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ABSTRACT: Catalytic antibody 15A10 hydrolyzes the benzoyl ester of cocaine to form the nonpsychoactive
metabolites benzoic acid and ecgonine methylester. Here, we report biochemical and structural studies
that characterize the catalytic mechanism. The crystal structure of the cocaine-hydrolyzing monoclonal
antibody (mAb) 15A10 has been determined at 2.35 Å resolution. The binding pocket is fairly shallow
and mainly hydrophobic but with a cluster of three hydrogen-bond donating residues (TrpL96, AsnH33,
and TyrH35). Computational docking of the transition state analogue (TSA) indicates that these residues
are appropriately positioned to coordinate the phosphonate moiety of the TSA and, hence, form an oxyanion
hole. Tyrosine modification of the antibody with tetranitromethane reduced hydrolytic activity to background
level. The contribution from these and other residues to catalysis and TSA binding was explored by
site-directed mutagenesis of 15A10 expressed in a single chain fragment variable (scFv) format. The
TyrH35Phe mutant had 4-fold reduced activity, and TrpL96Ala, TrpL96His, and AsnH33Ala mutants
were all inactive. Comparison with an esterolytic antibody D2.3 revealed a similar arrangement of
tryptophan, asparagine, and tyrosine residues in the oxyanion hole that stabilizes the transition state for
ester hydrolysis. Furthermore, the crystal structure of the bacterial cocaine esterase (cocE) also showed
that the cocE employs a tyrosine hydroxyl in the oxyanion hole. Thus, the biochemical and structural
data are consistent with the catalytic antibody providing oxyanion stabilization as its major contribution
to catalysis.

The powerful reinforcing effects of cocaine have been
linked to its action in the mesolimbocortical reward pathway,
where cocaine inhibits nerve terminal reuptake of the
neurotransmitter dopamine (1). Development of suitable
cocaine antagonists as therapeutics for cocaine abuse and
addiction have foundered on the difficulties inherent in
inhibiting an inhibitor (2). As an alternative to small molecule
blockade in the central nervous system (CNS), we considered
the possibility of peripheral blockade, that is, enhanced
degradation of cocaine in the peripheral circulation prevent-
ing cocaine from reaching its receptors in the CNS (3-5).
Hydrolysis of the benzoyl ester of cocaine (Figure 1) is an
ideal degradation path because the resulting products are
nonreinforcing and nontoxic.

Catalytic antibodies are a class of artificial enzymes with
unique potential as therapeutic agents for cocaine addiction
(3). Moreover, ester hydrolysis is the most studied of the
antibody-catalyzed reactions (6, 7). The most common
mechanism for antibody-catalyzed ester hydrolysis relies on
the stabilization of the tetrahedral oxyanionic transition state,
although additional contributions to catalysis have been
reported (8-10). Murine catalytic antibody 15A10 was
elicited from a phosphonate monoester transition state
analogue of cocaine coupled to bovine serum albumin (BSA)1

(Figure 1). 15A10 hydrolyzes the benzoyl ester of cocaine
to yield the nonpsychoactive metabolite ecgonine methylester
(Figure 1) with akcat of 2.3 min-1, KM of 220 µM, and
kcatkuncat

-1 ) 2.3 × 104 (Table 1). TheKi for the transition
state analogue is∼10 nM implying binding energy has been
converted to catalysis (KMKDTSA

-1 ≈ kcatkuncat
-1), as has

been inferred for a number of other hydrolytic antibodies
(Table 1) (11).

Characterization of 15A10 shows little product inhibition
by structurally related, but pharmacologically inactive,
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cocaine metabolites benzoylecgonine, ecgonine methylester,
and ecgonine but was inhibited by benzoic acid withKi )
250µM (Figure 1) (4). These metabolites are derived from
enzyme-mediated hydrolysis in the bloodstream and liver,
which together account for the∼30 min in vivo half-life of
cocaine. Passive administration of 15A10 attenuated the
reinforcing effects of cocaine in a rat model for cocaine abuse
(5, 12), and pretreatment with 15A10 served as an antidote
for seizures and lethality in a dose-dependent fashion after
a LD90 infusion of cocaine (5). The potential for this
therapeutic would be enhanced by improved kinetic param-
eters, manifested as either a lowerKM or a higherkcat. A
lower KM would be especially desirable, since the antibody
would be operating under subsaturating conditions at cocaine
concentrations typically found in a user (∼1 µM in the
peripheral circulation (13) and∼30 µM in the pulmonary
circulation for smoked crack-cocaine (4)).

Improvement of catalytic proficiency would be advanta-
geous in a clinical setting for treatment of cocaine addiction
and for emergency detoxification. Toward this end, the
crystal structure of the unliganded Fab 15A10 was deter-
mined at 2.35 Å resolution (14). The binding pocket of
15A10 differs significantly from cocaine-binding antibody
GNC92H2 (15). Structural analysis and docking of the
transition state analogue in the binding pocket of 15A10
reveal a putative oxyanion hole composed of TrpL96,
AsnH33, and TyrH35. Mutation of these residues results in
partial or complete loss of catalytic activity. Interestingly,
the configuration of the oxyanion hole is similar to that seen
in the bacterial cocaine-hydrolyzing enzyme, cocE (16). The
crystal structure provides a foundation for mutagenesis to

enhance catalytic proficiency and for additional antibody
humanization (17).

