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Table II. From these data, the standard heat of formation of 
C5H4 may be calculated at the various levels of theory. The 
computed MBPT(4) electronic hydrogenolysis energy of C5H4 
at 0 K is -285.9 kcal/mol. The zero-point vibrational energy 
change for this reaction is 49.7 kcal/mol. The thermal vibrational 
energy and other thermal terms contribute -8.2 kcal/mol to the 
reaction enthalpy at 298 K. Thus, the computed value of A//298 

for the hydrogenolysis of C5H4 is -244.4 kcal/mol. This value 
and the experimental standard heat of formation of CH4 of -17.4 
kcal/mol17 lead to a predicted standard heat of formation of C5H4 
of 157.4 kcal/mol. This value is more than twice the experimental 
heat of formation of 66.2 kcal/mol for cyclopropene17 and is 
consistent with the anticipated high endothermicity of spiro-
pentadiene. 
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The availability of stable, short a-helical peptides would provide 
useful frameworks for the design of biologically active small 
molecules as well as models for probing aspects of protein folding. 
Several approaches have recently been reported for stabilizing 
a-helical peptides including incorporation of salt bridges,1 metal 
chelates,2 or amide bonds3 that bridge the /' and i + 4 positions; 
incorporation of amino acids with high helix propensity4 and helix 
caps;5 and the formation of amphiphilic helix bundles.6 One of 
the most successful strategies to date exploits the disulfide-bridged 
framework of the bee venom peptide, apamin, to generate chimeric 
a-helical peptides.7 We now report the synthesis of short peptides 
containing a two-turn a-helix stabilized by a single intramolecular 
disulfide bond bridging the (' and i + 7 residues (Scheme I). An 
eight-residue peptide containing this bridge shows high helicity 
in water at 0 and 60 0C. 
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Table I. [0]222nm 
at 0 and 60 0 C 

peptide 

for Peptides 2-5 ( 1 5 - 3 O M M ) 

O0C 

-[»1222 /• % 

in Water (0.1% TFA) 

6O0C 

-[91222 / . % 

oxidized 
protected 

oxidized 
protected 

oxidized 
protected 

oxidized 
protected 

Ac-A-A-A-(D) 1 -K-A-A-A-A-K-(L) 1 -A-A-A-K-A-NH2 

29600 99 15 800 53 
8400 28 5100 25 
Ac-(D) 1 -K-A-A-A-A-K-(L) 1 -NH2 

21000 105 13 300 59 
3100 16 2500 13 

Ac-A-E-(D) 1 -A-A-A-K-F-L-(L) 1 -A-H-A-NH2 
29000 105 16800 48 
7000 25 4500 16 

Ac-A-N-E-A-A-D-(D)I-I-A-Y-L-K-Q-(L)-T-K-NH2 
31 100 104 14900 49 
8900 30 4500 15 

°-[9]222' m e a n residue ellipticity (degree-cm2/dmol) of peptides at 
222 nm. / = [9]obKl - [9]0/([9]m„ " Mo) = the fraction of helix. 
[9]0twi. [91 observed from a previous column. [S]0 = 0 ± 500 deg-
cm2/dmol. [9]m„ = ((« - 4)/n)[0]„ = the maximal mean residue el­
lipticity value for chain length where n = the number of residues and 
[S]. = -40000 deg-cmVdmol.17 

Molecular modeling studies8 indicated that incorporation of 
the deprotected forms of the D and L enantiomers of amino acid 
1 at the / and i + 1 positions of an a-helix, respectively, could 
lead to intramolecular disulfide bond formation with little per­
turbation on helix conformation. Moreover, disulfide bonds can 
be formed under mild conditions, in the presence of many func­
tional groups, and in a variety of solvents known to favor a-helix 
formation. The D and L forms of A7-Fmoc-5'-(acetamido-
methyl)-2-amino-6-mercaptohexanoic acid (1) were synthesized 
via conversion of the e-amino group of D- and L-W-Boc-lysine 
to a pyridinium salt (prepared from the corresponding pyrillium 
salt9) and subsequent displacement with 4-methoxybenzyl mer-
captan. Removal of the protecting groups with TFA and re-
protection with the acetamidomethyl (Acm) and Fmoc groups 
afforded fully protected 1. Optical purity was confirmed by NMR 
analysis of the L-Ala-O-methyl ester derivatives. 

Peptides 2-5 (Table I) were chosen as models to investigate 
the helix-stabilizing potential of an intramolecular disulfide 
spanning eight residues of a peptide. Peptide 2 is derived from 
a previously reported alanine-rich peptide4 and contains two lysine 
residues that prevent intermolecular aggregation and increase 
water solubility. Peptide 3 is an eight amino acid truncated version 
of 2, and peptide 4 incorporates essential residues of the C-peptide 
of ribonuclease A.I0 Peptide 5 is derived from a moth cytochrome 
C-peptide sequence that binds class II MHC molecules." 
Peptides were synthesized using solid-phase methodology, pro­
tecting groups (with the exception of the Acm group) were re­
moved with reagent K, and the deprotected peptides were purified 
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Figure 1. (A) Peptide 5 (20 nM) in H2O (0.1% TFA) at 20 0C: I, 
Acm-protected; II, reduced with mercaptoethanol; III, oxidized with 
iodine. (B) Oxidized peptide 5 (20 pM) in H2O (0.1% TFA): I, 80 0C; 
II, 60 0C; III, 40 8C; IV, 20 0C; V, 0 0C. 

