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Using an unambiguous methodology we have synthesized the two topological isomers (parallel and 
antiparallel) of a cyclic peptide dimer containing two disulfide bridges, and we have characterized 
them spectroscopically using circular dichroism and NMR. We have shown that the interactions 
between the two chains play a dominant role in determining the different conformational properties 
of both dimers. Although both molecules are flexible, the ensemble of conformations available to 
them is clearly different: the antiparallel dimer gives extended structures while the parallel dimer 
gives mainly folded conformations. Interchain NOES between symmetry-related residues could be 
differentiated from the trivial intraresidue NOE using a selective TOCSY-NOESY experiment, and 
this assignment was in agreement with the predictions made from a conformational search using 
molecular dynamics without experimental constraints. 

Introduction 
A growing number of peptides of great biological interest 

are found to be dimers linked by two disulfide bridges. 
Examples are atrial natriuretical peptides,' factor Fz from 
Locusta migratoria,z and the proteins uteroglobinS and 
fibr~nectin.~ In all of these cases the dimers are anti- 
parallel. The hinge region of immunoglobulins contains 
a parallel dimer.5 The study of the interaction of two 
identical chains in a topologically well-defined fashion is 
therefore a structural problem of great interest. The 
synthesis of model compounds by direct oxidation of bis- 
cysteine peptides very often leads to mixtures of the two 
possible topoisomers or to ambiguities as to the topology 
of the dimers obtained. We have developed a methodology 
based on the use of two or three orthogonal protecting 
groups6J for the four cysteines involved that allows the 
unambiguous synthesis of both topological isomers. Pep- 
tides 1 and 2, obtained with this methodology, have been 

t Abbreviations used Acm, acetamidomethyl; Boc, tert-butyloxycar- 
bonyl; CD, circular dichroism spectroscopy; DCC, Nfl'-dicyclohexyl- 
carbodiimide; DIEA, Nfl-diisopropylethylamiie; DMF, Nfl-dimeth- 
ylformamide; FABMS, mass spectrometry by fast atom bombardment; 
Fm, fluorenylmethyl; MNP, human atrial natriuretic peptide; HOAc, 
acetic acid; HPLC, high-performance liquid chromatography; MeBzl, 
p-methylbenzyl; MPLC, medium-pressure liquid chromatography; NMR, 
nuclear magnetic resonance; Npys, 3-nitro-2-pyridinesulfenyl; Pab-resin, 
phenylacetamidobenzyl-resin; pip, piperidine; TFA, trifluoroacetic acid; 
TFE, trifluoroethanol. Amino acid symbols denote the L configuration 
where applicable. 
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studied by circular dichroism (CD) and nuclear magnetic 
resonance (NMR). 

In spite of the fact that 1 and 2 have the same sequence 
and only differ in their topology, they show very different 
conformational properties arising from the different 
interaction of the two chains in both dimers. 

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

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

1 2 

The comparison has been extended also to the noncyclic 
dimers 3 and 4, synthetic precursors of 1 and 2. 

H-Gly-Cys-Phe-Val-Pro-<'ys(Acm)-Gly-OH 

H-Gly-Cys-Phe-Val-Pro-Cys( Am)-Gly-OH 

3 

I 

H-Gly-Cys(Acm)-Phe-Val Pro-Cys-Gly-OH 
I 

H-Gly-Cys-Phe-Val-Pro-Cys(Acm)-Gly-OH 

4 

The central residues, which along with the cysteines 
form the cyclic part of the antiparallel dimer, were chosen 
to have the sequence of [Phe4-Va16]antamanideF an 
analogue with CZ symmetry of the antitoxin antamanide 
from Amanita phaloides? 

Molecular mechanics calculations without experimental 
constraints provide an explanation for the observed 
behavior and a model for the conformation of the target 
molecules as ensembles of structures. Experimental data 
were used to check the predictions of conformationally 
relevant properties, such as the presence of long-distance 

(7) An orthogonal system has been defined as a set of completely 
independent classes of proteding groups, such that each claes of group 
can be removed in any order and in the presence of all other c h s e q  see: 
(a) Barany, G.; Merrifield, R. B. J. Am. Chem. SOC. 1977,99,7363-7365. 
(b) Barany, G.; Albericio, F. J. Am. Chem. SOC. 1986,107, 4936-4942. 

(8) (a) Wieland, T.; Dungen, A. V.; Birr, C. FEBSLett. 1971,14,2ff9- 
300. (b)Karle, I.L. Biochemistry 1974,13, 2155-2162. 
(9) Wieland, Th.; Lueben, G.; Ottenheym, H.; Faesel, J.; DeVries, J. 

X.; Konz, W.; Prox, A.; Schmid, J. Angew. Chem. 1968,6, 209-212. 
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H-G C F V P C G-OH- H-G C F V P C G-OH- 

H-G C F V P C G-OH- 
I I  I I 

c HO-G C P V F C G-H 

a a 
H-G C(B) F V P C G-OH --t 

H-G C(B) F V P C G-OH + 

H-G C(B) F V P C G-OH -C 

I I 
c HO-G C(B) P V F C G-H 

a a 
H-G C(B) F V P C (A) G-OH -t H-G C(B) F V P C (A) G-OH + 

+ 
H-G C(A) F V P C (B) G-OH - 

(A, B : orthogonal protecting groups of cysteine) 

Figure 1. Retrosynthetic analpea of the parallel and antiparallel 
cyclic dimersParalle1 dimers can be obtained from a single 
monomeric precursor while at least two differently protected 
precursors are needed for the preparation of the antiparallel 
dimer.The formation of the f i t  disulfide bridge of the antiparallel 
dimer has to be directed to avoid the simultaneous formation of 
parallel dimer. 

Scheme I 
H-Gly-Cys-Phe-Val-Pro -Cp-Gly-0~  (5) 

I I 

I I 
Fm Acm 

Acm Fm 
H - Gly -Cys-Phe-Val-PrcCys -Gly-0 H (5)  

pip / DMF (1:l) 1 
H-Gly-Cys-Phe-Val-Prdys-Gly-OH 

I Acm 
Ac m 

(3) 
I 

I 12 
t 

H-Gly-Cys-Phe-Val-Prdys- Gly-OH 

H-Gly-Cb-Phe-Val-PrcC&+Gly-OH 

NOES, made from the ensemble of structures using the 
average relaxation matrix. We believe that this is a general 
approach to the study of flexible peptides that does not 
use the concept of “average” conformation. 

Results and Discussion 

Synthesis of the Parallel Dimer. The retrosynthetic 
analyses of parallel and antiparallel dimers of bis-cysteine 
peptides are shown in Figure 1. The parallel dimer can 
be prepared from a single peptide with two orthogonal 
protecting groups for both residues of cysteine and we 
suggest the combined use of fluorenylmethyl ( F m P  and 
acetamidomethyl (Acm)ll (Scheme I). These two groups 
are stable to all the usual reagents used in solid-phase 

A 220 

0 N a) 
2 A220 

5 10 15 20min 5 10 15 z o m ,  

Figure 2. HPLC chromatograms of (a) pure parallel dimer 1 
and (b) pure antiparallel dimer 2. Chromatographic conditions 
are the following: Nucleosil C-18 column, Particle size 5 fi .  Linear 
gradient from 540% B in 20 min. Solvent systems: A HzO 
0.045% TFA., B CH&N 0.036% TFA. 

synthesis including the HF reaction. Although both can 
be removed in any order, we prefer to eliminate first the 
Fm and then the Acm in order to overcome solubility 
problems of the linear dimer intermediate due to the high 
hydrophobicity of the Fm group. Thus, to the end of the 
synthesis,12 the peptide-resin was subjected to the HF 
reaction and the crude product washed with CH2C12 and 
used without further purification to obtain pure parallel 
dimer (>99 % as judged by HPLC, Figure 2a) by treatment 
with piperidine followed by oxidation with 1213J4 and 
purification by MPLC. The overall yield from Boc-Gly- 
resin was 17 % . 