MATERIALS AND METHODS

Crystallization, Structure Determination, and Refinement.
Details of protein preparation, structure determination, and
refinement are published elsewhere (14). In brief, IgG was
obtained from cultured hybridoma cells and digested with
papain to Fab and Fc fragments. The Fab was purified by
protein A and protein G affinity chromatography, concen-
trated to 20 mg ml-1 in 0.2 M sodium acetate buffer, pH
5.5, and crystallized (14). Crystals diffracted to 2.35 Å
resolution, and the structure was determined by molecular
replacement using EPMR (18). Although the data were
twinned, the structure was successfully refined using SHELXL
(19) and CNS (20) to final Rcryst ) 20.4% andRfree ) 28.3%
(Table 2) (14).

Docking of the Transition State Analogue (TSA-1).
The transition state analogue was built in Insight2000
(ACCELRYS, San Diego, CA) using cocaine coordinates
(15) as a starting model. After addition of hydrogen atoms,
the model was minimized with the Insight Discover module
for 1000 iterations using X-plor potentials and the default
parameters. These coordinates were used for docking with
the program AUTODOCK, version 3.0 (21). In the docking
simulation, the ligand was allowed to move within a cube
with dimensions 25 Å per edge. The cube is subdivided into
a grid with a 0.375 Å spacing between two grid points. This
grid was centered on the approximate geometric center of
the antibody hypervariable loops. The TSA-1 is placed at

FIGURE 1: 15A10 Transition state analogue. 15A10 hydrolyzes cocaine to ecgonine methylester and benzoic acid and was originally elicited
from the transition state analogue coupled to BSA. TSA-1 corresponds to TSA with the linker replaced with a single methyl group.

Table 1: Kinetic Parameters for Esterolytic Antibodies with Known Crystal Structures

antibody pHa kcatKM
-1 b (min-1 M-1) kcat

b (min-1) KM
b (µM) KMKDTSA

-1 b kcatkuncat
-1 b ref

15A10 8.4 1.0× 104 2.2 220 2.2× 104 2.3× 104 4
D2.3 8.3 1.3× 104 3.6 280 1.1× 105 1.3× 105 51
43C9 9.3 2.8× 107 1500 54 6.8× 104 2.7× 104 56
48G7 8.2 1.4× 104 5.5 390 8.7× 104 1.6× 104 57
17E8 8.7 4.8× 105 220 460 0.9× 103 8.3× 103 49
CNJ206 8.0 3.5× 103 0.4 80 0.7× 102 1.6× 103 50
6D9 8.0 2.9× 103 0.1 50 0.9× 103 0.9× 103 52

a Experimental pH at which kinetic parameters are tabulated.b kcat and KM are the Michaelis-Menten parameters,kuncat is the first-order rate
constant for background hydrolysis, andKDTSA is the dissociation constant for the transition state analogue.
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an arbitrary position within the grid prior to docking. All
flexible torsion angles in the TSA-1 were allowed to rotate
freely, and for simplicity, the full Fab was truncated to the
variable domains only. After docking, 100 solutions were
clustered in groups with RMS deviations less than 1.5 Å.
The groups were ranked by the docking energy, where the
most favorable binding modes correspond to the group with
the lowest docking energy. Altering the initial placement of
the TSA-1 within the grid has no effect on the final docking
result.

Chemical Modification of Side Chains and ActiVity Assays.
Chemical Modification.Arginine residues were modified in
a reaction containing 4µM antibody, 90µM phenylglyoxal,
and 40 mM Na3PO4, pH 7.5, overnight at 23°C. Tyrosine
residues were modified in a reaction containing 4µM
antibody, 90µM tetranitromethane, 10% (v/v) dioxane, and
50 mM Tris, pH 8.0, for 1 h at 23°C. Histidine residues
were modified in a reaction containing 4µM antibody, 45
µM diethylpyrocarbonate, and 40 mM Na3PO4, pH 7.0, for
1 h at 23°C. Deactivated histidine residues were reactivated
using hydroxylamine. The chemically modified antibodies
were exchanged to PBS, pH 7.4, using PD-10 gel filtration
columns (Pharmacia), Microcon-10 concentrators (Amicon),
or both.

ActiVity Assay. Catalytic activity was determined by
comparing modified and unmodified 15A10 at two protein
concentrations. Corrections for background hydrolysis were
made through identical reactions in the absence of antibody.
All reactions were incubated overnight at 37°C with 15 mM
cocaine containing trace amounts of [3H]-cocaine (4) in 0.1
M Na2HPO4, pH 8.0. Acidification with cold HCl (aq) was
followed by partition with hexane/diethyl ether (1:1) to
separate cocaine from the products of hydrolysis. Protein
concentrations of the final samples were determined using
the BCA protein assay (Pierce) with BSA as a standard.

