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Figure 2. Two-dimensional 13C-J1Hj NOE experiment6 on a vancomy-
cin/Ac-D-Ala-D-Ala complex described in the text. A Bruker WP 200 
SY spectrometer was operated at 50.3 MHz for carbon detection. A total 
of 16 X 1536 transients were accumulated using a 0.8-s recycle delay and 
a 0.5-s mixing time. 
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Figure 3. Top: One-dimensional 1 3C-| 'H| NOE difference experiment 
as measured overnight on a vancomycin/Ac-D-Ala-D-Ala complex at 50.3 
MHz. A recycle delay of 4 s was inserted to allow a complete decay of 
heteronuclear NOE built up during a 0.5-s (20 dB below 0.2 W decoupler 
power) presaturation of the 1-NH signal at 11.6 ppm. Bottom: Refer
ence 13C NMR spectrum of the complex. The strong sharp signal at 174 
ppm corresponds to C-I in the free state, while the smaller broad peak 
at 175.3 ppm represents the C-I atom in bonded Ac-D-AIa-D-AIa. 

dimeric forms of ristocetin A exist in this solution.M Multiple 
dimerization was observed in the 125-MHz 13C NMR spectra 
where the C-1 signal showed a "triplet" structure in the bonded 
state. 

In conclusion, we found that heteronuclear NOE transferred 
to isotope-labeled guests may be an unique tool for locating the 
binding site of biomolecules like glycopeptides. 
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Peptidyl prolyl cis-trans isomerases (PPIases)1 catalyze the 
isomerization of the Xxx-Pro amide bond in peptides and proteins2 

and are abundant cytoplasmic receptors of immunosuppresive 
drugs.3 The catalytic activity of PPIases is normally monitored 
spectrophotometrically by using the chymotrypsin-coupled assay 
of Fischer.45 Because some PPIase substrates inhibit chymo-
trypsin6 and other coupling enzymes degrade PPIases, we have 
developed a continuous, direct (uncoupled) PPIase assay based 
on intramolecular fluorescence quenching through collision.7'8 

When an o-aminobenzoyl (Abz) fluorophore and either a p-
nitrophenylalanine (Phe(p-N02)) or a C-terminal p-nitrobenzyl 
(BzI(P-NO2)) quencher are incorporated into a proline-containing 
substrate, the fluorescence of Abz is suppressed by frequent in
tramolecular collisions with the quencher in the cis Xxx-Pro 
conformation of the peptide. Isomerization of the Xxx-Pro bond 
from cis to trans causes an increase in fluorescence due to a 
decrease in collisional quenching. To develop an uncoupled assay, 
the ratio of cis to trans Xxx-Pro conformers must differ from the 
equilibrium established in aqueous media. We have discovered 
that Xxx-Pro substrates dissolved in solutions of LiCl/TFE (or 
THF) exist predominantly in the cis conformation.411 When a 
LiCl/TFE solution of substrate is added to a biological buffer, 
the Xxx-Pro cis/trans conformational equilibrium typical for 
aqueous media is restored, and the enzymatic catalysis of this 
process can be monitored. 

Syntheses of Abz-Gly-Ala-Pro-Phe(p-N02)-NH21 and Abz-
Ala-Ala-Pro-Phe-NHCH2Bzl(p-N02) 2 were carried out by using 
standard protocols,9 and the purified peptides were characterized 

* Author to whom correspondence should be addressed. 
(1) The enzymes of the EC 5.2 class catalyze an intramolecular cis-trans 

isomerization. 
(2) (a) Brandts, J. F.; Halvorson, H. R.; Brennan, M. Biochemistry 1975, 

14, 4953-4963. (b) Lang, K.; Schmid, F. X. Nature 1988, 331, 453-455. (c) 
Lang, K.; Schmid, F. X.; Fischer, G. Nature 1987, 329, 268-270. (d) Lin, 
L.-N.; Hasumi, H.; Brandts, J. F. Biochim. Biophys. Acta 1988, 956, 256-266. 
(e) Schonbrunner, E. R.; Mayer, S.; Tropschug, M.; Fischer, G.; Takahashi, 
N.; Schmid, F. X. J. Biol. Chem. 1991, 266, 3630-3635. 

(3) Schreiber, S. L. Science 1991, 251, 283-287 and references cited 
therein. 