Synthesis of the Antiparallel Dimer. For this isomer, 
the successive disconnections of the two disulfide bridges 
led to two versions of the same monomeric precursor which 
differ only in the position of the cysteine thiol protection 
group (A and B in Figure 1). The synthesis of these 
molecules can be done either in solid-phase or in solution, 
but an especially attractive alternative is the simultaneous 
synthesis of both peptides based on the joint use of 
polystyrene1 % -divinylbenzene and Kel-F-g-styrene16 as 
polymeric supports. These resins have different densities 
and can, therefore, be separated by flotationlB before the 
incorporation of the first protected cysteine. Then, the 
two peptide-resins are mixed again and the synthesis 

(10) (a) Bodanszky, M.; Bednarek, M. A. Znt. J. Pept. Protein Res. 
1982,20,434-437. (b) Albericio, F.; Nicob,  E.; Rizo, J.; Ruiz-Gayo, M.; 
Pedroeo, E.; Giralt, E. Synthesis 1990, 119-122. 

(11) Veber, D. F.; Milkowski, J. D.; Varga, S. L.; Denkewalter, R. G.; 
Hirschmann, R. J. Am. Chem. SOC. 1972,94,5456-6461. 

(12) Solid-phase peptide synthesis of all the monomere was carried 
out on a (chioromethyl)-Pab-resin (see: Giralt, E.; Andreu, D.; Mir6, P.; 
Pedroso,E. Tetrahedron 1983,39,3185-3188) withBocgroupfora-amino 
protection using a conventional synthetic protocol. 

(13) Kamber,B., Hartmann, A.,Eisler, K.,Riiker, B.,Rink, H.,Sieber, 
P., and Rittel, W., Helu. Chim. Acta 1980,63, 899-916. 

(14) In order to avoid overoxidations of the thiol function to sulfonic 
acid during the deprotection step with 12 or ita workup, we use an adequate 
excess of 12 (10 equiv) in concentrated aqueous solution of HOAc (80%), 
and after the formation of the dieulfide bridge (120 min), we eliminate 
the exceea iodine by extractions with carbon tetrachloride. Use of zinc to 
quench the 12 oxidation leads to dimer peptides containing important 
amounta of zinc (different samples of parallel and antiparallel dimera 
show 6-14% of zinc byatomicabrption).Other redudorelikeabscorbic 
acid or sodium thiosulfate lead to a rapid iodine regeneration and the 
consequent overoxidation of disulfide bridges; see: Ruiz-Gayo, M.; 
Albericio, F.; Royo, M.; Garch-Echeverrla, C.; Pedroeo, E.; Pone, M.; 
Giralt, E. Anal. Quim. 1989,85,116-118. 

(15) Battaerd, H. A. J.; Tregear, G. W. In Graft Copolymer; John Wdey 
& Sons, Interscience: New York, 1967. 



Synthesis and Characterization of Bis-Cystine Peptides 

Scheme I1 
H-Gly-Cys-Phe-Val-Pro-Cys-Gly-OH (6) 

I Acm I 

I 
NPYS 
SH 

" HO-Gly-Cys-Pro-Val-PheCys-Gly-H (7) 

HOAc 10% I 
H-Gly-Cys-Phe-Val-Pro-Cys-Gly-OH 

I 

8 
s 
I I HO-Gly-Cys-Pro-Val-PheCys-Gly-H 

+ 
H-Gly-Cys-Phe-Val-Pro-Cys-Gly-0 H 

jointly continued until the second cysteine residue where 
the process is repeated. After incorporation of the last 
residue, the two peptide-resins were separately treated 
with HF in the presence of p-cresol. The appropriate 
choice of the solvent is of great importance for the 
separation. For these two polymers, we found that a 
mixture of CH2C12-TFE (82)  provides the best conditions 
(less than 0.1% of cross-contamination as judged by 
HPLC). In this work, the antiparallel dimer has been 
obtained by two alternative strategies using the Kel-F- 
polystyrene procedure above described. The first one 
(Scheme 11) involves the use of only two protecting 
groups: Fm and Acm. The Fm group of both peptides 
was removed with piperidine in presence of 8-mercapto- 
ethanol in order to obtain both peptides with the thiol 
function free.17 One of them was allowed to react with 
dithiodipyridine and after purification by Sephadex G-10, 
and MPLC was mixed with the other peptide to form the 
first disulfide bridge. The final oxidation with 1 2  and 
purification lead to the antiparallel dimer (>99% pure as 
judged by HPLC, Figure 2b) with an overall yield of 15% 
from Boc-Gly-resin. The second strategy (Scheme 111), 
similar to the one described by Sakakibara et ~ 1 . ~ 8  for the 
synthesis of B-hANp, involves the preparation of a peptide 
with 3-nitro-2-pyridylsulfenyl (Npys)19 and Acm as pro- 
tecting groups for the cysteine and a second one with a 

(16) (a) Tregear, G. W. In Chemistry and Biology of Peptides; 
Meienhofer, J., Ed., Ann Arbor Sci. Publi.: Ann Arbor, 1972; pp 175-178. 
(b) Albericio, F.; Rub-Gayo, M.; Pedroeo, E.; Giralt,E.ReoctiuePolymers 
1989,10,259-268. 

(17) Considering that the possible formation of a saline bridge between 
both extremes, C- and N-terminal, of the peptides could direct the 
formation of heterodimers, an attempt of undirected oxidation was carried 
out with thew two free thiol peptides at pH 8. The disminution of free 
thiolas determined by the Ellman test (see: Ellman, G. L. Arch. Biochem. 
Biophys. 1969,82,70-77) was concomitant with the appearance of three 
peaks in the HPLC with relative intensities l k 2 ,  which were identified 
by coelution with real samples of both homodiiers and the heterodimer. 
The same experiment carried out in CHaOH led to a mixture of both 
homodimers in a proportion of 1:l. 

(18) Chino, N.; Yoehizawa-.Kumagaye, K.; Noda, Y.; Watanabe, T. X.; 
Kimura, T.; Sakakibara, S. Biochem. Biophys. Res. Commun. 1986,141, 
665-672. 
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Scheme I11 
H-Gly-CysPhe-Val-Pro-C-Cye-Gly-OH (8) 

I 
Fm I Ac m 

HO-Gly-Cys-Pro-Val-PheCpGly-H Aim Fr (5) 

1 

1 

HO-Gly-Cys-Pro-Val-PheCys-Gly-H "im I (9)  

1 

Pip / DMF / BSH 
1 : 1 : 0.7 

I 
SH 

H-Gly-CysPhe-Val-PrdpGly-OH (7) 
I Acm 

(9) 

2.2'-dithiodipyridme (of 7) 

H-Gly-C ys-Phe-Val-Pro-Cys-Gly-OH (1 0) 
I 

SPYr 

SH 

I Acm 

pH= 6 

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

Acm 
I 

I 

I 
7 S (4) 

H 0-Gly-Cbs-Pro-Val-PheCks-Gly-H 

1 4  
H-Gly-CpPhe-Val-Pro-Cys- Gly-OH 

I 

S 
I 
s (2) 

H 0-Gly-Cjls-Pro-Val-Phe.C;s-Gly-H 

free thiol and Acm. The latter was protected during the 
solid-phase assembly of this peptide with ap-methylbenzyl 
(MeBzl) group, which is removed during the HF treatment. 
Equivalent amounts of both peptides were mixed and the 
pure antiparallel dimer (>99% as judged by HPLC) was 
obtained by oxidation with I2 as before with an overall 
yield of 11% from Boc-Gly-resin. 