Cloning and Expression of the 15A10 Single Chain.
The single-chain antibody (ScFv) was cloned using the
pCANTAB 5E phagemid kit (Pharmacia Biotech). In this
format, the carboxyl terminus of the variable heavy (VH)
chain is linked to the amino terminus of the variable light
(VL) chain by a 16 residue (SGGGG)3S linker sequence. In
brief, mRNA from antibody-producing hybridomas was
harvested and used as a template to generate cDNA that was
PCR-amplified with random hexamer primers. The resulting
clones were displayed on phage and screened for binding to
the cocaine transition state analogue (Figure 1). ScFv was
expressed as a fusion protein containing a cleavable N-
terminal PelB leader sequence, which targets the ScFv for
secretion to the periplasmic space for oxidative refolding,
and a C-terminal E-tag, for both purification and detection.
Positive clones were expressed as soluble ScFv, purified by
affinity chromatography and assayed for catalytic activity
against cocaine.

Site-Directed Mutagenesis.Point mutants were constructed
by overlap extension PCR (22). The 5′ sense primers used
for mutagenesis are listed; bold font corresponds to the
codon that was mutated, and the numbering scheme follows
the convention of Kabat and Wu for antibody sequences
(23): AspL30Asn, GACTATTACAAGTAAT AACTATGC;
TyrL32Phe, AAGTGATAACTTT GCCAACTGGG; AsnL34-
Gln, GATAACTATGCCCAATGGGTCC; AsnL34Gly,
CTATGCCGGCTGGGTCCAAG; TrpL91Ala, CTGTG-
CTCTAGCGTACAGCAAC; HisL95Ser, GTACAGCAA-
CAGCTGGGTGTTC; TrpL96Ala, GCAACCACGCGGTGT-
TCGGT; AspH31Asn, CATTCACTAACTACAATATG-
TACTG; TyrH32Phe, CATTCACTGACTTCAATATG-
TACTG; AsnH33Ala, CACTGACTACGCTATGTACTGGG;
TyrH35Phe, CAATATGTTCTGGGTGAAGC; TyrH50Phe,
GGATGGCATTT ATTGATCCTTC. The plasmid-encoded
primers used for initial amplification and subsequent exten-
sion reactions were 5′ sense CCATGATTACGCCAAG-
CTTTGGAGCC and 5′ antisense CGATCTAAAGTTTTG-
TCGTCTTTCC. Subsequently, the PCR products were
subcloned into the original pCANTAB 5E plasmid via the
SfiI and NotI restriction sites. The desired mutations were
confirmed by DNA sequencing. The ScFv mutants were
overexpressed inEscherichia coliHB2051, and the protein
was extracted from the periplasm by osmotic shock using 2
M sucrose. The ScFv was purified by affinity chromatog-
raphy using an anti-E-tag mAb, and the buffer was exchanged
to PBS, pH 7.4, using a PD10 desalting column.

ActiVity Assay.The cocaine hydrolysis reactions contained
5 µg of ScFv and 2 mM cocaine with a trace amount of
3H-cocaine (4) in PBS, pH 7.4, in a total volume of 100µL.
A separate set of assays containing TSA-1 as an inhibitor
was run to assess the contribution of spontaneous cocaine
hydrolysis to the catalyzed reaction. The reactions were
incubated at 37°C for 18 h and stopped by addition of 100
µL of 0.1 N HCl. The substrate and products were separated
in anion-exchange columns (Supelco, Bellefonte, PA) by
washing initially with 2 mL of water to elute the reaction
products followed by 3 mL of 0.2 N NaOH to elute substrate.
The radioactive content of the fractions was measured on a
scintillation counter, and relative activity was calculated from
the ratio between products and substrate.

Determination of Binding to TSA by Enzyme-Linked
Immunosorbent Assay (ELISA).Microtiter plates (Costar)

Table 2: Final Data Collection and Refinement Statistics for 15A10

space group P21

unit cell dimensions a ) 37.5 Å,b ) 108.4 Å,
c ) 111.3 Å,â ) 90°

resolution range (Å) 30-2.35 (2.45-2.35)a

observations 91 574
unique reflections 32 009
completeness (%) 85.4 (76.6)a

averageI/σI 14.4 (2.8)a

Rmerge(%) 8.3 (39.9)a

refined residues 854
refined water 108
twinnedRcryst(%) 20.4
twinnedRfree(%) 28.3

AverageB Values (Å2)
antibody 32
waters 40

Ramachandran Statistics
most favored 81.3%
additional allowed 16.8%
generously allowed 1.7%
disallowed 0.3%

Deviations from Ideal Geometry (RMS)
bond lengths 0.008 Å
bond angles 1.5°
dihedrals angles 27.7°
improper angles 0.99°

a Values in parentheses denote outer shell statistics.
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were coated for 2 h at 37°C with 10µg mL-1 TSA tethered
to ovalbumin in PBS and blocked for 1 h at 37°C with 1%
BSA in PBS. Serial dilutions of purified ScFv in wash buffer
(0.4% BSA, 0.05% Tween-20 in PBS) were added to the
plates in triplicate and incubated for 1 h atroom temperature.
The plates were washed and incubated for an additional hour
with 1:1000 dilution of secondary anti-E-tag antibody conju-
gated to horseradish peroxidase (Pharmacia). Subsequently,
the substrate (1-Step ABTS, Pierce) was added, and absorb-
ance values were measured at 405 nm on a plate reader.

