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intermediate. Although nargenicin bears little structural resem-
blance to erythromycin, a consideration of the biosynthetic origins
of each of these metabolites would indicate several close parallels
in the elaboration of the parent polyketide chain. In order to probe
these apparent biosynthetic similarities, we have investigated the
incorporation of (25,3 R)-[2,3-1*C,]-2-methyl-3-hydroxypentanoy!
NAC-thioester (1)° into nargenicin.

Ten 70-mL fermentation cultures of Nocardia agentinesis
Huang ATCC 31306 were incubated in 500-mL flasks at 30 °C
and 250 rpm>® for 24 h before administration of a total of 40 mg
of [2,3-13C,]-1 dissolved in 5 mL of 20% ethanol. Additional
quantities of precursor were added after 48 h (20 mg) and 72 h
(40 mg). After 96 h, the resulting crude nargenicin was extracted
with ethyl acetate and purified by a combination of flash column
chromatography and preparative TLC on silica gel. The 100.6
MHz *C NMR spectrum of the labeled nargenicin A, (7.1 mg)
displayed the predicted set of enhanced and coupled doublets (Je¢
= 36.2 Hz, 0.2 atom% enrichment), centered at 32.76 and 78.79
ppm, corresponding to C-16 and C-17, respectively.’

The observation of coupled '*C NMR signals establishes the
intact incorporation of the labeled thioester 1 into nargenicin,
indicating that the polyketide synthetase of N. argentinesis can
utilize a partially elaborated intermediate of the chain elongation
process. These results are consistent with a chain elongation
scheme involving adjustment of functionality and stereochemistry
of the growing polyketide chain prior to each condensation re-
action. The observed incorporation of the (25,3R)-enantiomer
of 1 is expected based on the previously determined absolute
configuration of nargenicin.® Incorporation experiments involving
more advanced intermediates of the chain-elongation process are
in progress.

Acknowledgment. This work was supported by the National
Institutes of Health, Grant GM 22172. The Bruker AM-400 used
in this work was purchased with funds provided by the NTH
Division of Research Resources, RR 02458. We would also like
to thank Professor David A. Evans for helpful information re-
garding the preparation of 1.

(6) The preparation of 1 was carried out by using the methods of Evans’
for the erythroselective construction of aldol intermediates. Thus [2/-13C]-
(4R)-N-propionyl-4- benzyloxazolldmone (6), prepared as described’ from
(4R)-4-benzyloxazolidinone and [2-13C]propionyl chloride,’ was treated with
lithium duso?ropylamlde and the resulting Z enolate was acylated with 0.9
equnv of [1-'*C]propionyl chloride. Reduction of the 8-ketoimide 7 with 1.1
equiv of Zn(BH4)2 (Et,0, 20 °C, 15 min) gave (2’S,3'R)-[2",3/-13C,]-N-
(2’-methyl—3’-hydroxypentanoyl)oxazo]idinone (8) in 67% yield. Hydrolytic
removal of the chiral auxilliary (3 equiv of LiOH, 12 equiv of 30% H,0,,
THEF, 20 °C, 15 min) gave the enantiomerically pure acid 9 (64% yield) which
was converted to 1 as previously described.?
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Considerable effort is being focused on the design of highly
selective catalysts for use in chemistry and biology. Two well-
established approaches have involved the introduction of catalytic
groups into cavity-containing hosts, such as crown ethers and
cyclodextrins, and the modification of enzyme specificity by
site-directed mutagenesis. More recently, it was demonstrated
that the binding affinity and specificity of antibodies>’ could be
exploited in the generation of selective catalysts for acyl transfer
and carbon—carbon bond-cleaving reactions.*’ Because antibodies
can be generated to virtually any molecule of interest,® this ap-
proach may not only lead to the development of tailor-made
catalysts but also provide an opportunity to test general notions
of enzymatic catalysis. We report here the generation and
characterization of a monoclonal antibody which catalyzes the
Claisen rearrangement of chorismic acid to prephenic acid
(Scheme I).