Chemical Characterization of the Dimers. The 
identification and characterization of parallel and anti- 
parallel dimers constitutes a problem not totally solved. 
Classical techniques like mass spectrometry by fast atom 
bombardment (FABMS) fail to characterize this kind of 
compounds as in both dimers the first bonds broken are 
the two S-S, giving in both cases the same fragments. 
Therefore, we have used enzymatic hydrolysis20 to prove 
the identity of 1 and 2. In this case, we have taken 
advantage of the relative specificity of chymotrypein for 

(19) (a) Mateueda, G. R.; Aiba, K. Chem. Lett. 1978, 961-952. (b) 
Bernatowicz, M.S.; Mataueda, R.; Mateueda, G. R. Znt. J. Pept. Protein 
Res. 1986,18,107-112. (c) Albericio,F.; Andreu, D.; Giralt, E.; Navalpotro, 
C.; Pedroao, E.; Ponsati, B.; Ruiz-Gayo, M. Znt. J. Pept. Protein Res. 
1989,34, 124-128. 

(20) Other authors have used similar methode to Characterize dimers, 
e.g.: Hiskey, R.G.; Muthu-Kumara~wamy, N.; Vunnan, R. J. Org. Chem. 
1976,40,950-953. 
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H-G C F-OH H-V P C G-OH 
H-G C F-OH 

I I H-G C F-OH 

H-V P C G-OH 

H-V P C G-OH 

+ 
1 1  I i- I I s-s - I H-G C F V P C G-OH 

H-G C F V P C G-OH 
- s-s 

H-G C F V P C G-OH 
t t 

t.0 

c 0 
d 

I t m l b h  

0 5 10 15 20"" 

Figure 3. Characterization of the parallel dimer 1 by enzymatic hydrolysis wing immobilized chymotripsin. Chromatographic 
conditions: Nucleosil C-18, particle 511. Linear gradient from 1040% B in 30 min. Solvent systems: A HpO 0.045% TFA, B CH&N 
0.036 % TF'A. 

+ 
I I  

t 

HOG C F V P C G-OH 

HO-G C P V F C G-H 

H-G 7 F-OH HW Py G-OH H-G C F-OH 
4-S S-i - I 

I HO-GC P V-H 
- 

I 
HO-G C P V F C G-H 

t 

I I 
0 5 10 15 5 10 20"" 0 15 ZOnin 0 5 10 1 s  2 0 m n  

Figure 4. Characterization of the antiparallel dimer 2 by enzymatic hydrolysis using immobilized chymotripsin. Chromatographic 
conditions are the same as in Figure 3. 

the peptidic bonds where the carboxyl component contains 
an aromatic side chain (Phe, Trp, or TyrLz1 The mild 
conditions of the hydrolysis do not affect the disulfide 
bonds, and therefore two different fragments are expected 
after the complete hydrolysis of the target peptide bonds 
of the parallel dimer while only one fragment will be 
produced from the antiparallel dimer. Indeed, after 16 h 
of incubation with immobilized chymotrypsin the parallel 
dimer (Figure 3) gave two fragments, with HPLC retention 

(21) In order to simplify this process we have employed a-chymotryp- 
sine immobilized on a support of (carboxymethy1)cellulose. This allows 
the separation of the enzyme after the reaction simply by a centrifugation 
step. 

times of 2.7 and 12.5 min, that had the correct amino acid 
analyses for (H-Val-Pro-Cys-Gly)z and (H-Gly-Cys-Phe)z, 
respectively. The antiparallel dimer (Figure 4) after 12 h 
of reaction gave a single fragment with a retention time 
of 8.2 min. At shorter reaction times an extra HPLC peak 
appears in both cases (at 12.4 min for the parallel and 12.7 
min for the antiparallel dimers). These peaks disappear 
as the reaction proceeds and correspond to the products 
of the hydrolysis of the Phe-Val bond of only one chain. 
This is the expected behavior considering the cyclic nature 
of the dimers. 
CD Study. The CD spectrum of the parallel dimer 1 

in TFE/HzO (9:l) is shown in Figure 5a. It contains a 
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3 r  I 

a 
-2.25 

190 200 210 220 230 240 250 260 

WL (nm) 

Figure 6. CD spectra of (a) 1 at 298 K (spectra from 268 K to 
298 K are superimposable) and (b) 2 at different temperatures. 
In both cases the solvent was TFEH& (91 v/v ). 

positive band on the short wavelength end of the spectrum 
followed by a broad negative band with a minimum at 
201-205 nm. Between these two bands a zero-crossing 
point appears at  193 nm. On the long-wavelength side of 
the negative band there is a shoulder at  ca. 226 nm. This 
spectrum is independent of the concentration in the range 
from 2 to 0.06 mg mL-' and it is also independent of the 
temperature in the range +25 to -5 "C. This could be 
described as a slightly red-shifted type4  spectrumz2 
usually assigned to type-I @-turns.23 Above 250 nm (data 
not shown) there is a broad weak negative band with an 
extreme at 295 nm, corresponding either to the disulfide 
bridge absorption or to a weak band from the aromatic 
ring. 

The antiparallel cyclic dimer 2 has a completely different 
CD pattern in TFE/H20 (91) (Figure 5b). Starting from 
the short wavelength side of the spectra a strong positive 
band appears below 190 nm and extends up to ca. 210 nm. 
In some of the spectra a shoulder is visible around 200 nm 
(about the same wavelength where the main negative band 
appeared in the parallel dimer). A well-resolved positive 
band of low intensity appears at 222 nm, about the same 
wavelength of the low intensity negative band found in 
the parallel dimer. The appearance of n--f* positive bands 
is not common in homochiral peptides. This feature has 
been recently described in an acyclic dimer linked by a 
single disulfide bridge and reported to form an antiparallel 
&sheet in aolution.24 A positive band in the n-r* region 

(22) Woody, R. W., In The Peptides: Analysis, Synthesis, Biology; 

(23) Peraell, A.; HollCi, M.; Foxman, B. M.; Faaman, G. D. J.  Am. 

(24) Raj, P. A,; Soni, S. D.; Ramaaubbu, N.; Bhandary, K. K.; Levine, 

€€ruby, V., Ed.; Academic Press: New York, 1985; Vol. 7, pp 13-114. 

Chem. SOC. 1991,113,9772-9784. 

M.J. Biopolymers 1990, 30, 73-86. 

210 220 230 240 250 260 
-4 .50  

W L  (nm)  

210 220 230 260 250 260 - 3 '  " " " " " ' 
WL(nm)  

Figure 6. CD spectra of open dimers 3 (a) and 4 (b) in TFEHaO 
(91 v/v) and 298 K. 

also appears in both the parallel and the antiparallel cyclic 
dimers of Boc-~-Cys-~-Cys-OMe.~~ 

The CD spectrum of 2 is strongly temperature depend- 
ent. The intensity of the long-wavelength band at  222 nm 
increases at low temperature suggesting that this band 
arises from a more structured form of the peptide. 

The large differences found in the CD spectra of the 
two dimers contrasts with the observations described for 
the Boc-L-Cys-L-Cys-OMe dimers in which the CD spectra 
i i  TFE of the parallel and antiparallel dimers are very 
similar.23 This suggests that in our case the two peptide 
chains, at least in one of the dimers, may be strongly 
interacting. In order to investigate that point we also 
recorded the spectra of two open dimers containing only 
one disulfide bond and two Acm-protected Cys residues. 

