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A considerable number of peptides and proteins are found in 
nature as dimers linked by disulfide bridges1"4 or noncovalent 
interactions.5'6 In these cases, there are ambiguities in the as
signment of NOE interactions as two protons that show a NOE 
contact can belong to the same unit or to symmetry-related units. 
These two interpretations will lead, in general, to completely 
different conclusions about the structure of the molecule.7 One 
particular case occurs when the two protons involved belong, in 
the intrachain case, to the same spin system, as the NH and CH„ 
protons in the same residue. In this communication we describe 
the use of a semiselective TOCSY-NOESY experiment to dif
ferentiate between these two types of interaction. 

Differentiation between intra- and interchain interactions de
mands the use of mixed dimers8 in which the two chains differ, 
for example, by the substitution of deuterium for one or several 
of the protons involved, the aim being to selectively suppress one 
of the two types of interaction. Unambiguous results can only 
be obtained when both NOE-related protons are replaced by 
deuterium, either in the same (Figure lb) or in different chains 
(Figure Ic). The substitution of deuterium for only one proton 
leads to the same degree of suppression of intra- and interchain 
NOEs (Figure Id) and therefore, by itself, cannot differentiate 
between the two situations. 

Deuteration of only one of the protons can still be used un
ambiguously, provided a through-bond connectivity can be es
tablished between the two points prior to the NOESY experiment 
(Figure Ie). In the TOCSY-NOESY9 experiment coherence is 
transferred first through scalar coupling and then through dipolar 
coupling, and therefore this experiment can be conveniently used 
to distinguish NOEs between protons with a spin system from 
those between protons belonging to a symmetry-related, different 
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Figure 1. Intra- versus interresidue interactions in a fully protonated 
sample (a) or in mixed dimers (b-e). Dimers b and c are doubly labeled, 
and d and e are singly labeled. Full lines represent cross-relaxation 
pathways leading to the appearance of an NOE, and dashed lines rep
resent suppressed pathways. In e the curved arrow represents magne
tization transfer through scalar coupling and therefore implies that the 
two protons belong to the same spin system. The NOE has also been 
represented by an arrow to indicate the intrinsic asymmetry of the se
lective TOCSY-NOESY experiment. 
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Figure 2. The semiselective TOCSY-NOESY experiment. Semiselec
tive excitation is obtained by a self-refocusing 270° Gaussian pulse." 
The phases of this pulse and the two 90° hard pulses were cycled as in 
a conventional NOESY experiment. The phases of the pulses in the 
MLEV sequence were kept constant. Spectra were recorded in the 
absolute value mode. 

spin system using single-labeled mixed dimers. 
We use a version of the selective TOCSY-NOESY experi

ment10 in which the preparation pulse is a 270° Gaussian pulse" 
that excites the complete amide region (Figure 2). A sample of 
a dimer peptide containing mixed dimers in which only one in each 
pair of symmetry-related NH protons has been replaced by 
deuterium can be conveniently obtained by partial exchange with 
D2O. 

Magnetization derived from the nonexchanged NH protons is 
spread within the spin system by the MLEV mixing.12 During 
the NOESY part of the sequence, magnetization can be trans-
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Table I. Normalized Cross-Peak Intensities in a Selective TOCSY-NOESY Experiment 

"peptide 
1GIy 
2Cys 
3Phe 
4VaI 
5Pro 
6Cys 
7GIy 

pathway:" 

sample:4 

("NH-

A 

2.4 
2.9 
8.1 

4.4 
3.7 

"CH)>"NH 

B 

2.5 
3.8 
6.8 

5.6 
3.9 

("NH-"CH)>"+1NH 

A B 

6.1' 
5.0 

12.2 

14.6 

3.8C 

3.7 
10.4 

8.6 

"+1NH>"CH 

A B 

11.1' 12.9' 
35.4 41.3 
21.7 25.5 

32.4 36.7 
7.8 7.8 

" Magnetization transfer pathways are represented as follows: The leftmost NH corresponds to the selectively excited proton. TOCSY mixing 
occurs between the protons enclosed in parentheses, and the > sign represents NOE transfer in the direction indicated. The cross peak (a > b) 
appears at frequencies u, = a, «2 = b. 'Sample A: 64 mg of peptide was dissolved in 0.7 mL of rf6-DMSO. Sample B was obtained from A by 
partial exchange with D2O. Degree of deuteration: 31%. Spectra were obtained in a Varian VXR-500 instrument with a 10-dB fixed attenuator at 
the output of the transmitter. The 270° Gaussian pulse was 2 ms and the 90° pulse width was 17 ps. TOCSY mixing: 30 ms (6.5 kHz). NOESY 
mixing: 300 ms. 'Normalized to the ^+1NH intensity. Otherwise, normalized with respect to "NH intensity. Units are percent of the intensity of 
the reference peak. Intensities are the average of two experiments with the same samples. Reproducibility is better than 10%. 

ferred back to the original N H in the same residue (intraresidue 
NOE) or to the symmetry-related N H proton (interresidue NOE) . 
The latter interaction is suppressed because in the mixed dimers 
only one of the symmetry-related amide protons has been ex
changed. 

