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to V,0s sheets in the orthorhombic V,Os layer structure,® raising
the possibility that other nido-polyoxoanion cages might be derived
from other layered structures such as the a-VOPO, structure.

Preliminary investigations indicate that the V,05,* host is quite
robust and is likely to form a variety of different inclusion com-
plexes not only with other uncharged guest molecules but also with
anions capable of bonding to vanadium(V) centers and cations
capable of interacting with anionic oxygen centers. Moreover,
molecular analogues of redox intercalation reactions of layered
compounds such as VOPO,2H,0' or V,0s'® may be possible
since the cyclic voltammogram of compound 1 in CH;CN shows
a reversible wave with E;j; = =0.52 V vs Fe+/F..
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Enzymes are playing an increasingly important role as catalysts
in chemistry, due to their ability to catalyze highly selective
transformations of complex polyfunctional molecules.! However,
in many cases enzymes are unavailable for a specific reaction of
interest. We? and others® have recently demonstrated that the
high binding specificity of the immune system can be exploited
to develop new biological catalysts with tailored specificities.
Antibodies have been generated with catalytic groups in the
binding site,* with cofactor binding sites,’ semisynthetic antibodies
have been generated,® and the notions of approximation’ and
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transition state stabilization®*® have been applied to the generation
of catalytic antibodies. We now report application of the latter
strategy to the generation of antibodies which catalyze the ste-
reospecific hydrolysis of alky! esters.® Antibodies generated to
phosphonate hapten 1 were found to catalyze the hydrolysis of
ester 2 with a greater than 200/1 preference for the (R)-
phenylalanine-containing isomer relative to the (S)-phenyl-
alanine-containing isomer.

Antibodies were generated against hapten 1, a tripeptide
transition state analogue for the hydrolysis of ester 2 or peptide
3 under basic conditions. Hapten 1 was synthesized as a roughly
equimolar mixture of two diastereomers and coupled via its
carboxylic acid to the carrier protein keyhole limpet hemocyanin!®
in order to elicit an immune response.!! Note that the hapten
also contains analogues of fluorogenic groups which allow hy-
drolysis of substrates 2 and 3 to be monitored by observing the
fluorescence increase which occurs when the fluorescent 2-
aminobenzoyl group is separated from the quenching 4-nitro-
benzylamide in the reaction.'? (This sensitive assay may allow
direct screening of ELISA plates for catalytic activity.)

2
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2a: R, =H, R,=PhCH,,, X=0
2b: R, =PhCH,-, R,=H, X=0
3a:R, =H, R,=PhCH,-, X=NH
3b: R, =PhCH,-, R,=H, X =XNH

4: Rl =H, R2 = (CH3)2CHCH2-, X=0
AN\ —~NH

S:R,=H, R2=w, X=0

CH,-

Ester hydrolysis was monitored by fluorescence measurement
with a Perkin-Elmer LS 5B spectrophotometer using 340 nm for
excitation and 415 nm for emission. Reactions were carried out
in 0.2 M borate, 0.15 M sodium chloride (BBS), pH 8.0, at 24
°C, in the presence of 3.33 uM antibody.!* Although none of
the 31 1gGs!# specific for 1 accelerated the hydrolysis of peptide
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Table I. Catalytic Properties of Antibodies

kcal(za) Km(za) Kl(l) kcat/
1gG (min™! X 10%) (uM) (uM) [kou-[OHT]] kan/ Kz
6E4D5 2303 44 0.5 0.5+ 0.1 33 <0.005
3E10D8 7.0 £ 0.7 6.0 £ 0.6 08 +0.2 100 0.025
3E9F2DI10 5.8+ 06 4505 1.6 £ 04 83 0.018
2HI12E4 18.7 £ 2.0 148 % 1.0 24 £ 0.6 267 <0.005
2B5BI11 98 £ 1.0 6.2 0.6 1.4£03 140 <0.005

3 to a measurable extent under a variety of conditions, 18 anti-
bodies were found to catalyze the hydrolysis of the corresponding
ester 2.