RESULTS

OVerView of the Crystal Structure.Antibody 15A10
consists of an IgG1 heavy chain andλ light chain, which is
a little unusual sinceλ chains comprise less than 5% of the
entire murine light chain pool (24, 25). The light chain of
15A10 is encoded by germline gene IGλV1 (26). The crystal
structure of catalytic antibody 15A10 was determined by
molecular replacement from data that exhibited an unusual
form of pseudomerohedral twinning (14). Nevertheless, the
structure was successfully refined with finalRcryst ) 20.4%,
Rfree ) 28.3%, and twinning fraction of 0.43 (Table 2). Two
Fab molecules were found in the asymmetric unit. These
NCS-related molecules superimpose closely with a backbone
RMSD of 0.79 Å for VL, 0.75 Å for VH, and 0.82 Å overall.
The light and heavy chain variable domains for each
molecule bury a similar amount of surface area (1260 and
1245 Å2 (27)) and form a similar number of contacts (122
and 112 contacts (28)) upon association. These values are
within the normal range for VL and VH interfaces (29).

Light-Chain CDR Loops.The loops of the complemen-
tarity-determining region (CDR) are denoted as L1, L2, and
L3 and H1, H2, and H3 for the light and heavy chains,
respectively. CDRL1 contains a three-residue insertion,
forming the usual combination of type Iâ-turn followed by
an irregular helical segment (30) closely resembling a known
canonical structure (31).

In κ andλ light chains, CDRL2 forms a totally conserved,
classicγ-turn at position 51 (31). In one of the molecules in
the asymmetric unit, the electron density was marginal from
residues 50-54, so the backboneφ,ψ angles could not be
accurately modeled. In the second molecule, the electron
density was much clearer. However, definitive assignment
of theψ torsion at position 50 was not possible. According
to the current model, this stretch of sequence (residues 49-
52) resembles a type I′ â-turn, rather than aγ-turn (32). The
observed structural deviation from theγ-turn could be due
to a deviation in the primary sequence; normally, the
sequence for this loop is GGTNNRAP (residues 49-56) (23),
while the sequence of 15A10 is GVNNYRPP. Moreover,
the two molecules in the asymmetric unit differ from one
another in how CDRL2 interacts with CDRL1 and CDRH3.
In the first molecule, the backbone nitrogen of ValL50 forms
a H-bond to the carbonyl of GlyH97 in CDRH3. In the
second molecule, the same backbone nitrogen instead forms
a H-bond with the carbonyl of AlaL33.

CDRL3 forms an extended structure that approximates a
known canonical structure. The only residues that differ from
the canonical conformation are SerL93 and AsnL94 near the
tip, but such variability at these positions is not uncommon
(31). The sequence of this loop contains TrpL91 and TrpL96,
which line one side of the binding pocket (Figure 2).

HeaVy-Chain CDR Loops.CDRs H1 and H2 both exhibit
standard canonical structures. CDRH1 projects several
hydrogen-bond-donating and -accepting side chains (AsnH33
and TyrH35) into the binding pocket, which may be of
mechanistic significance (Figure 2).

CDRH3 is truncated compared to most other antibodies
with a single deletion at position 100. The torso of CDRH3
contains the characteristicâ-bulge consistent with the pres-
ence of ArgH94 and absence of AspH101 (33). CDRH3 was
unexpectedly well-ordered in the electron density, consider-
ing that the loop contains three consecutive glycine residues
at the apex (sequence CARGGGLFAFW). This unusual
stretch of glycines probably arises from excision of the DH

gene, during VH-DH-JH recombination, and the N addition
of eight guanine nucleotides. The evident conformational
stability of CDRH3 is likely related to several key intraloop
and interloop hydrogen bonds occurring between CDRH3
and H1, L1, and L2.

Architecture of the Binding Pocket.The binding pocket
is largely hydrophobic, lined at the bottom and three sides
by aromatic side chains (Figure 2); PheH99 constitutes the
floor of the pocket, while TyrL32, TrpL91, TrpL96, TyrH35,
and TyrH50 form three of the sides (Figure 2). The fourth
side of the pocket is derived from the peptide backbone of
CDRH3, as the residues of H3 are either glycine (H95-
H97), alanine (H93, H101) or have side chains outside of
the pocket (ArgH94, LeuH98, PheH102). The only cluster
of hydrogen-bond-donating residues within the binding
pocket is located on the heavy-chain side of the binding
pocket and consists of AsnH33, TyrH35, TyrH50, and
TrpL96 (Figure 2). These side chains are ideally situated to
coordinate a tetrahedral transition state and, thus, are
hypothesized to comprise the relevant portion of the binding
pocket for catalysis.

