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outside of the cavity in accommodation of the guest.4 

There is a possibility for an asymmetric reaction to occur in 
the chiral frameworks of 1-4. In order to examine this point, we 
have measured the CD spectrum of 6 in methanol. The sample 
of 6 was isolated from the reaction mixture of 3. The CD spectrum 
exhibits peaks at 230 and 283 nm and a trough at 250 nm with 
the values of molecular ellipticity, [0], of 18800, 5360, and -19300 
deg cm2 dmol"1, respectively, demonstrating that the reaction 
product is optically active. 

Stereochemical control of bimolecular reactions are known to 
be attained in some crystals.5 The results shown here demonstrate 
that similar control can be achieved even in solution by using 
7-cyclodextrin template with the advantage of facility in regulating 
the orientation of the reactive species as desired. Another aspect 
of this method is that it may assist the study on the physical nature 
of bimolecular interactions by providing a pair of the species placed 
with different orientations. 
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(4) This type of complexation is suggested from the CD data that 3 de­
creases CD intensities in the anthracene transition regions upon addition of 
/-borneol. The analysis of the CD variations gave 2000 M"1 as the binding 
constant, so 80% of 3 should exist as the complex at 2 mM of /-borneol. 

(5) Ramamurthy, V.; Venkatesan, K. Chem. Rev. 1987, 87, 433. 

Isotopically Enhanced Infrared Spectroscopy: A Novel 
Method for Examining Secondary Structure at Specific 
Sites in Conformational^ Heterogeneous Peptides 

Lema Tadesse, Ramina Nazarbaghi, and Lee Walters* 

The Scripps Research Institute 
Department of Molecular Biology 

MB-15, 10666 North Torrey Pines Road 
La Jolla, California 92037 

Received March 22, 1991 

Detailed mapping of secondary structure(s) in flexible peptides 
and proteins is an important goal of biological chemistry. This 
knowledge is relevant to the study of protein folding pathways 
and peptide-macromolecular interactions as diverse as hor­
mone-receptor, antigen-antibody, and substrate-enzyme binding. 
Vibrational transitions occur very rapidly compared to the time 
periods needed for interconversion of different secondary structures 
in peptides. For this reason, Fourier transform infrared (FTIR) 
spectroscopy has the potential to quantitate populations of peptide 
conformers in solution1 and is not subject to the problem of 
conformational averaging associated with the relatively long time 
scales of NMR spectroscopy.2 However, FTIR is subject to an 
important limitation that also restricts the application of circular 
dichroism spectroscopy to peptide mapping; i.e., neither can an­
alyze the conformation(s) of amino acids at specific positions. We 
now report a novel approach in which FTIR, enhanced by site-
specific isotopic labels,3"" is used to examine secondary structure(s) 
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spectral information in peptides, and he and others have used this technique 
to identify the vibrational frequencies of functional groups in di- and tri-
peptides, simple homopolymers, and bacteriorhodopsin. See refs 4-15. 

(4) Cheam, T. C; Krimm, S. Spectrochim. Acta 1984, 4OA, 503. 
(5) Cheam, T. C; Krimm, S. Spectrochim. Acta 1988, 44A, 185-208. 
(6) Deber, C. M. Macromolecules 1974, 7, 47-51. 
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International Conference on Raman Spectroscopy 1976, 218-219. 

of amino acid residues at specific locations in solutions of con­
formational^ heterogeneous peptides. 

The stretching frequencies of peptide backbone carbonyl groups 
are sensitive indicators of local conformation.1,16,17 In the data 
presented below, ,3C-labeled carbonyl groups are incorporated 
into a series of synthetic peptides. Replacing 12C with 13C is 
expected to reduce the stretching frequency of an isolated carbonyl 
oscillator by ~37 cm"1.18 Thus, when the spectra of labeled and 
natural abundance molecules are compared, the transitions ori­
ginating at the labeled sites can be detected and evaluated. 

Peptides and native proteins may have different IR transitions 
associated with the same class of secondary structure(s).1 Most 
experimental work correlating secondary structure(s) with the 
frequencies of IR transitions has been done for native proteins.16,17 

The isotopic approach described in this report will be a valuable 
tool for systematically correlating IR absorption bands and sec­
ondary structure(s) in relatively unconstrained, dynamic peptide 
conformers. For illustrative purposes, in this initial demonstration, 
we have used the secondary structure assignments commonly 
utilized in the interpretation of spectra of native proteins.16,17 