The thermal 3,3-sigmatropic rearrangement of chorismate to
prephenate has been demonstrated to occur through an asymmetric
chairlike transition in which the carbon—oxygen bond is sub-
stantially broken, while carbon-carbon bond formation has not
occurred to any appreciable extent.>2  The entropy and enthalpy
for the uncatalyzed reaction are 20.71 kcal/mol and ~12.85 eu,
respectively.!! The unimolecular rearrangement is also catalyzed
approximately 10%-fold by the enzyme chorismate mutase at the
branch point in the biosynthesis of aromatic amino acids in bacteria
and plants.'1315 Although the enzymatic reaction has also been
demonstrated to proceed through a chairlike transition state,'¢
the mechanism by which chorismate mutase accelerates the re-
arrangement is not fully understood. It has been argued that the
rate of the enzyme-catalyzed rearrangement can be attributed
to immobilization of the substrate in a conformation appropriate
for rearrangement.'*> However, recent mechanistic studies of the
enzyme-catalyzed reaction have been interpreted in favor of an
intermediate which is covalently linked to the enzyme.'” An
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Figure 1. Lineweaver—Burk plot for antibody-catalyzed Claisen rear-
rangement. Velocities were determined by measuring the initial linear
absorbance at 270 nm: A, no inhibitor present; O, inhibited by 10 uM
4; O, inhibited by 20 uM 4.
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intriguing question then arises—to what extent can an antibody
combining site, complementary to the conformationally restricted
transition state configuration but presumably lacking catalytic
side chains, accelerate the Claisen rearrangement of chorismate
to prephenate?

In order to test this notion, monoclonal antibodies were elicited
to the endo bicyclic transition-state analogue 4. Analogue 4, in
which the two carboxyl groups are positioned to mimic the
chairlike transition-state configuration 2, is the most potent known
inhibitor of chorismate mutase with a K; of 0.15 uM.!®*!® Com-
pound 4 was converted to the carbamate—diazonium derivative
§ and conjugated to the carrier proteins keyhole limpet hemocyanin
(KLH) and bovine serum albumin (BSA).?° Epitope densities
were determined based on Aj; and ranged from 5 to 12 per
carrier. Monoclonal antibodies specific for hapten 5 were obtained
by standard protocols*?! and purified to homogeneity (as judged
by SDS gel electrophoresis®?) by chromatography on protein
A-coupled Sepharose 4B.2

The rate of the rearrangement of chorismate to prephenate was
assayed spectrophotometrically (270 nm) at pH 7.0 (5§ mM NaCl,
50 mM Na,PO, buffer) in the absence (k,,) and presence of
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antibody (kgq); the reactions were followed at 10 °C to minimize
subsequent decomposition of prephenate.?* One of eight anti-
bodies (IgG) assayed was found to catalyze the Claisen rear-
rangement, with initial rates consistent with the Michaelis—Menten
rate expression 1. The values of k., and K, are 2.7 min™' and

kl kml
Ig+1““*<k—lg-l—>lg+3 (N
-1

260 uM, respectively, at 10 °C. High pressure liquid chroma-
tographic (HPLC) analysis confirmed that the sole product
(>99%) of the antibody-catalyzed reaction is prephenic acid.?
The uncatalyzed reaction afforded prephenate and p-hydroxy-
benzoate in a molar ratio of 19:1.2* There is no solvent isotope
effect on the antibody-catalyzed rearrangement in D,O. The
racemic endo diacid 4 inhibits the antibody-catalyzed reaction
competitively with a K; of 9 uM at 10 °C. The dimethyl ester
of chorismic acid is not a substrate for the antibody,? indicating
that the carboxylate groups play an important role in antibody-
ligand recognition. However, the antibody does catalyze the
rearrangement of the (&)-methyl ether of chorismic acid to the
prephenate methyl ether with values of k., and K, of 0.87 min™
and 480 uM, respectively.?*2’

The rate of the antibody-catalyzed reaction can be directly
compared with that of the uncatalyzed thermal rearrangement
affording a value of ko, /ky, of 1 X 10* at 10 °C, pH 7.0. This
factor can be contrasted with the 3 X 108-fold acceleration induced
by chorismate mutase from E. coli under the same conditions.?’
Of the various mechanisms put forth for the enzymatic rear-
rangement, most can be ruled out for the antibody-catalyzed
process. For example, the fact that the (£)-methyl ether of
chorismate is retained in the transformation argues against
mechanisms involving loss of the 4-hydroxyl group (such as
formation of an oxirinium ion or C-4 cation). Moreover, the
observation of a D,0O solvent isotope effect of unity on the an-
tibody-catalyzed reaction rules out general acid or base catalysis
in the rate-limiting step. One is left with the appealing mechanistic
alternative that the antibody catalyzes the reaction by providing
an environment complementary to the conformationally restricted
transition state. Additional experiments are being pursued to more
precisely define the origin of the rate acceleration. Finally, this
work represents the extension of antibody catalysis to another class
of reactions and is the first report of antibody-catalyzed car-
bon—carbon bond formation.’°

Supplementary Material Available: Full experimental details
for the synthesis and characterization of 5, protein conjugation,
preparation and purification of substrates and products, and
isolation of antibodies (4 pages). Ordering information is given
on any current masthead page.
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