FIGURE 2: Top view (stereo) of the 15A10 binding pocket. The
heavy chain is shown in blue and light chain in salmon. Hydrogen
bonds are represented as green dashed lines. This coloring scheme
will be used throughout. AsnH33, TyrH35, and TrpL96 cluster
together to form the putative oxyanion hole. The side chain of
AsnL34 forms a stabilizing hydrogen bond with the backbone of
the CDRH3 loop.
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Docking of the TSA-1. Superposition of the Lowest-Energy
Cluster. Unfortunately, attempts to cocrystallize or soak
preexisting crystals with transition state analogue have not
been successful, possibly due to partial occlusion of the
binding pocket by a symmetry-related molecule. Thus,
docking of the ligand was assayed as an alternative means
of analyzing and interpreting the available structural and
biochemical data.

One hundred solutions from the docking simulation were
clustered in groups with RMS deviations less than 1.5 Å.
These groups were ranked according to favorable docking
energy. The final solutions from docking are independent
of initial starting conditions, as altering the initial placement
and orientation of the TSA-1 within the binding pocket has
little effect on the final docking result. Of the 100 solutions,
nine were clustered at the lowest docking energy (predicted
-10.1 kcal mol-1). Superposition of these nine solutions
shows that the main source of variation is in the torsion of
the TSA-1 phenyl ring. Overall, the remaining phosphonate,
methylester, and tropane skeleton superimpose closely. One
of these solutions has been chosen for discussion (Figure
3), although the interactions described would apply to the
other nine members of this cluster.

Chemical Modification.Arginine, histidine, and tyrosine
residues were chemically modified to assess their contribu-
tion to hydrolytic activity. Modification of arginine guanidi-
nyl groups with phenylglyoxal produced no change in Mab
15A10 catalytic activity, consistent with the structural data
that show ArgH94 is outside the binding pocket. Tyrosine
is abundantly distributed throughout the CDR regions of both
the light and heavy chain of Mab-15A10. Activity was
reduced to that of a noncatalytic control upon modification
of tyrosine hydroxyl groups with tetranitromethane, under-
scoring the importance of the tyrosine hydroxyls observed
in the binding pocket. A single histidine residue is located
on CDRL3 and points out of the binding pocket (Figure 2).
Surprisingly, activity was decreased to 6-12% after modi-
fication of imidazole groups with diethylpyrocarbonate
(DEPC). DEPC is highly reactive and is known to react
promiscuously with primary amino groups, cysteine and,
notably, tyrosine (34), which might explain the decrease in
activity. Hydroxylamine restored activity to 71.0-83.3% of

baseline by deprotecting the DEPC-modified residues. Hy-
droxylamine had no affect on the activity of unmodified
15A10.

Mutagenesis.The ScFv retained similar kinetic parameters
as the intact IgG after correcting for the number of binding
sites, validating the construct design (data not shown). A
panel of mutations was generated using the ScFv to
determine side-chain contributions to activity as well as
binding of TSA (Table 3). In general, mutation of residues
with side chains directed away from the binding pocket had
little effect on activity or TSA binding. For example,
AspL30Asn and AspH31Asn retained full activity and TSA
binding. The one exception was HisL95Ser, which lost
activity but retained TSA binding. Mutation of TyrL32Phe
(L1), TyrH32Phe (H1), or TyrH50Phe (H2) had no signifi-
cant effect on hydrolytic activity or binding to TSA (Table
3). However, TyrH35Phe resulted in a marked decrease in
activity (75% lower than the wild-type antibody) but without
change in TSA binding. The AsnH33Ala mutant resulted in
a total loss of hydrolytic activity and affinity for TSA. Two
tryptophan residues (TrpL91 and TrpL96) are located toward
the bottom and side of the binding pocket and appear to be
critical in creating the hydrophobic environment required for
accommodating the TSA in the cavity. Both TrpL91Ala and

FIGURE 3: Side view (stereo) of the 15A10 binding pocket with TSA-1 docked. The TSA-1 is highlighted by brighter coloration; the
phosphate is colored green. TrpL91 and TrpL96 form one side of the binding pocket, while PheH99 forms the floor of the binding pocket.
TrpL96, TyrH35, and AsnH33 are perfectly arranged to coordinate the tetrahedral phosphonate.