The spectra from the linear dimer 3, a synthetic 
precursor of the parallel cyclic dimer, in 90 % TFE (Figure 
6a) consists of a broad, featureless negative band extending 
from 250 nm down to the shortest wavelength studied. On 
the other hand, the CD spectra of dimer 4, an intermediate 
in the synthesis of the antiparallel dimer, in 90% TFE 
(Figure6b)has a positive band of medium intensity at 221 
nm about the same wavelength at which the cyclic 
antiparallel dimer had a characteristic positive band. At 
both sides of the 221 positive band the CD spectrum of 
4 shows negative minima which are not present in the 
cyclic dimer. These may be interpreted as arising from 
a broad negative band analogous to that found in the CD 
spectra of the open parallel dimer. The CD spectra of the 
open antiparallel dimer, therefore, indicate the presence 
of disordered conformations indistinguishable by CD from 
those found in the open parallel dimer, in equilibrium 

(26) Capasso, S.; Mazzarella, L.; Tancredi, T.; Zagari, A. Biopolymers 
1984,23,1085-1097. 
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Table I. Chemical Shifts of Dimer PeDtideS in DMSO-dr. 

Ruiz-Gay0 et al. 

Table 11. NOESY Cross-Peak Volumes of Backbone 
Protons ~~ 

l b  26 3 b  4Ac 4Bc 
'Gly NHs 7.97 
'Gly CH. 3.57 3.71 4.19 3.49 3.51 
2CysNH 8.59 8.64 8.50 8.60 8.69 
2CysCH, 4.73 4.80 4.15 4.60 4.63 
2 c y ~  CHp 2.7613.10 2.7412.88 2.6812.88 2.5212.85 2.7413.04 
Acm CHs 1.90 
Acm NH 8.56 
Acm CH2 4.0514.36 
SPheNH 8.48 8.78 8.60 8.08 8.24 
SPheCH, 4.86 4.97 4.54 4.56 4.57 
SPhe CH.9 2.7912.96 2.691237 2.7712.96 2.7012.92 2.7012.89 
SPhe 7.20 7.09 7.19 7.39 7.39 
CHmm 
'ValNH 8.27 8.20 8.09 8.23 8.26 
'ValCH, 4.49 4.59 4.35 4.30 4.30 
'ValCHp 2.01 2.13 2.00 1.85 1.85 
'Val CH, 0.8510.91 0.8110.90 0.88 0.81 0.81 
SProCH, 4.41 4.41 4.35 4.30 4.34 
6ProCHp 1.95 13212.06 2.00 2.00 2.00 
6Pro CH, 1.8111.96 1.8311.97 1.93 2.00 2.00 
6Pro CH6 3.6013.67 3.6413.65 3.77 3.72 3.72 
Vys NH 7.86 8.18 8.28 8.26 8.18 
sCysCH. 4.56 4.41 4.37 4.39 4.39 
% y ~  CHp 2.9013.08 2.8813.13 2.7712.96 2.8913.11 2.7012.85 
Acm CHs 1.83 1.90 
Acm NH 8.60 8.48 
Acm CH2 4.21 4.20 
'Gly NH 8.20 8.25 7.81 8.19 8.13 
7 ~ i y  CH. 3.74 3.69 3.4813.61 3.69 3.71 

a Chemical shifta have been measured at 298 K from the coordinates 
of cross-peaks in 2D NMFZ spectra and are reported downfield from 
TMS. The molecule has effective CZ symmetry a t  this temperature. 
c The two peptide chains are not equivalent. Assignment of the two 
chains was initially based on the different intensities of the cross- 
peaks from equivalent residues in the two chains in DQF-COSY or 
TOCSY experimenta. This originates from the longer relaxation 
time of protons situated near the end of the peptide chain opposite 
to the one linked by the disulfide bridge. This was also corrobrated 
by correlation with 1%-NMR spectra via a heteronuclear multiple 
quantum correlation (HMQC) experiment, as Cp carbons of cystine 
appear at  higher field than those of Acm-protected cysteine. 

with more ordered conformations related to those that 
originate the CD spectra of the cyclic antiparallel dimer. 
This behavior suggests that in the antiparallel cyclic dimer 
the second disulfide bond simply fixes an interaction that 
occurs spontaneously between the two peptide chains when 
they are held together by the first disulfide bond. 
NMR Study. The NMR study was restricted to the 

two cyclic dimers. Both have CZ symmetry in the NMR 
time scale and show a single set of signals for the two 
chains. Sequence-specific assignmenta could be readily 
made from DQF-COSY and ROESY or NOESY exper- 
iments using the standard protocoLZ6 The observed 
chemical shifts are listed in Table I. The chemical shifts 
of two open chain dimers are also included for reference. 
The proline residues have been found to be trans in both 
cyclic peptides using 'SC-NMR (data not shown) and also 
considering the strong NOE between the 6 protons of Pro 
and the CHa of Val. 

The temperature coefficients of the amide protons of 
both cyclic dimers in DMSO-d6 range from -2.5 to -6.7 
ppb K-' indicating intermediate to full solvent exposure. 
The lowest coefficient in both peptides corresponds to the 
amide proton of 2Cys (-3.7 for 1 and -2.5 ppb K-1 for 2). 
The NH proton of %ys has the second lowest temperature 
coefficient (-3.9 ppb K-l) in the antiparallel dimer but the 
largest in the parallel dimer (-6.1 ppb K-1). The anti- 

(26) Wtithrich, K. InNMR ofhote ins  and Nucleic Acids; John Wiley 
and Sons: New York, 1986. 

normalized NOESY croes-peak volumes 
(rigid pair distance)' 

parallel dimer antiparallel dimer proton pair 

CH, G1 NH C2 8.0(2.7) 2.9(3.2) 
NH C2 CH, C2 4.6(3.0) 3.8(3.1) 
CH, C2 NH F3 22.7(2.3) 24.7(2.3) 
NH F3 CH, F3 6.9(2.8) 5.U3.0) 
CH, F3 NH V4 22.4(2.3) 27.2(2.2) 
NH V4 CH, V4 11.2(2.6) 7.7(2.8) 
CH, V4 CHa P5 17.2(2.4) 41.9(2.1) 
CH, P5 NH C6 20.8(2.3) b 
NH C6 CH, C6 7.9(2.7) b 
CH, C6 NH G7 17.1(2.4) 13.0(2.5) 
NH G7 CH, G7 7.0(2.8) 6.8(2.8) 

Cross-peak volumes are reported as a percentage of the volume 
of the cross-peaks between geminal protons of proline. The mixing 
time was 200 ms. The rigid pair distance in A is the one calculated 
from the cross-peak volumes assuming isolated spin pairs and a unique 
rigid conformation an is included only as a qualitative aid to evaluate 
the differences between the topological isomers. b Overlapping signals. 

Figure 7. Observed NOES for 1 and 2. in DMSO-de using a 
mixing time of 200 ms. NOES in 2 tentatively assigned as 
interchain are compatible with the covalent structure and, if 
assigned as intrachain, would be incompatible with other evidence 
suggesting basically extended chains. The interchain NOE in 1 
has been proven using a selective-TOCSY-NOESY experiment. 
Sequential and intraresidue NOES involving NH and CH, protons 
are not shown. 
parallel dimer shows temperature-dependent chemical 
shifta also for nonamide protons indicating rapid exchange 
between different conformations of similar energy. The 
same behavior was observed for another antiparallel dimer 
peptide of identical size derived from fibr~nectin.~ 

The NOES observed for peptides 1 and 2 are summarized 
in Table I1 and Figure 7. Although both are flexible 
molecules, and therefore, deriving a single structure from 
the NOES is not justified, the patterns of NOE in both 
isomers differ, indicating different conformational pref- 
erences. Table I1 shows the volumes of the cross-peaks 
between backbone protons. In order to allow a comparison 
between the two molecules, the volumes were normalized 
by measuring the volume of the cross-peaks between 
geminal protons in proline. In the case of rigid molecules 
this would also allow the derivation of the interproton 
distances listed in parentheses. For each molecule the 
sequential NOES are more intense than the ones within 
a residue. This is generally found in peptide molecules 
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that sample a large proportion of the allowed regions of 
the Ramachandran map, basically the /3 (extended) and 
the region. However, when the two sets are compared, 
the sequential CH,NH NOES are stronger in the anti- 
parallel isomer while the corresponding intraresidue NOEs 
are weaker. This points to a higher population of 
conformers in the extended conformation in the antipar- 
allel molecule. 