(4) (a) Fischer, G.; Band, H.; Berger, E.; Schellenberger, A. Biochim. 
Biophys. Acta 1984, 791, 87-97. This assay has been employed to detect the 
isomerase activity of cyclophilin (op. cit.) and FKBP: (b) Siekierka, J. J.; 
Hung, Y.; Poe, M.; Lin, C. S.; Sigal, N. S. Nature 1989, 341, 755-757. (c) 
Harding, M. W.; Galat, A.; Uehling, D. E.; Schreiber, S. L. Nature 1989, 341, 
758-760. It has also been used in mechanistic studies: (d) Harrison, R. K.; 
Stein, R. L. Biochemistry 1990, 29, 1684-1689. (e) Harrison, R. K.; Caldwell, 
C. G.; Rosegay, A.; Melillo, D.; Stein, R. L. J. Am. Chem. Soc. 1990, 112, 
7063-7064. (f) Liu, J.; Albers, M. W.; Chen, C. M.; Schreiber, S. L.; Walsh, 
C. T. Proc. Natl. Acad. Sd. U.S.A. 1990, 87, 2304-2308. (g) Albers, M. W.; 
Walsh, C. T.; Schreiber, S. L. J. Org. Chem. 1990, 55, 4984-4986. For a 
recently reported improvement of the Fischer assay and cyclophilin source, 
see: (h) Kofron, J. L.; Kuzmic, P.; Kishore, V.; Colon-Bonilla, E.; Rich, D. 
H. Biochemistry 1991, 30, 6127-6134. 

(5) The p-nitroanilide (pNA) bond in a model substrate Xxx-Pro-Phe-pNA 
is hydrolyzed by chymotrypsin only when the Xxx-Pro amide bond is trans: 
(a) Neil, G. L.; Niemann, C; Hein, G. E. Nature 1966, 210, 903-907. (b) 
Fischer, G.; Bang, H.; Mech, C. Biomed. Biochem. Acta 1984, «,1101-1111. 

(6) Kishore, V.; Kofron, J. L.; Rich, D. H. Unpublished data. 
(7) Fluorogenic substrates quenched by intramolecular collision are re

viewed in the following: (a) Yaron, A.; Carmel, A.; Katchalski-Katzir, E. 
Anal. Biochem. 1979, 95, 228-235. A general mathematical treatment of 
quenching by molecular interaction and complex formation can be found in 
the following: (b) Vaughan, W. M.; Weber, G. Biochemistry 1970, 9, 
464-473. 

(8) The pair o-aminobenzoyl/p-nitrophenylalanine was previously used for 
the assay of peptidyldipeptide hydrolase78 and, recently, in fluorogenic sub
strates of HIV-I proteinase: Toth, M. V.; Marshall, G. R. Int. J. Peptide 
Protein Res. 1990, 36, 544-550. 
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Figure 1. Fluorescent peptidyl prolyl cis-trans isomerization assays using 
3.0 MM 1 (curves A-C) and 0.6 nM 2 (curves D-F, inset) at 0.0 ± 0.1 
0C: A, uncatalyzed; B, 540 nM human recombinant cyclophilin 
(hrCyp)12; C, 940 nM human recombinant FKBP12 (hrFKBP12).13 

Inset: D, uncatalyzed; E, 11 nM hrCyp; F, 47 nM hrFKBP12. The 
instrument settings for all assays were identical so that the fluorescent 
intensities for 1 and 2 could be compared (X„ = 337 nm, X8n, = 410 nm). 
Assay buffer composition was 25 mM Hepes/NaOH, pH 8.0, 50 mM 
NaCl; volume of assays was 2.0 mL. 

by several analytical methods.10 The combination of o-amino-
benzoyl and p-nitrobenzyl groups was selected for collisional 
fluorescence quenching;7* t i e absence of a spectral overlap between 
the absorption band of the /?-nitrobenzyl group and the emission 
spectrum of the o-aminobenzoyl group precluded quenching by 
resonance energy transfer.11 

/ )) CO-Xxx-Ala-Pro-NH ' ^CONH-R 

NH, 

1, XXX = GIy; Y = NO1; R = H 

2, Xxx = Ala; Y = H ; R = C H r C H r 

Isomerization of the above substrates was followed by moni
toring the increase in fluorescence at 410 nm upon excitation at 
337 nm. Substrate 1 or 2 was dissolved in a 470 mM solution 
of LiCl in TFE, which increased the population of the cis isomer 
to 50-70% as determined by NMR spectroscopy. The increased 
initial cis substrate concentration produced a 1.7-2.5-fold en
hancement in fluorescence upon isomerization to 90% trans (Figure 
1). Assays were conducted at 0 0C to minimize the uncatalyzed 
thermal isomerization (Figure 1). At this temperature, the rate 

