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The use of phosphonates and phosphonamidates as transition-
state analogues has proven a powerful approach for generating
antibodies that catalyze a variety of acyl group transfer reactions,
including ester1 and amide2 bond hydrolysis as well as transes-
terification3 and peptide bond forming reactions.4 A number of
these antibodies are highly efficient catalysts, including antibody
13D6.1, which was elicited against phosphonate diester4 and
catalyzes the transesterification of ester2a to alcohol1 with an
effective molarity (kcat/kuncat) of 27 000 M (Figure 1).3b Moreover,
the antibody does not catalyze the hydrolysis of2a. To better
understand the mechanistic basis for the high selectivity and cata-
lytic efficiency of this antibody, we have determined the structure
of substrates1 and 2b bound simultaneously in the 13D6.1
combining site using transferred nuclear Overhauser enhancement
spectroscopy (tr-NOESY).5 The bimolecular Michaelis structure
reveals that the antibody orients the two substrates in an optimal
stereoelectronic configuration for the acyl transfer reaction.

Solutions of substrate and protein for tr-NOESY experiments
were prepared in the manner previously described.6 A methyl
ester (substrate2b) was used in place of the activated cyanomethyl
ester 2a to slow turnover for the spectroscopy experiments.
Because antibody 13D6.1 has been previously shown to efficiently
catalyze acyl transfer reactions using a wide variety of activated
esters,3b the relatively subtle substitution of2b for 2a was not
expected to measurably affect the structure of the Michaelis
complex. NMR samples contained 10 mM NaHPO4 or H3BO3,
50 mM NaCl, 2 mM each of1 and2b, 10% CD3OD, and 50µM
antibody 13D6.1 at pH 7.0, in either D2O or H2O. NMR spectra
for analysis of the Michaelis complex were acquired at 500 MHz
using standard1H-NOESY pulse sequences with 1-s presaturation
or WATERGATE17 for solvent suppression, at nine mixing times
ranging from 50 to 600 ms (18°C). Distances were determined
from initial buildup rates.7 Rapid chemical exchange was
confirmed by titration experiments, and introduction of hapten4
eliminated large molecule NOEs for substrates1 and2b in the
presence of antibody 13D6.1.

A total of 38 inter- and intramolecular NOEs were used to
generate distance constraints8 for Monte Carlo conformational

searches and constrained minimizations (Table 1). Intramolecular
constraints alone were sufficient to determine the bound confor-
mation of substrate1 from conformational searches.9 The lowest
energy conformer of1 was then fixed and used in subsequent
Monte Carlo searches with substrate2b to determine the relative
orientation of the two bound substrates, according to both
intermolecular and2b intramolecular constraints.10 The resulting
low-energy Monte Carlo conformations were found to have a
hydrogen bond between the carbonyl oxygen and the 3′-hydroxyl
proton. To remove any artificial bias in this region of the structure
due to the hydrogen bond, carbonyl rotamers (about theψ torsion)
were tested at 30° increments over a full 360° in separate mini-
mization runs.9b Final structures were lower in energy by roughly
24 kcal mol-1 than those prior toψ rotation, and those lowest in
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Figure 1. Antibody-catalyzed transesterification reaction. Substrates1
and2b were used for structure determination; compound4 is the hapten.
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energy constitute the family of structures analyzed (Figure 2a).
The constraints are violated a total of two times in all of the struc-
tures, with the sum total of distance violations being<0.07 Å.

In the bound state, the thymine base of substrate1 is in an
anti conformation with respect to the deoxyribose ring. The de-
oxyribose ring itself adopts a C3′-endoconformation (N-type).11

The 5′-ethyl carbamate substituent of1, analogous to the linker
portion of hapten4, is held proximal to the C5-methyl and H6 of
the thymine ring in the bound structure. The relative position of
the 5′-ethyl carbamate is relatively poorly defined, as indicated
by the variety of conformations in the final family of structures;
differences in local geometry at the 5′-ethyl carbamate and the
linker of hapten4 probably account for this variability. Consistent
with this conformational variability, NOEs between substrate2b
and the 5′-ethyl carbamate portion of1 were weak or absent at
several mixing times, and not included in the set of intermolecular
constraints.

Strong intermolecular contacts between the benzylic, homoben-
zylic, and aromatic protons of substrate2b and the 1′, 2′, and
C5-methyl protons of substrate1 indicate that the phenyl ring
and the thymine base are in close proximity in the antibody com-
bining site and tightly define this portion of the structure (Figure
2a). The lowest energy conformations place the two aromatic

rings in aπ-stacking interaction, although T-stacking cannot be
ruled out due to the axis of symmetry in the aromatic ring.

The geometry around the reaction center is defined by
intramolecular constraints for substrate2b, weak constraints
between theâ-methyl protons of2b and the 3′ protons of substrate
1, and a weak constraint between the methyl ester protons and
H5′. Intermolecular NOEs to HR are ambiguous due to its degen-
eracy with H5′ and H4′; thus no HR NOEs were used to generate
constraints. Substrate orientation at the site of reaction is
consequently less well defined than other portions of the structure
but still sufficiently determined to allow an analysis in the context
of known parameters for acyl transfer chemistry. The optimal
angle for attack on a formaldehyde carbonyl carbon by hydride
anion was determined on the basis of early ab initio modeling to
be 109.5°.12 However, calculations13 and analysis of crystal-
lographic data14 from a variety of nucleophiles and electrophilic
carbonyl species indicate that the angle of attack can vary up to
≈30°. The final family of Michaelis structures positions the
nucleophilic 3′-hydroxyl group along an angle of attack varying
from 80° to 117° (average) 98.4°). The closest approach
distance for a nucleophile to an acyl carbon prior to van der Waals
contact is 3.0 Å.13b,14 The distance from nucleophile to electro-
phile in the Michaelis structure varies from 3.1 to 3.5 Å, a value
roughly 0.3 Å longer than the contact distance.

These experiments show that binding interactions of substrates
1 and2b with antibody 13D6.1 place the 3′-hydroxyl of1 almost
in contact with the carbonyl carbon of2b,15 along an open path
for attack which varies up to 29° from the optimum. This
favorable orientation likely contributes to the high catalytic effi-
ciency of antibody 13D6.1.Ab initio calculations (MP2/6-
31+G*) of representative phosphonates indicate that the covalent
geometry of hapten4 positions the 3′-oxygen and phosphorus
atoms (the carbonyl group mimic) a distance of 1.8 Å apart at an
angle of 114°.16 The degree to which substrate orientation in
13D6.1 reflects this structure, and as a result follows an optimal
trajectory, underscores the power of immunological diversity when
combined with proper chemical instruction.
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Table 1. Sets of Interproton Contacts Used To Define Constraints
for Conformational Searches and Minimizations

intra-1 intra-2b inter1-2b

C5M- 2′ â- Bz 1′- Bz
7′ HBz 2′′
8′ Me 2′- 2′′

6- 1′ 2′′ 4′′
2′ 4′′ Bz
3′ Bz- 2′′ HBz
5′ 4′′ â
7′ HBz- 2′′ 3′- Bz
8′ 4′′ â

2′- 7′ 5′- Me
3′- 7′ C5M- 2′′
N6′- C5M 4′′

6 Bz
HBz

6- Bz
HBz

Figure 2. Representations of the Michaelis complex of1 (blue) and2b
(orange): (a) family of the five lowest energy structures and (b) single
structure indicating the nucleophile approach path.
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