The long-range NOEs and those involving the side chains 
are summarized in Figure 7. While the symmetry of the 
molecule introduces some ambiguity, the assignment of 
the NOES between CH, of %ys and CHb of 2Cys, CH, of 
3Phe and CH, of SPro, CH, of 4Val and CH, of 5Pr0, and 
an aromatic proton of 3Phe and CH, of 5Pro as interchain 
NOES is consistent with the assumption of an extended 
conformation in the antiparallel dimer. The corresponding 
cross-peaks were not found in the parallel isomer. On the 
other hand, the NOE between CHr of 4Val and NH of 
Wys is consistent with the presence of folded conforma- 
tions in the parallel dimer. 

The observation of long distance NOES in the parallel 
peptide is much more difficult because sequential or 
intraresidue cross-peaks could mask long-range NOES 
between residues situated in symmetry-related positions 
in both chains that, for the parallel dimer, involve residues 
in equivalent sequence positions. In order to investigate 
this point, the recently described selective TOCSY- 
NOESY experiment2' was performed in both a fully 
protonated and a partially deuterated sample of the 
parallel dimer, and the intensities of the NHCH,cross- 
peaks were compared. 

This experiment differentiates pairs of protons that 
present an NOE and that are scalarly coupled from those 
that also present an NOE and do not belong to the same 
spin system. In the former case the intensity of the cross- 
peaks, normalized with respect to the intensity of the amide 
protons, is not reduced by partial deuteration of the 
exchangeable protons while in the latter a strong decrease 
of the intensity is expected. For the problem at hand this 
experiment allows the identification of NOES involving 
the NH of one residue and the CH, of the residue located 
in the same sequence position in the second chain. The 
resulta are presented in Table 111. Clearly, the NH of Val 
in one chain and the CH,of Val in the second chain present 
an interchain NOE in the parallel dimer while no such 
interchain contribution can be detected to the other CH,- 
NH cross-peaks.28 

Molecular Modeling. I t  is obvious from the experi- 
menta presented that both dimers are flexible molecules 
and therefore the observed properties represent averages 
over a number of conformations. The particular confor- 
mations involved cannot be deduced from the NMR or 
CD data alone, and it is necessary to postulate reasonabIe 
candidates from an independent source. For that reason 
and in order to try to understand the different behavior 
of both dimers, their conformational space was explored 
using high-temperature molecular dynamics in vacuo. The 
absence of solvent, imposed by computational reasons, 

(27) Pons, M.; Giralt, E. J. Am. Chem. SOC. 1991,113,5049-550. 
(28)The lower intensity of the NH CHa (i,i) cross-peaks on the 

antiparallel cyclic dimer prevented the analysis of these peaks to try to 
identify long-range interactions. The eelective-TOCSY-NOESY experi- 
ment does not differentiate between true sequential cross-peaks and their 
interchain counterparts 88 in both cases the protons involved belong to 
different spin systems. The increase in the normalized intensity of the 
true intraresidue cross-peaka can be explained by the elimination of 
competing relaxation pathways by deuteration. 
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Table 111. Normalized Cross-Peak Intensities in a 
Selective TOCSY-NOESY Experiment 

pathwap ("NH"CH) > nNH ("NHnCH) > n+lNH n+lNH > "CH 
A B  samde A B A B 

1Gly 6.lC 3.8c 11.lC 12.9 
2Cys 2.4 2.5 5.0 3.1 35.4 41.3 
3Phe 2.9 3.8 12.2 10.4 21.7 25.5 
'Val 8.1 6.8 
6Pro 32.4 36.1 
ecys 4.4 5.6 14.6 8.6 7.8 1.8 

a Magnetization transfer pathways are represented aa 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 w 1 -  a, w2 = b. * Sample A 61 
mg of peptide waa dissolved in 0.7 mL of DMSO-de. Sample B waa 
obtained from A by partial exchange with DzO. Degree of deuter- 
ation: 31 % . Spectra were obtained in a Varian VXR-500 instrument 
with a 10 dB fixed attenuator at the output of the transmitter. The 
210° Gaussian pulse was 2 ms, and the 90° pulse width was 11 ma. 
TOCSY mixing: 30 me (6.5 kHz). NOESY mixing: 300 ma. 

Normalized to the *+lNH intensity. Otherwise, normalized with 
respect to nNH 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%. 

will not allow a quantitative comparison between the 
calculated and observed properties but it has certain 
advantages in the present case as it favors compact 
structures and emphasizes the competition between intra- 
and interchain interactions. 

Structures were obtained by systematic energy mini- 
mization of points separated by 0.5 ps along a dynamic 
trajectory running at  750 K with periodic reinitialization 
of the velocities as described in the Experimental Section. 
In order to have a reference calculation, the conformations 
of the monomeric peptide (H-GCFVPCG-OH) were sam- 
pled during a 170-ps trajectory starting from a fully 
extended structure, 78 distinctB conformations were found 
with energies, after minimization, ranging from 156.2 to 
178.2 kcal mol-'. Table IV contains the conformations of 
the monomer having energies less than 5 kcal mol-' over 
the global energy minimum. The large number of con- 
formations of low energy is indicative of the flexibility 
expected from a short linear peptide. 

Minimization of the structures sampled along a 130-ps 
trajectory of the antiparallel dimer starting from an 
extended structure yielded 263 conformations with en- 
ergies ranging from 289.1 to 324.7 kcal mol-'. 

The conformations of the parallel dimer were sampled 
along a 200-ps trajectory yielding 383 conformations with 
energies ranging from 290.9 to 324.0 kcal mol-l. Some of 
these conformations had cis amide bonds30 and were not 
analyzed further as this was not detected experimentally. 
The all-trans lowest energy conformations (AI3 < 5 kcal 
mol-l) of 1 and 2 are listed in Table IV. 

The energy of interaction between the two chains in 
vacuo is clearly negative for both dimers, and its magnitude, 

(29) Conformations were considered distinct only if the main-chain 
dihedral angles of the internal residues (i.e., excluding the N- and 
C-terminal glycine residues) belonged to different regions of the Ram- 
achandran map according to the usual classification (Zimmennan, s. s.; 
Pottle, M. S.; Nbmethy, G.; Scheraga, H. A. Macromolecules 1977,10, 
1-9). 

(30) While in the simulations of 2 all the amide bonds remained tram 
without the need of forcing potentials, it was very difficult to avoid 
isomerizations during the simulation of 1. The best results were obtained 
starting the exploration of the conformational space from an structure 
generated bygraduallydecreasingtheSSdietancebetweentwomonomere 
while forcing all the amide bonds to be trans. 