Peptide 1 was designed to be water soluble and monomelic and 
to contain two distinct conformational regions, containing mostly 
alanine and glycine residues, respectively. In peptide 2, five 
alanines are 13C-I enriched; in peptide 3, five glycines are similarly 
labeled (labeled residues are underlined).19 

peptide 1 AEAE AAAAA EAEWEGE GGGGG EGEG 

peptide 2 AEAE AAAAA EAEWEGE GGGGG EGEG 

peptide 3 AEAE AAAAA EAEWEGE GGGGG EGEG 

The peptide 1 amide I spectrum is shown in Figure la. A broad 
band centered at 1645 cm"1 indicates backbone disorder, and a 
peak at 1621 cm"1 indicates a /3-strand extended chain confor­
mation.16,17 A small shoulder at 1687 cm"1 is consistent with 
reverse turn (or possibly /3-strand) conformations.16,17 Peaks at 
1564 and 1707 cm"1 reflect ionized and protonated carboxylate 
groups, respectively.20 

There are prominent differences in the spectra of peptides 1, 
2, and 3, due entirely to the presence of 13C in the labeled peptides. 
In the peptide 2 spectrum, Figure lb, there is a large decrease 
in the 1621-cm"1 /3-strand extended chain peak, and a concurrent 
increase in area in the ~ 1575-1595-cm"1 region (arrow A in the 
figure), reflecting an isotopic shift of ~36 cm"1. The reverse turn 
shoulder at 1687 cm"1 is less distinct, with its area shifted into 
the 1645-cm"1 band. These isotopic shifts are easily seen in a 
difference spectrum, obtained by simple algebraic subtraction of 
the two spectra. The [(peptide 2) - (peptide I)] difference 
spectrum, Figure Ic, shows distinct negative peaks at 1621 and 
1687 cm"1 and a positive peak centered at ~1584 cm"1. Therefore 
it is possible to conclude that the alanines in positions 5-9 of 
peptide 1 are ordered in a /3-strand extended chain conformation 
with some degree of reverse turn present. 

(9) Rothschild, K. J.; et al. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 
347-351. 

(10) Rothschild, K. J.; et al. Proc. Natl. Acad. Sci. U.S.A. 1989, 
9832-9835. 

(11) Gerwert, K.; Hess, B.; Engelhard, M. FEBS Lett. 1990, 261,449-454. 
(12) Engelhard, et al. Biochemistry 1985, 24, 400-407. 
(13) Dollinger, et al. Biochemistry 1986, 25, 6524-6533. 
(14) Roupe, P.; AhI, P. L.; Das Gupta, S. K.; Herzfeld, J.; Rothschild, K. 

J. Biochemistry 1987, 26, 6696-6707. 
(15) Roepe, P.; et al. J. Am. Chem. Soc. 1988, 110, 7223-7224. 
(16) Byler, D. M.; Susi, H. Biopolymers 1986, 25, 469-487. 
(17) Dong, A.; Huang, P.; Caughey, W. S. Biochemistry 1990, 29, 

3303-3308. 
(18) In many molecules the carbonyl stretch can be accurately modeled 

as a simple harmonic oscillator. The frequency of harmonic motion v • 
\/2w(\/k/fi) in which k is the bond force constant and it is the reduced mass 
of the bonded atoms [n = (.mi)(m2)/(m1 + m2) where mi and m2 represent 
the masses of the oxygen and carbon]. 

(19) Peptides were synthesized by standard Merrifield solid-phase methods 
and purified to >98% homogeneity by reversed-phase HPLC. Identities of 
purified peptides were confirmed by mass spectrometry and amino acid 
analyses. 

(20) Colthup, N. B.; Daly, L. H.; Wiberley, S. E. Introduction to Infrared 
and Raman Spectroscopy; Academic Press, Inc.: San Diego, CA, 1990. 

0002-7863/91 /1513-7036S02.50/0 © 1991 American Chemical Society 



J. Am. Chem. Soc. 1991, 113, 7037-7039 7037 

.02F 

.01 

.02 

8 
C 
CO 

-e 
O 

I 

.02 

peptide 1(12C) 
RC KPEC 

1621 COO" 
1564 
• 

(b) peptide 2 ('3C-AIa) 

RC BEC rnr>-
1645 1621 $ } 

COOH 1 6 8 7 / ^ 
- 7 V V 

J_ _|_ J - J_ 
(C) [(peptide 2)-(peptide 1)] 13C-AIa. 

