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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 
(CHjCN/HjO/0.1% TFA). Purity and structure were confirmed by elec-
trospray ionization mass spectrometry. 

(13) Knorr, R.; Trzeciak, A.; Bannwarth, W.; Gillessen, D. Tetrahedron 
Lett. 1989, 30, 1927-30. 

(14) King, D. S.; Fields, C; Fields, G. Int. J. Pept. Protein Res. 1990, 36, 
255-266. 

(15) The Acm-protected peptides were dissolved in 1:1 trifluoroethanol/ 
water (5-10 mM), and 5 molar equiv of iodine was added via addition of a 
1 M stock solution in methanol. The mixture was stirred for 2 h at room 
temperature and concentrated. The residue was dissolved in water (0.1% 
TFA) and purified by reversed-phase C18 HPLC (CH3CN/H2O/0.1% TFA). 
Structures were confirmed by electrospray ionization mass spectrometry. 

(16) Helicity was independent of peptide concentration over the range 5-50 

(17) (a) Lyu, P. C; Sherman, J. C; Chen, A.; Kallenbach, N. R. Proc. 
Natl. Acad. Sci. U.S.A. 1991, 88, 5317-5320. (b) Johnson, W. C; Tinoco, 
I., Jr. J. Am. Chem. Soc. 1972, 94, 4389-4390. 

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. 
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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 

(1) (a) Takahashi, H.; Igarashi, T.; Shimada, I.; Arata, Y. Biochemistry 
1991, 30, 2840-2847. (b) Kato, K.; Matsunaga, C; Odaka, A.; Yamato, S.; 
Takaha, W.; Shimada, I.; Arata, Y. Biochemistry 1991, 30, 6604-6610. (c) 
Takahashi, H.; Odaka, A.; Kawaminami, S.; Matsunaga, C; Kato, K.; Shi
mada, I.; Arata, Y. Biochemistry 1991, 30, 6611-6619. 

(2) Reidler, J.; Oi, V. T.; Carlsen, W.; Vuong, T. M.; Pecht, L; Herzen-
berg, L. A.; Stryer, L. J. MoI. Biol. 1982, 158, 739-746. 

(3) (a) Pecht, I.; Haselkorn, D.; Friedman, S. FEBS Uu. 1972, 24, 
331-334. (b) Schweitzer-Stenner, R.; Licht, A.; Luscher, I.; Pecht, I. Bio
chemistry 1987, 26, 3602-3612. (c) Azuma, T.; Sakato, N.; Fujio, H. Bio
chemistry 1988, 21, 6116-6120. 

(4) Clore, G. M.; Gronenborn, A. M. / . Magn. Reson. 1982, 48, 402-417. 
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Figure 1. Two-dimensional TRNOE difference spectrum of compound 1 in the presence of antibody 2: (A) the aromatic region, (B) the region between 
the aromatic and aliphatic protons, and (C) the aliphatic region. The two-dimensional TRNOE difference spectrum was obtained by subtracting the 
NOESY spectrum of antibody 2 from that of antibody 2 in the presence of a 10-fold excess of compound 1. The NOESY spectra were recorded at 
45 0C on a JEOL JNM-GSX500 spectrometer. A mixing time of 50 ms was used for the measurement. It was confirmed that a similar result was 
obtained with a shorter mixing time of 20 ms. Chemical shifts are reported in parts per million relative to DSS. Concentrations: compound 1, 2.22 
mM; antibody 2, 0.22 mM. Buffer, 5 mM sodium phosphate, 200 mM NaCl, pH 7.4. 

Table I. Association Constants of Dansyl Haptens to Antibody 2 Chart I 

hapten * „ M -
dansylglycine 
dansyl-j3-alanine 
4-(dansylamino)butyric acid 
5-(dansylamino)valeric acid 
6-(dansylamino)caproic acid 
«-dansyl-L-lysine 

3.1 X 106 

6.3 X 10« 
4.0 X 107 

1.3 X 108 

1.1 X 10s 

9.0 X 107 

a chiral HPLC column. The maximum enantiomeric excess 
obtained was 36%. 

Compound 3 was prepared from dansyl chloride and 5-
aminolevulinic acid by following the procedure reported by 
Chimiak and Polonski/ Antibody 2 was separated from ascites 
according to the standard procedure and purified on an Affi-Gel 
protein A column (Bio-Rad). 