7 ~ 1 ~  3.7 3.9 
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Table IV. Low-Energy Conformations of H-GCFVPCG-OH and Its Cyclic Bis-Cystine Dimers. 
monomer AEb (kcal/mol) parallel cyclic dimer 1 AEb (kcal/mol) antiparallel cyclic dimer 2 AEb (kcal/mol) 
CC*CAC 0.00 (156.23) CECC A/ECDAA 0.00 (290.86) c c c c c / c c c c c  0.00 (289.09) 
CC*FAC 0.47 CECCA/ECCAA 3.24 CCDCC/CCCCC 0.60 
CC EAA 2.30 CCCCAIECCAA 4.54 DCDCC/DECCC 2.08 
CE CAC 2.88 CDDAD/CDDCC* 2.63 
cc*cAA 2.98 CCCAC/CDDCB 3.72 
CC DAC 3.17 CCEAD/CDDFA 4.39 
CE CCC 3.59 
CC CAC 3.67 
CC DCC 4.22 
CC EAC 4.27 
CC FAC 4.62 
cc CAA 4.69 
CC*CBG 5.00 

a Conformations with energies within 5 kcal/mol above the lowest energy found are listed using the classification of Zimmerman et al. (ref 
29) for the 2 and J. angles of the five central residues. The conformational search was carried out by molecular dynamics a~ described in the 
Experimental Section. The length of the trajectory and the total number of distinct conformations found were: 170 ps (78 structures) for 
the monomer, 200 ps (383 structures) for 1, and 130 ps (263 structures) for 2. * The energy of the lowest minimum (cvff force field) is given 
in parentheses. 

estimated from the comparison between the energy of the 
different conformers of the dimer and twice the energy of 
the lowest energy conformation of the monomer,31 is 
comparable to the largest energy difference observed 
between conformations of the monomer and therefore 
indicates that the observed conformations will mainly 
reflect the optimization of the interaction between the 
two chains rather than the intrinsic conformational 
preferences of the monomer peptide. 
As expected, the number of accesible conformational 

states is reduced in both dimers as compared to the 
monomer although both peptides retain considerable 
flexibility. The number of conformers found within a given 
energy range is lower in the parallel dimer indicating that 
it is probably more rigid. 

In 2 the optimal interaction seems to take place between 
fully extended chains as in a @-sheet structure although, 
in our model, intrachain hydrogen bonding seems to 
predominate over the interchain 0118.3~ Interchain hy- 
drogen bonds involving a valine and the cysteine in position 
2 of the other chain were observed in several low-energy 
structures including the minimum with the lowest energy 
found. In one of the minima the NH of 2Cys was also 
involved in a hydrogen bond with a sulfur atom in the 
bridge. These observations agree with the observation 
that in the lH-NMR spectra the NH proton of 2Cys gives 
a broad signal even at  the highest temperature studied 
and the apparent temperature coefficient is the lowest 
measured (-2.5 ppb K-l). The extended structure is 
consistent with a higher intensity of cross-peaks between 
residues i, i+l in the fingerprint region of the NOESY 
spectra of 2 and is also in agreement with the CD spectra. 

The peptide chains in the low-energy conformations of 
1,on the other hand, tend to be more folded than in the 
antiparallel dimer specially near the C-terminus where 
several residues adopt dihedral angles in the a-helical 
region of the Ramachandran map (A). This is consistent 
with the observation of a type C CD spectrum for 1 in 
90 ?6 TFE and with more intense intraresidue cross-peaks 
in the fingerprint region of its NOESY spectra in DMSO- 
de. 

(31)The energy associated with breaking the SH bonds and the 
formation of the disulfide bond can be estimated by comparing the 
minimized energies of cysteine and cystine in vacuo with the force field 
used, and ita value is lesa than 1 kcal mol-'. 

(32) This is most probably an artifact coming from the absence of 
solvent during the simulations. For that reaeon we assimilate the C region 
of the Ramachandran map with an extended structure. 
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Figure 8. Calculated NOE buildup curves between NH and 
CHa protons of valine (squares) and phenylalanine (triangles). 
Open symbols refer to the interaction between an NH and a CH. 
proton that belong to the same residue. Closed symbols indicate 
that the interaction involves an NH and a CH, protons that 
belong to different, although symmetry related, residues. 

We evaluated the ensemble of conformations found in 
the modeling study by calculating the evolution of the 
cross-peak intensities corresponding to the intraresidue 
and interchain NH to CHa NOE of Val and Phe in 1. 
Cross-relaxation and autorelaxation rates were calculated 
from a weighted average of the inverse sixth power of the 
distance between the relevant pairs of protons in 340 
conformations that had either a distance between the two 
protons smaller than 4 A or an energy less than 10 kcal 
mol-' above the global minimum. Cross-peak intensities 
at  different mixing times were calculated using a relaxation 
matrix appr0ach.3~ The curves representing the growth of 
intra- and interchain NOE for the two types of residues 
are shown in Figure 8. The calculations indicate that the 
intensity of the interchain NOE involving the two Val 
residues should be significantly higher than that involving 
the two Phe residues, in good agreement with the exper- 
imental result. 

Conclusions 
Our CD, NMR, and molecular modeling studies on two 

peptide dimers with identical sequence but different 

(33) Emst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear 
Magnetic Resonance in One and Two Dimensions; Oxford Science 
Publications: New York, 1990. 
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topology indicates that although both peptides retain 
considerable flexibility in solution they  show different 
conformational preferences which are clearly identified 
experimentally. According to our calculations these 
differences arise mainly from the optimization of t h e  
interactions between the two chains. Given t h e  flexibility 
of both peptides i t  has not been considered appropriate 
to t ry  to present a single structure that may be considered 
the "average structure". Rather ,  the conformational 
ensemble, derived from the calculations, has been shown 
to explain the most distinctive experimental  features, and 
it can be considered a realistic picture of these flexible 
dimers in solution. 

Experimental Section 
Kel-F-g-styrene (containing 6 % of styrene) and polystyrene- 

1 % -divinylbenzene (200-400 mesh) were obtained from IC1 
(Australia) and Bio-Rad Labs (Richmond, CA), respectively. 
Benzhydrylamine resins were synthesized according to the 
method of Pietta and (Chloromethy1)-Pab-resins were 
prepared as reported," N-a-Boc-S-Npys-L-cysteine and N-a- 
Boc-S-Fm-L-cysteine were synthetized from L-cysteine according 
to previously described procedure 61.1*J" Other Boc-amino acids 
were from Peninsula (Belmont, CA) and Research Fundation 
(Japan). a-Chymotrypsin immobilized on (carboxymethyl). 
cellulose contained 1 unit of enzyme per 2 mg of support and was 
obtained from Sigma (St. Louis). Dichloromethane was distilled 
over anhydrous sodium carbonate. N,N-Dimethylformamide was 
distilled over PzOa and stored over 4-A molecular sieves. All 
others solvents and chemicals were analytical grade and were 
used without further purification. 

Peptide-resins and peptides were hydrolyzed in vacuum- 
degassed tubes a t  130 OC with 12 N HC1-propionic acid (1:l) for 
3 h and with 6 N HCl for 1 h, respectively. HF reactions were 
performed in a Toho-Kasei apparatus. Analytical HPLC columns 
used were Nucleosil C18 (4 x 250 mm, 5 mm) and Spherisorb 
C18 (4 X 300 mm, 5 mm). Preparative medium pressure liquid 
chromatography (MPLC) was performed on a Vydac C18 (25 X 
300 mm) column. 

FABMS were obtained in a VG 70E-HF instrument with 
thioglycerol or glycerol matrices. The latter had to be used in 
the case of peptides with sulfenyl-type protection of the cysteine 
as thioglycerol leads to thiol-disulfide interchange. 

