0.66 3.36kO.65 2.05+0.31 3.13kO.33 
Phe” 2.73 &0.20 3.57kO.12 0.22kO.25 2.53kO.61 0.81 kO.22 

a The coupling constants have been determined from a single heteronuclear relayed E.COSY spectrum. Prime and double prime designate low-field 
and high-field H@ resonances, respectively, irrespective of the stereospecific assignments. 

’ Only the sum of the two valine couplings ‘JHacyl and ‘JHace could be determined from the heteronuclear relayed E.COSY multiplet. 

to deduce structural information from J-coupling mea- 
surements. We used for 3JH~Ha, 3JH~c, ‘Jn~,-b and ‘JHaHp 
the parameters by Bystrov (1976), for ‘JHacy the parame- 
ters by Wasylishen and Schaefer (1972), and for ‘JHbc the 
relation published by Fishman et al. (1979). 

Coupling constants related to backbone dihedral ungles 
The ‘JH~c and ‘Jn~,-b coupling constants measured for 

antamanide in chloroform solution supplement the homo- 

V4 1 ” , , , , , , , 
-80 -40 0 40 80 

nuclear ‘JH~na coupling constants determined previously 
(Griesinger et al., 1987; Kessler et al., 1989a) and provide 
additional dihedral angle constraints for the backbone 
angles 4. The ‘JH~cb coupling constants are in agreement 
with values obtained from 13C-~I-filtered TOCSY spectra 
recorded for natural abundance and 13C-enriched samples 
(Schmidt, J.M., unpublished results). The determination 
of a unique backbone conformation based on the J-coup- 
ling data summarized in Table 1 failed, as found previ- 

Fig. 7. Experimental (Cb,Ha) multiplets from the pure 2D dispersive heteronuclear relayed E.COSY spectrum of “C-enriched antamanide, showing 
positive contour levels only. From these cross peaks, the heteronuclear coupling constants ‘J(Ha,C?) were determined. Note that the upper right 
multiplet part of Phe5 coincides with the lower left part of the Phe’O multiplet due to overlap. This overlap could be avoided by recording a 
complementary E.COSY spectrum with the flip angle /3X set to (K- &. As the couplings ‘Jcpc.,l and ‘Jcpce in Val’ are similar, ‘JHmcyl and ‘JHac.l 
coupling constants are difficult to be distinguished. At 310 K, the multiplets are located at the following (vl,vz) coordinates, given in ppm: Val’ 
(31.1,4.46), Ala4 (16.3,4.30), Phe’ (35.7,4.07), Phe6 (36.3,4.63), Phe9 (37.9,4.57) and Phe”’ (35.1,3.78). The parallelograms indicate the relation of 
the constituent multiplet parts. The edges represent splittings along v, and vz due to the couplings ‘.lcpcy and ‘JHaca, respectively. 
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ously by using NOE data (Kessler et al., 1988,1989b; 
Ernst et al., 1991). The experimental J-coupling constants 
are interpreted as dynamically averaged data, and they 
were used to supplement NOE distance information in a 
conformational study (Blackledge et al., 1993). 

Coupling constants related to side-chain rotameric states in 
phenylalanines 

The analysis of the rotamer populations with respect to 
the x1 dihedral angle requires stereospecific assignments 
of phenylalanine Hb2 and HP3 resonances, which have 
been obtained previously for Phe9 and Phe” only (Kessler 
et al., 1987). For Phe”, low-field and high-field HP reson- 
ances have been assigned to HP2 and Hp3, respectively, 
while for Phe9 the assignment is opposite. Both side 
chains predominantly reside in a staggered rotamer state 
with x, z--60’, as has been concluded from the large 
difference in the homonuclear coupling constants ‘Jnana2 
and ‘JrraHs3 (Griesinger et al., 1987). The relative magni- 
tudes of the ‘Jnp~c, and ‘Jrip3c coupling constants, deter- 
mined from heteronuclear relayed E.COSY spectra (Table 
l), further consolidate the analysis by Kessler and co- 
workers (1987). The ‘JHacy coupling constants (Table 1) 
are in agreement with the proposed conformations. 