Figure 1 shows a two-dimensional TRNOE difference spectrum 
of compound 1 observed in the presence of antibody 2. NOE cross 
peaks between adjacent protons of compound 1 except between 
CaH and C13H were negative in intensity. This indicates that the 
dansyl ring and the side chains from C^ to C, of compound 1 are 
tightly bound to antibody 2. Other NOE cross peaks were ob
served between Ĉ 3H and C,H and between C,H and H-8 (dansyl 
ring). A weak NOE cross peak was also observed between C^H 
and H-4 (data not shown). These results show that the side chain 
of compound 1 is folded in the binding site of antibody 2. A similar 
TRNOE experiment was performed using compound 3. Negative 
NOEs were observed between all adjacent protons including 
between CnH and C^H and between C0H and CjH of compound 

H J C S N - C H , 

0-S-NHCH1-C-

O 

a 

H* 

NlBH, 

antibody 2 

CH1CH1COOH 

HjC^ , 
N 

I ^ K^ 

H J C ^ N , C H , 

to 
O'S-NH 

O 

H, . O 
CH1-C-' 

0 - S - N H - C H 1 - C - C H 1 C H 1 C O O H 

O H 

C O 

I 
H1 R1 

3. This result indicates that the entire molecule of compound 3 
is also folded in the binding site of antibody 2. 

Compound 3 and antibody 2 were dissolved at a molar ratio 
of 2:1 in 120 m M sodium phosphate buffer containing 150 m M 
NaCl, pH 7.4, and incubated in the presence OfNaBH 4 at room 
temperature for 3 days. The reaction mixture was treated with 
6 M urea and 50 m M sodium acetate at pH 5.1, 30 0 C , and 
acidified to pH 1 by hydrochloric acid. Compound 5 obtained 
from compound 3 through the cyclization reaction of the inter
mediate, 5-(dansylamino)-4-hydroxypentanoic acid (4) (Chart 
I), was subjected to H P L C on a Chiral Pak AS column (Daicel 
Chemicals Co.). As Figure 2 shows, the R and 5 enantiomers 
of compound 5 can be separated completely on this column. An 
authentic sample of the S enantiomer of compound 5 was prepared 
using (S')-(+)-5-(aminomethyl)-2-oxotetrahydrofuran,6 which was 

(5) Chimiak, A.; Polonski, T. Org. Prep. Proced. Int. 1973, 5(3), 117-124. (6) Herdeis, C. Synthesis 1986, 232-233. 
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Figure 2. HPLC profiles on a chiral HPLC column (Chiral Pak AS, 
Daicel Chemicals Co.) for compound 5: (A) authentic S enantiomer, (B) 
a l:l mixture of 5 and R enantiomers, (C) a 1:1 mixture of S and R 
enantiomers with authentic S enantiomer added, and (D) a reaction 
mixture obtained with an (antibody 2):(compound 3):NaBH4 ratio of 
1:2:60. Chromatography conditions were as follows: mobile phase, 
n-hexane-ethanol (50:50, v/v); flow rate, 1.0 mL/min; UV detection at 
340 nm. 

kindly provided by Professor C. Herdeis, Universitat Wurzburg. 
It has been confirmed by using the authentic sample of (S)-S that 
the peak with the longer retention time is due to the S enantiomer. 
See Figure 2C. Enantiomeric excesses were determined by 
measuring the peak intensity for the R and S enantiomers. A 
maximum enantiomeric excess of 36% was obtained with a sub-
strate:NaBH4 molar ratio of 1:30. 

Saturation of the antibody combining site with compound 1, 
which possesses a stronger affinity to the antibody 2 than com
pound 3, abolished the enantiomeric excess. This result indicates 
that the stereoselective reduction has actually occurred in the 
antibody combining site. 