General Procedure for Solid-phase-peptide Synthesis. 
(i) Anchoring of the  First Amino Acid on Pab-Resins. 
Cesium Boc-glycinatew (1.5 equiv) was added to (chloromethy1)- 
Pab-resin (1 equiv) in DMF and the suspension stirred overnight 
a t  50 "C. The resin was then filtered and washed with DMF, 5 
X 10 mL; DMF-HzO (l:l), 5 X 10 mL; DMF, 5 X 10 mL; and 
CH2C12, 5 X 10 mL. The Boc was removed, and picric acid 
titration" revealed yields of 86 % . 

(ii) General Method for  Solid-Phase Peptide Assembly. 
All peptides were synthesized in 20-mL polypropylene syringes 
fitted with a porous polyethylene filter disk. All couplings were 
carried out as follows: (1) CHzClz, 4 X 10 mL, 30 s; (2) TFA- 
CHzClz (37), 1 X 10 mL, 1 min, 1 X 10 mL, 30 min; (3) CHZClz, 
5 X 10 mL, 30 s; (4) DIEA-CHzClZ (1:19), 3 X 10 mL, 1 min; (5) 
CHZC12,5 X 10 mL, 30 s; (6) Boc-amino acid (2.5 equiv) in CHz- 
Clz, 5 mL (for Boc-Cys(Acm)-OH, CHzClZ-DMF (4:l) was 
required), after 1 min add equivalent amount of DCC in CHzClz, 
5 mL, shake for 46 min; (7) CHzClz, 5 X 10 mL, 30 a. Ninhydrin 
testa7 was negative after each coupling. 

(iii) HF Cleavage of Peptide-Pab-Resins. Peptide-resins 
were placed in a Kel-F vessel and treated with HF-p-cresol(gl), 
10 mL. After 1 h at 0 OC, the HF was removed under vacuum. 
The residue wa8 washed with diethyl ether, 3 x 10 mL , and 

(34) Pietta, P. G.; Marehall, G. R. J. Chem. SOC., Chem. Commun. 

(35) Gisin, B. F. Helu. Chim. Acta 1973, 56, 1476-1482. 
(36) Gisin, B. F. Anal. Chim. Acta 1972,58, 248-249. 
(37) Kaiser, E.; Colescott, R. L.; Boasinger, C. D.; Cook, P. I. Anal. 

1970,650-651. 

Biochem. 1970,34,595-598. 
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CHzCl2, 3 X 10 mL, and then extracted with HOAc-H20 (l:l), 
3 x 10 mL, and HzO, 3 X 10 mL. 

Synthesis a n d  Purification of H-Gly-Cys(Fm)-Phe-Val- 
Pro-Cys(Acm)-Gly-OH (5). Peptide 5 was synthesized as 
described above starting from 2.5 g (0.4 mmol CVg of resin) of 
(chloromethy1)-Pab-polystyrene-1 % -divinylbenzene. After HF 
treatement, crude peptide (0.48 mmol, 48% overall yield) was 
washed with MeOH to provide 0.45 mmol (95% yield) of pure 
cysteine protected peptide (single peak in HPLC in differenta 
conditions). Amino acid analysis: Glyl,, C y s o . ~ , ~  Vab.,, Phe1.06, 
Prq.m. FABMS: mlz 931.4. 

Synthesis of (H-Gly-Cys-Phe-Val-Pro-Cys(Acm)-Gly- 
OH)* (3). A solution of 0.30 mmol of peptide 5 in 15 mL of 
piperidine-DMF (1:l) was stirred for 2 h a t  25 OC. After 
evaporation of DMF and excess of piperidine, crude material 
was washed several times with CHzClz and the remaining solid 
separated by centrifugation. The purity was checked by HPLC, 
and peptide 3 (0.12 mmol, 82% yield) was used without further 
purification. Amino acid analysis: Glyz.,, Cys l .~ ,  V a b . ~ ,  Phel.02, 
Prq.,. FABMS: mlz 753.3. 

Synthesis and  Purification of the  Parallel Cyclic Dimer 
(1). To a solution of 0.1 mmol of 3 in 100 mL of HOAc-H20 (41) 
were added 0.25 g (1 "01) of 12. After 35 min all product was 
oxidized as demonstrated by HPLC. The solution was diluted 
with 50 mL of HzO, extracted with CClr (4 X 50 mL), and 
concentrated to remove rests of CC4. After lyophilization, the 
product was purified by MPLC (convex gradient formed from 
700 mL each of 0.1 N HC1 and acetonitrile-0.1 N HCl(3264) to  
provide 28 pmol(28 % yield) of pure dimer (single peak in HPLC 
in different conditions). Amino acid analysis: GlyL,, Cysl.B, 
Vab.,, Pheo.,, Prq.80. FABMS, mlz 1359.3. 

Simultaneous Synthesis of H-Gly-Cys(Npys)-Phe-Val- 
Pro-Cys(Acm)-Gly-OH (6) a n d  H-Gly-Cys(Acm)-Phe-Val- 
Pro-Cys-Gly-OH (7). Peptides 6 and 7 were synthesized on 
(chloromethy1)-Pab-Kel-F-g-styrene (1 g, 0.14 mmol CVg of resin) 
and (chloromethy1)-Pab-polystyrene-1 % -divinylbenzene (0.45 
g, 0.4 mmol Cl/g of resin), respectively, following the general 
protocol. The cysteine 6 of peptide 7 was protected during the 
synthesis with the MeBzl group. The resins were mixed together 
and the couplings were carried out simultaneously, only being 
separatedm for anchoring of cysteine residues and prior to HF 
cleavage. HF reaction provides 74 pmol (53 % overall yield) of 
crude peptide 6 and 49 pmol (36% overall yield) of 7 (Glyz.M, 
Cys1.09, Vall,m, Ph@.w, Prw.m). After lyophilization both peptides 
were purified by MPLC (convex gradient formed from 300 mL 
each of HzO-acetonitrile-TFA (95:50.05) and HzO-acetonitrile- 
TFA (75250.05)) to yield 44 pmol of pure peptide 6 (59% yield; 
amino acid analysis: Glyzm, Cysla, Vall .~,  Pheo.a, P"; FABMS 
mlz 907.3) and 35 pmol of peptide 7 (71%; amino acid analysis: 
Glyz.01, Cyso.~, Val l .~ ,  Pheo.,, Proo.87; FABMS mlz 753.4). 

Simultaneous Synthesis of H-Gly-Cys(Acm)-Phe-Val- 
Pro-Cy s (Fm)-Gly- OH (8) and H-Gl y-C y s (Fm)-P he-Val-Pro- 
Cys(Acm)-Gly-OH (5). Peptides 8 and 5 were prepared 
simultaneously on (chloromethy1)-Pab-polystyrene1 % -divinyl- 
benzene) (0.4 g, 0.7 mmol Cllg of resin) and (chloromethy1)-Pab- 
Kel-F-g-styrene (2 g, 0.14 mmol Cl/g of resin), respectively, as 
described for peptides 6 and 7. HF treatement of peptide-resins 
provides 188 pmol(67 % overall yield) of peptide 8 (amino acid 
analysis: Gly1.97, Val l .~ ,  Pheo.,, Prw.w; FABMS mlz 931.4) and 
188 pmol(67 % overall yield) of peptide 5 (amino acid analysis: 
Glyz.10, Vab.97, Pheo.,, Pro0.w; FABMS m/z 931.2). These peptides 
were used without further purification. 