(9) Peptide 1 was synthesized by solid-phase techniques using a Fmoc 
approach and the "PAL" handle (Albericio, F.; Kneib-Cordonier, N.; Bian-
calana, S.; Gera, L.; Masada, R. I.; Hundson, D.; Barany, G. J. Org. Chem. 
1990,55, 3730-3743) for establishing the C-terminal peptide amide. Peptide 
2 was synthesized by classical solution methods (Bodanszky, M.; Bodanszky, 
A. In Practice of Peptide Chemistry; Springer-Verlag: New York, 1984) 
using A""-Je«-(butyloxycarbonyl)-protected (Boc) amino acids. 

(10) Peptides 1 and 2 were characterized by high-resolution fast atom 
bombardment mass spectrometry (HR-FABS calcd for C26H32N7O7 (1) 
554.2363, found 554.2344; C35H42N7O7 (2) 672.3148, found 672.3129) and 
by HPLC on a Vydac C-18 column (4.6 X 250 mm): linear gradient over 
20 min of CH3CN/0.036% TFA and H2O/0.045% TFA from 1:19 to 4:1, flow 
rate 1.2 mL/min, detection at 214 and 254 nm; single peak at rR = 12.9 min 
(1), <R = 18.0 min (2). The 1H NMR spectra of 1 and 2 were consistent with 
the structures. 

(11) (a) Stryer, L. Annu. Rev. Biochem. 1978, 47, 819-846. (b) Fairc-
lough, R. H.; Cantor, C. R. Methods Enzymoi. 1978, 48, 347-379. (c) 
Forster, T. Discuss. Faraday Soc. 1959, 27, 7-17. 

(12) Holzman, T. F.; Egan, D. A.; Edalji, R1; Simmer, R. L.; Helfrich, R.; 
Taylor, A.; Burres, N. S. / . Biol. Chem. 1991, 266, 2474-2479. 

(13) Standaert, R. F.; Galat, A.; Verdine, G. L.; Schreiber, S. L. Nature 
1990, 346, 671-674. 

constant kc for the uncatalyzed cis to trans isomerization was 2.2 
X 10~3 s"1 for 1 and 1.2 X 10'3 s"1 for 2, with activation free 
energies of 19.3 and 19.5 kcal/mol, respectively. Under subsa-
turating conditions, the disappearance of excess cis conformer 
(concentration [C] at time t) is described by the integrated eq 
1 derived in the supplementary material. [S]0 is the total substrate 

[C] = [C]0(T^' + k< + *'' + *')' + 
kt' + kt 

ke' + kc + fc/ + kt 

[S]0(I - c-(*c '+ *, + *,'+ *.)') ( i ) 

concentration, [C]0 is the initial cis conformer concentration, kc 
and kt are the thermal rate constants for cis —• trans and trans 
-* cis isomerization, and kc' and kt' are apparent first-order rate 
constants defined as [E]0Jfccat(cVxmW and [E]0^1VKnW, re
spectively. [E]0 is the enzyme concentration; upper indexes (c) 
and (t) in kat and Km refer to cis ~*• trans and trans —* cis catalysis, 
respectively. 

The continuous spectrofluorometric direct assay for PPIases 
can be used to detect new PPIases and new PPIase inhibitors; for 
example, inhibition of cyclophilin by CsA is easily detected. 
Analogues of substrates 1 and 2 should facilitate determining the 
substrate specificity of PPIases, particularly in the C-terminal 
region which cannot be characterized by reported coupled assays. 
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Although the methods for establishing 1,3-asymmetric induction 
in systems possessing heteroatoms at both stereocenters of interest 
are legion, there exist but a handful of approaches to 1,3-asym
metric induction in compounds where a heteroatom does not 
comprise one of the substituents of the stereodirecting center.3 

A general method for accomplishing this type of transformation 
is described herein. 

Recent investigations in our laboratories have employed novel 
intramolecular conformational control elements to achieve high 
relative asymmetric induction in carbonyl addition reactions.4 In 
the present study, 2-alkyl-4-keto 1-boronate esters are showcased 
as substrates wherein both conformational control and facial 

f Dedicated with great warmth and respect to Professor Herbert C. Brown 
on the occasion of his 80th birthday. 
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