Use of the active site of proteins as chiral auxiliaries for ste
reoselective reactions has attracted considerable attention. It was 
reported that use of pyruvate kinase for the stereoselective re
duction by NaBH4 of pyruvate to lactate in the presence of Mg2+ 

as a cofactor resulted in a stereoselective reduction of pyruvate, 
giving a 19% enantiomeric excess of D-lactic acid.7 The present 
method is more general in that the dansyl group may be used as 
an anchor for other types of stereoselective reactions in the hy
drophobic subsite of the same antibody. In addition, it was 
possible to isolate and identify the reduction product on an HPLC 
chiral column. The stereoselective reaction reported in the present 
communication is stoichiometric rather than catalytic in nature. 
However, detailed analyses of the conformation and the mecha
nism of stereoselective reactions of hapten side chains will become 

(7) (a) Phillips, T. M.; Kosicki, G. W.; Schmidt, D. E., Jr. Biochim. 
Biophys. Acta 1973, 293, 125-133. (b) Kosicki, G. W.; Westheimer, F. H. 
Biochemistry 1968, 7, 4303-4309. 

of increasing importance, for example, for the design of catalytic 
antibodies.8 
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(8) Schultz, P. G.; Lerner, R. A.; Benkovic, S. J. Chem. Eng. News 1990, 
68, 26-40. 
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Partially 13C enriched C60 (buckminsterfullerene) can be pre
pared by the laser1 or contact-arc2 vaporization of heterogeneous 
mixtures of solid 12C and 13C. Mass spectral analysis of the 
partially enriched C60 suggests that the 13C is statistically dis
tributed among the clusters.1'3 Rather than 12C60 and 13C60 being 
formed predominately, 13C„12C(60_„) mixtures form with a dis
tribution consistent with isotopic scrambling via Cm units where 
m is small. While the mass spectrum indicates the isotope dis
tribution between the carbon clusters, it does not address the 
isotope distribution within the carbon clusters. 13C NMR can 
potentially indicate the distribution of 13Cs within a carbon cluster 
by the degree of 13C-13C coupling.4'5 The ID 13C NMR spectrum 
of enriched C70 qualitatively implies carbon atom mixing on an 
atomic scale during fullerene formation in that the spectrum 
consists of "predominantly singlets", rather than "predominantly 
multiplets due to coupling of adjacent 13C atoms."5 In this paper, 
we quantitatively examine the 13C distribution within enriched 
C60- Buckminsterfullerene cannot be analyzed directly, however, 
as 13Cn

12C160.,) shows a single 13C NMR peak6 and therefore no 
coupling information. In contrast, osmylated buckminsterful
lerene7 resolves into 17 peaks and the associated couplings.8 Here, 
we measure the degree of 13C-13C coupling for four types of 
carbons in C60(OsO4)(4-?e/-r-butylpyridine)2, calculate the expected 
degrees of 13C-13C coupling for these carbons given a random 
distribution of 13Cs within the clusters, and find that the two sets 
of numbers agree within experimental error. 

Natural-abundance carbon rods were cored, packed with 99% 
13C powder, and converted to C60 in a Smalley-type contact arc 

(1) Meijer, G.; Bethune, D. S. J. Chem. Phys. 1990, 93, 7800. 
(2) Yannoni, C. S.; Bernier, P. P.; Bethune, D. S.; Meijer, G.; Salem, J. 

R. J. Am. Chem. Soc. 1991, 113, 3190. 
(3) Heath, J. R. In Large Carbon Clusters; Hammond, G. S., Kuck, V. 

J., Eds.; ACS Symposium Series; American Chemical Society: Washington, 
DC, in press. 

(4) Isolated pairs of 13C spins appear to dominate the 13C-13C dipolar 
coupling in the solid-state 13C NMR spectrum of enriched C60.

2 

(5) Johnson, R. D.; Yannoni, C. S.; Salem, J.; Meijer, G.; Bethune, D. S. 
Mater. Res. Soc. Symp. Proc. 1991, 206, 715. 

(6) Taylor, R.; Hare, J. P.; Abdul-Sada, K. A.; Kroto, H. W. J. Chem. 
Soc, Chem. Commun. 1990, 1423. Johnson, R. D.; Meijer, G.; Bethune, D. 
S. J. Am. Chem. Soc. 1990, 112, 8983. 

(7) Hawkins, J. M.; Meyer, A.; Lewis, T. A.; Loren, S.; Hollander, F. J. 
Science 1991,252, 312. 

(8) Hawkins, J. M.; Loren, S.; Meyer, A.; Nunlist, R. / . Am. Chem. Soc. 
1991, 113,1770. 
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