Preparation of H-Gly-Cys(Acm)-Phe-Val-Pro-Cys-Gly- 
OH (7) and H-Gly-Cys-Phe-Val-Pro-Cys(Acm)-Gly-OH (9). 
To a solution of 100 pmol of peptide 8 or 5 in 1 mL of DMF- 
&mercaptoethanol(9:1) was added 1 mL of piperidine under an 
atmosphere of Ar. The mixture was stirred for 2 h at room 
temperature, and then DMF and excess of piperidine were 
removed by rotary evaporation. The residue was treated with 
20 mL of ethyl ether containing 0.1 mL of TFA and the remaining 

(38) Cys(Fm) is resistant to the conditions of hydrolysis. 
(39) Peptide-resins I and I1 were suspended in 20 mL of CH2ClrTFE 

(82) for 1 h. After this time, the upper layer containing resin I1 was 
removed by suction with a pipette. The procedure was repeated three 
times with each of the two resins. 
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solid separated by centrifugation to yield 84 pmol (84% yield) 
of peptide 7 (GlYl.H, cY81.16, val1.1~1, Pheo.n, Proo.91; FABMS mlz 
753.3) or 89 pmol(89% yield) of peptide 9 (Glyzm, Cysl.n, Val l .~ ,  
Pheo.,, Proo.91; FABMS mlz 763.3) or 89 pmol (89% yield) of 
peptide 9 (Glynoo, Cystn, Val1.00, Pheo.n, Proo.91; FABMS mlz 
753.4) respectively. 

Preparation of Gly-Cys(Acm)-Phe-Val-Pro-Cys(Spyr)- 
Gly-OH (10). Eighty pmol of 8 dissolved in 15 mL of n-propanol- 
0.1 M Tris buffer solution, pH = 8 (l:l), was treated with 27 pmol 
(88 pmol) of tributylphosphine overnight under Ar atmosphere. 
After this time, 174 mg (0.8 mmol) of 2,2'-dithiodipyridine in 5 
mL of l-propanol4.1 M Tris buffer solution pH = 8 (1:l) was 
added, and the mixture was stirred during 10 min and finally 
chromatographied through a Sephadex G-10 column (2.3 x 100 
cm; in 0.1 M HOAc) to provide 50 pmol(63% yield) of peptide 
10 (amino acid analysis: Glyl.eo, Cys1.m, Val1.10, Pheo.,, Proo.M; 
FABMS mlz 859." 

Synthesis and  Purification of S,SV-(H-Gly-Cys-Phe-Val- 
Pro-Cys(Acm)-Gly-OH)( H-GlyCys( Acm)-Phe-Val-Pro-Cys- 
Gly-OH) (4). Method i. Thirty pmol of peptide 7 in 10 mL of 
10% HOAc was added dropwise to a 10% HOAc solution 
containing 30 pmol of peptide 6. The mixture was stirred at  25 
OC for 3 h and then concentrated and purified by MPLC (convex 
gradient from A (300 mL; 0.05% TFA in HsO) to B (300 mL; 
H2O-acetonitrile-TFA (75250.05))) to yield 21.4 pmol (77 % 
yield) of pure peptide 4. Amino acid analysis: Gly,.w, Cysl.", 
Val l .~ ,  Pheo.U, Proo.n. FABMS: mlz 1503.9. 

Method ii. To a solution of 2 pmolof 10 in 2 mL of acetonitrile- 
0.1 M Tris buffer solution pH = 8 (1:l) were added 2 mL of a 
solution of 10% HOAc containing 2 pmol of 9. The pH was 
adjusted to 6 with 10% sodium carbonate solution and the 
reaction stopped after 30 min. Crude material was concentrated 
and purified by MPLC (convex gradient formed from 300 mL 
each of 0.05% TFA in Ha0 and acetonitrile-H2O-TFA (7525 
0.05)) to yield 1.6 pmol (80% yield) of 4. Amino acid analysis: 
Glyl.,, Cysl.M, Val l .~ ,  Pheo,, Proo.8,. FABMS: mlz 1503.9. 

Synthesis and  Purification of the Antiparallel Cyclic 
Dimer (2). Twenty pmol of peptide 4 in 20 mL of HOAc-HzO 
(82)  was treated with 50 mg (0.2 mmol) of iodine and the mixture 
vigorously stirred at  room temperature. The reaction was 
monitored by HPLC (Nucleosil CU; linear gradient of acetonitrile- 
0.01 N HCl from 595 to 90:lO) and stopped after 1 h by dilution 
with 20 mL of H2O and extraction of the iodine with CC4. The 
aqueous solution was purified after concentration by MPLC 
(convex gradient from A (300 mL, 0.05% TFA in H2O) to B (300 
mL, H2O-acetonitrile-TFA (2575:0.05))) yielding 9 pmol(45 % 
yield) of purified 2. Amino acid analysis: Glyl.,, Cysl.ro, Val1.11, 
Pheo.,, Proo.M. FABMS mlz 1361.5. 

Enzymatic Hydrolysis. Two mg of a-chymotrypsin immo- 
bilized on (carboxymethy1)cellulose (1 unit of enzyme) was 
suspended in 0.2 mL of H20, and after 2 h a t  4 O C the supernatant 
was removed by centrifugation. The enzyme was washed five 
times with 0.04 M Na2HPO,-NaHzPO, buffer solution pH 8.00, 
and then 2 mg of dimer parallel or antiparallel dissolved in 0.2 
mL of phosphate buffer solution was added. Aliquots of the 
solution were removed at different times and checked by HPLC. 
Fractions corresponding to different peptides were collected, 
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(40) This mlz correspondes to the product obtained by disulfide 
interchange between the peptide and the thioglycerol matrix. 

lyophilymd, and subjected to acid hydrolysis in order to determine 
the amino acid composition. 

Circular Dichroism Spectroscopy. CD spectra were run 
at  concentrations ranging from 0.2 to 1 mg mL-l. One-mm cella 
thermostated at  25 "C were used unless otherwise stated. 

NMR Spectroscopy. 'H-NMR spectra were recorded at  200 
MHz or 500 MHz using standard sequences for DQF-COSY, 
ROESY, and TOCSY experiments. 

Selective TOCSY-NOESY Experiment. The sequence 
used is as follows: 270 (Gaussian)-MLEV17-tl-90-mix-90-Acq. 
A standard phase cycling for the NOESY experiment was used. 
The phase of the MLEV pulse train was kept constant. 

Spectra were obtained in a Varian VXR-500 instrument 
equiped with linear amplifiers. A 10 dB fiied attenuator was 
placed at the output of the transmitter to obtain properly shaped 
pulses. The 270' Gaussian pulse was 2 ma and was selective for 
the NH protons. The hard 90' pulse width was 17 pa. Simulation 
of the NOE cross-peak growth curves was carried out using 
Mathematica. 

Molecular Modeling. Calculations were performed on a 
Silicon Graphics Personal IRIS 4D/25 using the INSIGHT11 and 
DISCOVER packages.'l The CVFP2 force field was used. No 
Morse potentials or cross terms were used for the high- 
temperature simulations, and no solvent was included in the 
calculations. The search protocol was the following: starting 
from an energy-minimized structure, the temperature was forced 
to equilibrate for 0.1 ps at 750 K, and a molecular dynamics 
simulation was run using 0.5-fa integration steps. This time step 
ensured that the oscillations in the total energy in a simulation 
where the molecule was decoupled from the thermal bath were 
of the same level as a standard simulation at  300 K using a l-fs 
integration step. Complete thermal equilibration was achieved 
after further 0.4 ps of free dynamics. Snapshots were taken every 
0.5 ps and the corresponding structures minimized and stored. 
Every 10 ps the dynamics was restarted from the last minimized 
structure by reasigning the velocities of the atoms according to 
a Maxwell-Boltzmann distribution corresponding at  750 K, and 
reequilibrating the system. In an independent s t u d p  we have 
found that this procedure provides a more thorough exploration 
of the conformational space than a continuous dynamic simulation 
at  the same temperature as each reinitialization corresponds to 
a high-temperature pulse that allows the system access to new 
regions of the conformational hypersurface. 
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