Table 3

ScFv
construct CDR

TSA-1
contacta

activityb

(%)
TSA

binding

wild-type NA 100 +
AspL30Asn L1 - 100 +
TyrL32Phe L1 + 100 +
AsnL34Gly L1 + 0 -
AsnL34Gln L1 + 0 -
TrpL91Ala L3 + 0 (
HisL95Ser L3 - 0 +
TrpL96Ala L3 + 3 (
TrpL96His L3 + 0 -
AspH31Asn H1 - 100 +
TyrH32Phe H1 - 100 +
AsnH33Ala H1 + 0 -
TyrH35Phe H1 + 24 +
TyrH50Phe H2 - 83 +
a Predicted contact based on computational docking.b The activity

of mutants is calibrated against wild-type, which is defined as 100%.
The cocaine concentration is 2 mM in these assays.
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TrpL96Ala mutants also resulted in a total loss of TSA
affinity and catalytic activity (Table 3). The TrpL96His
mutant was characterized, since histidine, in principle, might
retain similar steric properties but provide a better general
base and thereby facilitate catalysis. However, this substitu-
tion resulted in a total loss of catalytic activity and TSA
affinity. The mutants AsnL34Gly and AsnL34Gln near the
bottom of the binding pocket exhibit no catalytic activity
and do not bind the TSA (Table 3). AsnL34 may fine-tune
transition state binding by stabilizing the conformation of
CDRH3 through the hydrogen-bond interaction with the
backbone amide of PheH99.

DISCUSSION

Identification of the PutatiVe Oxyanion Hole.In the crystal
structure, the side chains of AsnH33, TyrH35, TyrH50, and
TrpL96 are all located on one face of the binding pocket,
and their side-chain hydrogen-bond-donating groups cluster
in close proximity (Figures 2 and 3). Docking of the tran-
sition state analogue supports the hypothesis that AsnH33,
TyrH35, and TrpL96 donate hydrogen bonds to thePro-R,
Pro-R/S, andPro-S oxygens of the phosphonate, respectively
(Figure 3). TyrH35 may form a bifurcated hydrogen bond
to both thePro-R andPro-S oxygens. This docking result
correlates well with chemical modification and mutagenesis
studies (Table 3). Modification of tyrosine residues with
tetranitromethane was detrimental to activity, and the muta-
tions AsnH33Ala, TyrH35Phe, and TrpL91Ala either abolish
or significantly affect both activity and TSA binding (Table
3). Thus, docking and mutagenesis imply that these residues
comprise the portion of the binding pocket most important
for transition state stabilization.

Orientation of the TSA in the Antibody ActiVe Site.The
docking simulation predicts that the lowest-energy conforma-
tion occurs when the TSA-1 is oriented in the binding pocket
with the methylester and phenyl rings directed toward
solution (Figure 3), reminiscent of the orientation seen in
the cocaine-binding antibody, GNC92H2 (15). Here, the
transition state analogue is predicted to form nearly the same
number of contacts to both the light and heavy chains with
the side chains of TyrL32, AsnL34, TrpL91, TrpL96,
TyrH35, TyrH50, and PheH99 and the backbone of GlyH95,
GlyH96, GlyH97, and LeuH98 (Figures 2 and 3). Impor-
tantly, these proposed interactions are consistent with mu-
tagenesis data; residues that are not predicted to contact the
TSA-1 (outside the binding pocket) have less of an impact
on TSA binding and catalysis than residues inside the binding
pocket (Table 3, Figures 2 and 3). The one exception in this
trend is the HisL95Ser mutant, which is inactive yet outside
the binding pocket (Figure 2). We speculate that HisL95 may
form an important secondary sphere interaction (35) that has
a subtle structural role.

While hydrogen-bonding interactions are relatively straight-
forward to predict due to their specificity and the requisite
tetrahedral geometry of the phosphonate, the precise location
of the tropane skeleton and phenyl ring is more difficult to
predict. One unfortunate limitation of docking is that
movements of the antibody side chains are not modeled.
Thus, the orientation of the tropane skeleton and phenyl ring
could be (and are likely) shifted in the true complex.

Proposed Mechanism for Catalysis.The close agreement
between transition state stabilization,KMKDTS

-1, and the

observed rate acceleration,kcatkuncat
-1 (Table 1), implies that

hapten-binding interactions resemble the interactions found
in the transition state and that binding energy is converted
into catalysis with∼100% efficiency (11). The simplest
mechanism for catalysis that is supported by our data is
oxyanion stabilization resulting from attack by hydroxide.
Although a pH-rate profile has not been measured for
15A10, many esterolytic antibodies show linear first-order
reaction kinetics with respect to hydroxide anion concentra-
tion (36). Consequently, the attacking hydroxide is unlikely
to be further activated by a general acid/base found in the
antibody binding pocket. Indeed, with the exception of
TyrH35, there is no other potential general acid/base in the
binding pocket of 15A10. Rather, hydrogen bonds from the
oxyanion hole to the carbonyl oxygen of the benzoyl ester
of cocaine likely destabilize the ester making it more
susceptible to attack by ambient hydroxide, while additional
hydrogen bonds from the oxyanion hole preferentially
stabilize the tetrahedral intermediate. Further structural
studies are required to determine the precise direction of
water attack with respect to the benzoyl ester.