1584 

t 
1687 

_ L 
H 621 

(d) peptide3 (13C-GIy) 
KBEC 

1621 

+.01 

0.0 

-.01 

(e) [(peptide 3)-|peplide 1)]13C-Gly_ 
1608 n 

f 1621 
1645 

T T 

+.01 

0.0 

-.01 
1 I I 
1750 1700 1650 1600 1550 

Wavenumbers(CM-1) 

Figure 1. Infrared spectra (at 2-cm"1 resolution) of the amide I region 
for peptides 1, 2, and 3 are shown in (a), (b), and (d), respectively. RC 
represents "random coil"; RT, reverse turn; /SEC, /S-extended chain. The 
peptide [2-1] and [3-1] difference spectra are shown in (c) and (e), 
respectively. The 4 mM peptide samples were examined by attenuated 
total reflectance in phosphate-buffered D2O (pD = 7.0; 23 0C) con­
taining 1% sodium dodecyl sulfate (SDS) to ensure substantial amounts 
of random coil peptide. (Measuring small amounts of ordered confor­
mations in the presence of abundant random coil is an important aspect 
of the current work, since it is difficult to do this with other spectroscopic 
methods.) Additional details of the experimental conditions are available 
in the supplementary material. 

The peptide 3 spectrum shows a significant decrease in ab­
sorption at ~ 1645 cm"1 (disorder), see arrow B in Figure Id, with 
a shift of area to lower energy causing a relative increase in the 
maximum height of the 1621-cm"1 peak. This appears as a broad 
nonsymmetrical negative band at ~1645 cm"1 in the difference 
spectrum, Figure Ie, with a corresponding positive band centered 
at ~ 1608 cm"1 (A = 37 cm"1). Therefore, it is apparent that the 
glycines at positions 17-21 of peptide 1 are predominantly dis­
ordered. 

These results show that isotopically enhanced FTIR can be used 
to examine the secondary structure(s) of residues at specific lo­
cations in conformationally heterogeneous peptides. With a 
relatively simple model for bond vibrations, i.e., isolated harmonic 
motion, it is possible to understand the major isotopic shifts ob­
served in three model peptides. Quantitative analyses of complex 
structures will be possible when additional details of vibrational 
transitions are considered. For example, molecular vibrations, 
rather than being truly harmonic, are actually anharmonic.21'22 

(21) Wilson, E. B., Jr.; Decius, J. C; Cross, P. C. Molecular Vibrations; 
Dover Publications, Inc.: New York, 1955; pp 193-196. 

(22) Harris, D. C.; Bertolucci, M. D. Symmetry and Spectroscopy, Dover 
Publications, Inc.: New York, 1978; pp 106-109. 

This is especially characteristic of functional groups that par­
ticipate in hydrogen bonding, such as the amide carbonyl. Other 
factors that may cause complex isotopic effects are the interactions 
that can take place between neighboring oscillators during vi­
brational transitions. In effect, phase-dependent summation 
transition dipoles can exist, causing splitting of the carbonyl 
absorption bands that ordinarily would be associated with isolated 
oscillators (transition dipole coupling). The degree of splitting 
and the relative intensities of the split bands is highly dependent 
upon the geometry of the interacting transition dipoles.1-23'24 When 
these additional factors are considered, the data provided by 
mathematical deconvolutions16,17'25"27 of isotopically shifted in­
frared spectra, together with normal mode calculations and sys­
tematic assignments of labeled residues to secondary structures, 
will allow detailed conformational analyses of peptides and proteins 
in solution, in the solid state, and at interfacial surfaces. 
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The literature is replete with strategies and methods for the 
preparation of three-, five-, and six-membered carbocyclic ring 
systems. In contrast, four-membered ring construction is uniquely 
difficult.'*2 The most common preparative methods for this system 
are 2 + 2 cycloadditions which are often facilitated by light. 
However, thermal cyclizations using ketene may be used in the 
formation of cyclobutanones.3 A less common methodology, but 
one of equal validity is that of a 3 + 1 process. This has been 
amply demonstrated by the ring strain release reactions in which 
cyclopropane is ring expanded.4 

In principle, a 5 minus 1 strategy would yield cyclobutanes. 
Previous results in all carbon-based systems have been reported, 

(1) Warren, S. In Organic Synthesis—7"Ae Disconnection Approach; 
Wiley: New York, 1982. 

(2) Sammes, P. G. Quart. Rev. 1970, 24, 37. Kossangi, J. Pure Appl. 
Chem. 1979, 51, 181. Holmes, A. B. General and Synthetic Methods, 
Chemical Society Special Periodical Reports; Pattenden, G., Ed.; 1980; p 329. 

(3) Reference 1, pp 274-277. 
(4) Trost, B. M.; Bogdanowicz, M. J.; Kern, J. J. Am. Chem. Soc. 1975, 

97,2218. Trost, B. M.; Preckel, M.; Leichter, L. M. J. Am. Chem. Soc. 1975, 
97, 2224. 
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