Interestingly, all of the 18 antibodies found to accelerate the
hydrolysis of ester 2 were selective for the D-phenylalanine-con-
taining diastereomer, 2a, although a mixture of diastereomers was
used to elicit the antibodies. One explanation is that haptens
containing D amino acids (or analogues thereof) are more im-
munogenic than those containing L amino acids.!* Of these 18
catalytic antibodies, five 1gGs were selected for further study. All
five exhibited saturation kinetics and competitive inhibition by
phosphonate 1, as determined by Eadie-Hofstee and Dixon plots,
respectively (Table 1).16 With all the antibodies, multiple (>10)
turnovers were observed with no loss of catalytic activity. Because
the antibody-catalyzed reaction rate is first-order in hydroxide
ion concentration (vide infra), the value of k., can be compared
with kgy-[OH™] for the hydrolysis of ester 2a to give the rate
enhancements (k. /kou-[OH™]) shown in Table 1.1 In other
antibody-catalyzed reactions, greater rate enhancements can be
attributed to a higher degree of differential binding of the antibody
to transition state vs ground state and/or the presence of catalytic
groups in the antibody combining site. With relatively large
transition state analogues such as these tripeptides, the tetrahedral
phosphonate probably contributes proportionally less to the overall
binding energy of the hapten to the antibody.

The antibody-catalyzed reaction shows a high degree of ste-
reospecificity for the D-phenylalanine-containing ester 2a. With
all five of the antibodies studied, hydrolysis of the L-phenyl-
alanine-containing ester 2b (30 uM) was catalyzed at <2.5% the
rate of 2a (initial rates) (Table I). With three of the five 1gGs,
the ratio of 2b:2a hydrolysis rates was less than 0.5%. This value
represents the upper limit on the ratio of the 2b:2a rates, since
the 2b rate with these antibodies was essentially indistinguishable
from the background hydrolysis rate at pH 8.0. The antibodies
show a high degree of substrate specificity. Esters 4 and 5,
containing leucine or tryptophan, respectively, in place of phe-
nylalanine, are not hydrolyzed by any of the antibodies (k4/k3,
< 0.005 and ks/ky, < 0.005 at 30 uM substrates, pH 8.0, 24 °C).

The catalytic activity of antibodies 6E4D5, 2H12E4, and
2B5B11 shows a linear dependence on hydroxide ion concentration
in the range of pH 7-10."® Interestingly, with antibodies 3E10D8
and 3E9F2D10, the pH dependence shows an inflection at pH
9.2. This result suggests the presence of a catalytic amino acid
side chain in these two antibodies, such as a tyrosine residue, which
could act as a nucleophile, producing a labile tyrosine ester in-
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termediate. Chemical modification of tyrosine residues with
tetranitromethane!® destroyed the catalytic activity of all the
antibodies.

We have described the generation of antibodies which catalyze
the stereospecific hydrolysis of esters, a potentially useful class
of organic reactions for synthetic chemistry. In addition to
providing new biological catalysts, these rationally designed an-
tibodies may suggest clues to the evolution and mechanism of
enzymes.
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We propose that a new and potentially extensive class of solid
polymeric materials with unprecedented and possibly useful
properties may be afforded by linking together centers with either
a tetrahedral or an octahedral array of valencies by rod-like
connecting units. For example, if ways could be devised of linking
together tetrahedral centers and appropriate molecular rods, an
infinite molecule would be generated which might be expected
to adopt a structure based on either the cubic diamond lattice or
the hexagonal Lonsdaleite lattice in which each C-C bond of the
prototype had been replaced by a molecular rod. These frame-
works would generate a regular array of cavities, interconnected
by windows. When models of 3D networks based on tetrahedral
centers are constructed, a very striking feature is the relatively
large size of the cavities and windows produced even by rods of
only modest length.

Lattices of this general type seemed to us to offer a number
of features of sufficient potential interest and utility to warrant
attempting the synthesis of some exploratory examples. For
instance, they may show interesting molecular sieve and ion ex-
change properties, they may have unusual mechanical and elec-
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