Oxyanion stabilization has a differential impact on ca-
talysis for various natural esterase and protease enzymes with
estimated contributions of 2-3 kcal mol-1 in papain (37)
and cutinase (38), 3-4 kcal mol-1 in prolyloligopeptidase
(39), 2-5 kcal mol-1 in subtilisin (40-42), and 5-7 kcal
mol-1 in acetylcholinesterase (43) and Zn2+ peptidase (44).
A contribution of 5-7 kcal mol-1 from oxyanion stabilization
was estimated for the D2.3 hydrolytic antibody (36). For
15A10, transition state stabilization is∼6 kcal mol-1 (∆
Gcat

q - ∆Guncat
q ) RT(ln(kcatkuncat

-1))). Hydrolysis of cocaine
above background was not detected for the AsnH33Ala
mutant. If this mutant forms the H-bond in the oxyanion hole
as predicted by docking, then its contribution to oxyanion
stabilization is estimated to be at least 3-4 kcal mol-1. The
contribution from TyrH35 would be less since the activity
of TyrH35Phe was only reduced∼4-fold compared to wild-
type, unless a water molecule is able to compensate in some
capacity for the absent hydroxyl, as was noted in prolyl-
oligopeptidase (39). Prolyloligopeptidase also has a tyrosine
hydroxyl in the oxyanion hole, but the Tyr473Phe mutant
shows a modest 8-40-fold reduction inkcatKM

-1 (39). The
contribution to oxyanion stabilization from TrpL96 is not
straightforward to estimate, since this residue probably also
plays an important role in substrate binding.

Comparison of 15A10 to Other ReleVant Structures.
Cocaine-Binding Antibody GNC92H2.Comparison of the
cocaine-binding antibody GNC92H2 with the cocaine-
degrading antibody 15A10 reveals several striking differ-
ences. At the level of primary sequence, the two antibodies
share only 47% identity in the heavy chain and 40% identity
in the light chain (Figure 4). At the structural level, the
TSA-1 in 15A10 is proposed to form a nearly equal number
of contacts with the light and heavy chain, while contacts in
GNC92H2 were predominantly derived from the light chain
(15). In addition, the binding pocket of 15A10 is shallower
than that of GNC92H2. For GNC92H2, the tropane skeleton
is buried more deeply in the pocket forming a contact with
the side chain of GluH93, while in 15A10 PheH99 forms
the floor of the binding pocket, which is located on the same
level as H95 in GNC92H2. Moreover, the lack of side chains
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at the apex of CDRH3 (three glycines) and the single deletion
(residue H100) in CDRH3 reduce the length of the loop
compared to most other antibodies, further contributing to
the relative shallowness of the pocket. Despite this shallow-
ness, 15A10 could form as many contacts with the TSA-1
as GNC92H2 does with cocaine due to extensive interactions
with the aromatic side chains in 15A10 (Figure 3).

A much more striking difference between the two antibod-
ies is the apparent lack of electrostatic complementarity in
the binding pocket of 15A10 compared to GNC92H2. The
tropane nitrogen of cocaine has a pKa ≈ 8.6, which implies
that it should be protonated at physiological pH. The binding
pocket of GNC92H2 accommodates this positive charge with
a corresponding negatively charged GluH93, which is buried
at the bottom of the pocket (15). The binding pocket of
15A10, however, is lined with aromatic residues and lacks
any electrostatic complementarity (Figure 5). Possibly, these
aromatic residues (PheH99 and TrpL96) form stabilizing
cation-π interactions (45). Since AsnL34 is located at the
floor of the 15A10 binding pocket, in proximity to the
proposed position for the tropane skeleton, it would be
interesting to test an AsnL34Asp mutation to see whether
electrostatic complementarity can be engineered into the

15A10 binding pocket. Such complementarity might assist
in lowering theKM for the antibody, thereby improving the
specificity constant. Finally, the total number of hydrogen

FIGURE 4: Sequence alignment of 15A10 with GNC92H2. The shaded regions correspond to the CDR loops. The sequence identity for
both heavy and light chains is only∼47% (heavy chain) and∼40% (light chain). Thus, the two antibodies have little in common at the
sequence and structural level, even though they were raised against similar haptens.

FIGURE 5: Electrostatic complementarity surface of binding pocket.
A red or blue surface would correspond to electronegative or
electropositive potential, respectively. Here, the predominant gray
coloration indicates that the pocket is hydrophobic, due to the
aromatic side chains lining the interior of the pocket. AsnH33 and
TyrH35 are proposed to form hydrogen bonds in the oxyanion hole.
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bonds proposed to form between 15A10 and the TSA differs
substantially from GNC92H2. Hydrogen bonds were notice-
ably absent from the GNC92H2 complex, and were limited
to a water-mediated hydrogen bond between the antibody
and cocaine (15).