by reversed-phase C18 HPLC.12"14 The thiol groups were then 
deprotected and oxidized with excess iodine in 1:1 trifluoro-
ethanol/water, and the products were isolated by HPLC.15 

The a-helicity of both the Acm-protected and oxidized forms 
of each peptide16 was determined in water containing 0.1% tri-
fluoroacetic acid at 0 0C by measuring ellipticity at 222 nm [the 
CD spectra of the reduced peptides are comparable to those of 
the Acm-protected peptides (Figure IA)]. AU peptides show a 
large increase in a-helicity upon oxidation (Table I). Even the 
eight amino acid peptide 3, which shows negligible helicity in the 
Acm-protected form, could be locked into a helical conformation 
using this approach. Moreover, the fact that both 16 amino acid 
peptides 2 and 5 show high helical content at 0 0C in their oxidized 
forms suggests that the disulfide bridge not only locks two turns 
of the helix but also efficiently propagates the helix to neighboring 
residues. 

All four oxidized peptides retain a significant degree of a-helical 
character at 60 °C, whereas the Acm-protected forms are largely 
random coil (Table I). The temperature dependence on a-helicity 
was measured for peptide 5 between 0 and 80 0C (Figure IB). 
A plot of [0]222nm versus temperature reveals low cooperativity 
in the melting behavior. This behavior, in contrast to that of 
typical a-helices, suggests that, upon heating, the ends of the 
peptide relax to a random-coil conformation while the residues 

(12) Peptides were synthesized with an ABI431A automated synthesizer 
on FMOC-aminomethyl Rink resin using HBTU FMOC-amino acid activa­
tion in the presence of HOBT and diisopropylethylamine.13 Cleavage and 
deprotection were accomplished with reagent K.16 Crude peptide (80-92% 
purity) was purified to >98% purity by reversed-phase C„ HPLC 
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trospray ionization mass spectrometry. 
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within the disulfide bridge retain at least partial helicity. 
In order to test the necessity of using the D enantiomer of amino 

acid 1 in the first position of the peptide, the corresponding L,L 
and L,D analogues of peptide 3 were synthesized and oxidized. The 
L,L analogue of 3 shows a marginal increase in helicity in the 
oxidized form (31% vs 11% for the oxidized and protected forms, 
respectively, at 0 0C) while the oxidized L,D analogue resembles 
a random coil/0 sheet conformation. 

These results demonstrate the utility of using intramolecular 
disulfides to stabilize helical conformations in short peptides. 
Disulfide bond formation can be carried out under a variety of 
conditions with peptides containing a wide variety of functional 
groups. We are currently using 2-D NMR techniques to more 
accurately define the structure of these peptides as well as applying 
this strategy to the design of a-helical peptide ligands for proteins 
and DNA. 

Acknowledgment. We thank D. E. Wemmer and W. A. 
Goddard for helpful discussions. This work was supported by the 
Director, Office of Energy Research, Division of Material Sciences 
and Division of Energy Biosciences, Office of General Life Sci­
ences, Structural Biology Division, of the U.S. Department of 
Energy under Contract No. DE-AC03-76-SF00098 and the Lu­
cille Markey Charitable Trust. D.Y.J, is supported by an NIH 
training grant, J.C. acknowledges support by the NIH for a 
postdoctoral fellowship, and S.S. acknowledges the ACS for a 
postdoctoral fellowship. 

Conformation and Stereoselective Reduction of Hapten 
Side Chains in the Antibody Combining Site 

Jae Il Kim, Tetsuo Nagano, Tsunehiko Higuchi, 
Masaaki Hirobe, Ichio Shimada, and Yoji Arata* 

Faculty of Pharmaceutical Sciences 
University of Tokyo, Hongo, Tokyo 113, Japan 

Received July 5, 1991 

We have reported multinuclear NMR analyses of the mode 
of interactions of e-dansyl-L-lysine (1) with an anti-dansyl mo­
noclonal antibody (2) raised against dansyl keyhole limpet he-
mocyanin.1'2 Table I summarizes the association constants for 
antibody 2 with a variety of dansyl haptens with different lengths 
of the side chain. This result indicates that the side chain attached 
to the dansyl ring is recognized by the hydrophobic subsite2 of 
antibody 2 and significantly contributes to the antigen binding. 
A transferred nuclear Overhauser effect (TRNOE) measurement4 

has confirmed that the lysine side chain is folded when compound 
1 is bound to antibody 2. On the basis of these results, attempts 
were made to use the hydrophobic subsite of antibody 2 as a chiral 
auxiliary for stereoselective organic reactions. Here we describe 
the result of reduction by NaBH4 of 5-(dansylamino)levulinic acid 
(3) in the presence of antibody 2. Compound 3 binds to antibody 
2 with an association constant of 4.5 X 107 M"1. TRNOE data 
have shown that the side chain of compound 3 is also folded in 
antibody 2. As shown in Chart I, the reduction product was 
5-[(dansylamino)methyl]-2-oxotetrahydrofuran (5). The R and 
S enantiomers of compound 5 were separated and identified on 
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