For Phe5 and Phe6, the analysis of the side-chain rota- 
mers is not as straightforward as for Phe9 and Phe”. 
From the pair of similar (averaged) homonuclear ‘Jnanp 
coupling constants, it is inferred that a conformational 
equilibrium between at least two x1 states has to be con- 
sidered. To obtain the proper dihedral angle distribution 
profiles, the Hs resonances must be unambiguously as- 
signed to the respective diastereotopic proton positions. 
However, the two possible assignments cannot be distin- 
guished unless recourse is taken to diastereospecific deu- 
teration experiments. Based on the large dispersion in the 
heteronuclear coupling constants determined in this work, 
models are precluded that describe the side-chain confor- 
mational equilibria in Phe5 and Phe6 in terms of full rota- 
tional averaging. 

Coupling constants in valine 
As the methyl proton resonances are degenerate under 

the experimental conditions used here, the stereospecific 
assignment of the methyl carbons C?i and C@ cannot be 
deduced on the basis of J”c coupling constants without 
knowledge of the side-chain conformation. The conforma- 
tional analysis of the J-coupling constants turned out to 
be insensitive to the CT’ and C* resonance assignments. 
This is a consequence of the similarity of the two JHwy 
coupling constants. From heteronuclear relayed E.COSY 
spectra, a small JcHb coupling constant of approximately 
1.7 Hz was found, while a large ‘Jrr+ coupling constant 
of 13.8 Hz has been determined from homonuclear 
E.COSY multiplets at high (320 K) and low (256 K) 
temperature (Schmidt, J.M., unpublished results). These 

data indicate that the Val’ side chain prefers a conforma- 
tion with x, = 180’. This contrasts with X-ray results 
(Karle et al., 1979), which infer a small ‘Jrranp coupling 
constant of approximately 3-4 Hz due to a gauche orien- 
tation of the involved nuclei (x, =-54.5’). The NMR 
results agree with database statistics (Janin et al., 1978; 
Ponder and Richards, 1987) which assign an occurrence 
of 67% to the x1 = 180’ state for valine side chains in pro- 
teins. Very recently, a detailed analysis of valine three- 
bond J-coupling constants in a protein has been published 
(Karimi-Nejad et al., 1994). 

Conclusions 

An essential feature of the heteronuclear relayed 
E.COSY pulse sequences proposed here is the intermedi- 
ate creation of heteronuclear multiple-quantum coherence 
(HMQC) during the t1 period. It is well known that se- 
quences of this type lead to an efficient coherence trans- 
fer, as during t, proton-proton couplings and carbon 
chemical shifts evolve simultaneously. As a possible draw- 
back, additional multiplet splittings appear in the rn, 
dimension due to proton-proton interactions. The cre- 
ation of r3C (antiphase) single-quantum coherence during 
tL (Bodenhausen and Ruben, 1980) would avoid the un- 
desired splittings in the e+ dimension. However, the spec- 
tra could suffer from phase-modulated U, multiplets due 
to evolution of the weak direct heteronuclear coupling 
Js,rl associated with the detected spin (B in Fig. 2). This 
effect arises during the second INEPT period r used in 
such HSQC-type sequences. HMQC-type experiments are 
devoid of this problem. In view of applications to larger 
molecules like proteins, it is known that HMQC-type 
experiments may be superior to experiments involving 
heteronuclear single-quantum antiphase coherence due to 
slower relaxation (Seip et al., 1992). 

The fact that the proposed heteronuclear relayed 
E.COSY experiment requires a minimum number of 
pulses renders it suitable for quantitative evaluation of the 
cross-peak multiplets by computer simulation and least- 
squares fitting to obtain accurate J-coupling constants. We 
support the view that a simple experiment, even if it might 
lead to somewhat lower sensitivity due to a transfer 
through a three-bond J coupling and the use of small-flip- 
angle pulses, can yield multiplet structures that are less 
prone to artefacts than more sophisticated pulse sequences 
using a multitude of selective and nonselective pulses. 
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