If x is the probability of one particular site to be deuterated, 
i.e., the degree of deuteration of the sample, the intensity of a 
purely interresidue cross peak in a semiselective T O C S Y - N O E S Y 
experiment will be approximated by 

Z = Z 0 ( I - * ) 2 

where I0 is the intensity of the cross peak in the fully protonated 
sample. The intensity of a purely intraresidue cross peak will be 
given simply by 

Z = Z 0 ( I - X ) 

which is the same dependency expected for the diagonal peaks. 
It follows that for purely intraresidue interactions the intensity 
ratio between cross and diagonal peaks will be independent of the 
degree of deuteration.1 3 

The sequence has been tested by using the synthetic peptide 
dimer 

H-Gly-Cys-Phe-Val-Pro-Cys-Gly-OH 
I I 

H-Gly-Cys-Phe-Val-Pro-Cys-Gly-OH 

with two disulfide bridges that ensure a parallel orientation of 
the two chains.14 The results are summarized in Table I. The 
cross peaks between C H 0 in one sequence position and N H in a 
different one (colums 4 and 5) are attenuated by partial deu
teration independently of whether the two residues belong to the 
same or a different chain. The last two columns in Table I 
(columns 6 and 7) show the normalized intensities of the cross 
peaks located on the opposite side of the diagonal. They arise 
from N O E transfer between N H protons which have been directly 
excited and neighbor C H 0 protons as in an ordinary N O E S Y 
experiment, and as expected, they are not attenuated by deu
teration. On the other hand, it can be seen that the normalized 
intensity of the cross peaks between C H 0 protons, which have been 
prepared by TOCSY transfer from the selectively excited N H ' s 
and N H protons assigned to the same sequence position (columns 
2 and 3) is independent of the degree of deuteration in all cases 
except for 4VaI. The decrease in intensity of the C H 0 N H cross 
peak of this residue indicates that it contains a contribution from 
the interchain interaction between the two symmetry-related valine 
residues. This long-range interaction would have been overlooked 
in an ordinary N O E S Y experiment. 

The selective T O C S Y - N O E S Y experiment is a pseudo-3D 
N M R experiment. In a complete 3D experiment differentiation 
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between intra- and interresidue C H 0 N H NOEs would be obtained 
from the intensities of the back-transfer peaks as a function of 
the degree of deuteration. 

Acknowledgment. We thank Dr. M. Ruiz-Gayo and Miss M. 
Royo for the peptide sample and Dr. M. Feliz and Dr. F. Albericio 
for helpful discussions. This work was partially supported by funds 
from the C I C Y T (PB90-257). 

Registry No. GCFVPCG peptide dimer, 118972-74-0; GCFVPCG 
peptide dimer (deuterated), 133833-57-5. 

Type I and II Copper S i tes Obtained by External 
Addition of Ligands to a H i s 117GIy Azurin Mutant 

Tanneke den Blaauwen, Mar t van de Kamp, and 
Gerard W. Canters* 

Gorlaeus Laboratories, Leiden University 

Leiden, The Netherlands 

Received February 8, 1991 

Low molecular weight copper complexes are often used as model 
compounds to study the coordination of Cu ions in proteins. 
Usually this approach meets with only partial success. Here a 
new strategy is reported by which a Cu site is made accessible 
in situ to different ligands by site-directed mutagenesis. 

There has been much speculation recently on the mode of action 
of type I copper proteins,1"7 in particular on the pathways followed 
by the electrons on their way to and from the active site inside 
the protein. A study of azurin mutants has recently provided 
strong support for the idea that in the electron self-exchange 
reaction as well as in the reaction of azurin with its presumed 
physiological partners (cytochrome C551 and nitrite reductase) 
Hisl 17 is the port of entry and exit for electrons.5,6 The (unre
fined) crystal structure of wild-type (WT) Pseudomonas aeru
ginosa azurin (reported at 2.7 A8) and the refined structures of 
two His35 mutants (reported at 1.9-A and 2.1-A resolution9) show 
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