Comparison to Other Hydrolytic Antibodies.Nearly half
of the ∼50 catalytic antibody structures deposited in the
Protein Data Bank (PDB) are from various hydrolytic
antibodies in complex with transition state analogues,
substrate analogues, and products (Table 1). These antibodies
include 48G7 (46, 47), 17E8 (48), 29G11 (49), CNJ206 (50),

43C9 (10), D2.3 (51), and 6D9 (52). All of these antibodies
were raised against either phosphonate or phosphonamidate
transition state analogues and, with the exception of 6D9
(which will not be discussed further) (52), catalyze the
hydrolysis ofp-nitrophenol esters.

To gain greater insight to the catalytic mechanism for
15A10, these hydrolytic antibodies were superimposed
according to their framework variable regions (Figure 6).
Examination of these crystal structures reveals obvious
similarities in the oxyanion hole of 15A10, 48G7, 17E8,
29G11, CNJ206, and 43C9 (Figure 6a-f). Antibody 48G7

FIGURE 6: Comparison to other known hydrolytic antibodies. The variable framework regions of six different hydrolytic antibodies were
aligned to the 15A10 crystal structure. Nearly the same view is shown in each example to illustrate the interactions with the TSA (when
available) in the oxyanion hole. The conserved TrpH47 is shown in each panel as reference: (A) 15A10; (B) 48G7; (C) 17E8; (D) 43C9;
(E) CNJ206; (F) D2.3.
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utilizes ArgL96, TyrH33, HisH35, and the backbone amide
of H96 for transition state stabilization (Figure 6b) (46, 47).
Antibodies 17E8 and 29G11 (Figure 6c,d) are related to each
other (92% sequence identity (53)) and use similar residues
for oxyanion stabilization (48, 49) as 48G7, except that a
hydrogen bond from the LysH93-Nz amine substitutes for
the observed TyrH33 hydroxyl in 48G7. Antibody CNJ206
is also similar with hydrogen bonds from HisH35 and the
backbone amides of H96 and H97 (Figure 6e) (50). Although
a crystal structure of 43C9 in complex with the transition
state analogue is not available, it is proposed that HisL91,
ArgL96, AsnH33, and HisH35 likewise contribute to oxy-
anion stabilization (Figure 6f) (10). Therefore, for these
antibodies the constellation of side chains derived from L96,
H33, H35, and the backbone amide of H96 constitute a
general recurring theme for oxyanion stabilization, arising
from structural convergence within the antibody-binding
pocket (6, 7).

The proposed residues involved in oxyanion stabilization
for 15A10 (TrpL96, AsnH33, and TyrH35) (Figure 6a) agree
with the assignment for these other antibodies (48G7, 17E8,
29G11, CNJ206, and 43C9). Notably, 43C9 also has an
asparagine at position H33 (Figure 6f). While the position
of the oxyanion hole is predicted to be located in a similar
area of the antibody-binding pocket, the precise identity of
the residues differs. HisH35 is highly conserved in these other
hydrolytic antibodies, while in 15A10, this residue is a
tyrosine, and TrpL96 is more commonly an arginine.

Catalytic antibody D2.3 differs from this general theme
(Figure 6g). Here, oxyanion stabilization arises from hydro-
gen bonds to AsnL34, TrpH95, and TyrH100D (51). While
the location of these residues is on the opposite side of the
binding pocket to the corresponding residues in 15A10, the
identity of the residues is exactly the same as those proposed
in 15A10 (Figure 6a). Thus, the composition of the oxyanion
hole in D2.3 is quite similar to that proposed to form in
15A10, albeit on the opposite side of the binding pocket.

CONCLUSIONS

We have structurally and biochemically characterized a
cocaine-degrading catalytic antibody that has been tested
successfully in preclinical trials (5, 12). The combination of
TSA-1 docking in the crystal structure, chemical modification
and mutagenesis data, and comparison to other hydrolytic
antibodies collectively supports the proposed mechanism of
oxyanion stabilization and the assignment of the oxyanion
hole (AsnH33, TyrH35, and TrpL96). The crystal structure
provides a basis for structure-based humanization, just as
the structure of GNC92H2 facilitated its humanization (17).
In addition, the structure provides a foundation for additional
mutagenesis studies to enhance the catalytic activity.
TrpL96Arg or TyrH35His would introduce oxyanion hole
residues identical to those seen in the 48G7/17E8 family of
hydrolytic antibodies. Likewise, AlaH93Lys would further
mimic the oxyanion hole of 17E8 and 29G11 (Figure 6c).
AsnL34Asp would provide greater electrostatic complemen-
tarity at the base of the binding pocket, which was an
important determinant for recognition in the cocaine-binding
antibody and, thus, could lower theKM for 15A10. In this
regard, it might be possible to introduce a bulky tryptophan
residue at the apex of the CDRH3 loop to aid in capping the

active site and thereby lower theKM. Random mutagenesis
of any of the proposed contact residues in CDRL1, L3, H1,
and H3 and screening by phage display against the TSA
could provide additional means of improving the catalytic
activity (35, 54, 55). Finally, comparison of this cocaine
catalytic antibody to others (as their structures become
available) will provide insights into antibody engineering,
as well as second-generation TSA design strategies.
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