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Cocaine (1) is a powerful stimulant and may be the most
reinforcing of all drugs. Consequently, the abuse of cocaine
continues to be a major societal and health problem. A myriad of
medical problems, including death, often accompany cocaine use,
and the association of the drug with the spread of AIDS is of
concern.1 Cocaine acts as an indirect dopamine agonist by blocking
the dopamine transporter in the pleasure/reward center of the brain.2

This obstruction leads to an excess of dopamine in the synapses,
amplifying pleasure sensation. Despite intensive effort, there is no
effective pharmacotherapy for cocaine abuse.3 The inherent dif-
ficulties in antagonizing a blocker have led to the development of
protein-based therapeutics designed to treat cocaine abuse. Our
laboratory4 and others5 have shown that anti-cocaine antibodies can
sequester cocaine, retarding its ability to enter the CNS, in an
approach termed immunopharmacotherapy. A parallel strategy
utilizes catalytic antibodies that are specific for the hydrolysis of
the benzoyl ester of cocaine to give the nonpsychoactive products
benzoate and methyl ecgonine2 (Scheme 1).6 While the potential
of this method has been demonstrated in rodent models of cocaine
overdose and reinforcement, the kinetic constants of these antibodies
must be improved to be a viable clinical treatment.6a,7Alternatively,
potential enzymatic therapeutics have been explored and include
butyrylcholinesterase (BChE), the major cocaine-metabolizing
enzyme present in the plasma of humans and other mammals,8 and
the bacterial cocaine esterase (cocE).9 The efficacy of any protein-
based cocaine treatment is limited by their inability to access the
CNS. Thus, their success depends on peripheral contact between
the protein and ingested cocaine.

An improved treatment would contact cocaine both in circulation
as well as within the CNS. Filamentous bacteriophage with foreign
proteins displayed on its surface are able to penetrate the CNS of
mice after various routes of administration (e.g., intravenous,
intraperitoneal, intramuscular, intranasal), and can be administered
multiple times without visible toxic effects.10 Furthermore, bacte-
riophage can also diffuse into a wide variety of peripheral organs,
including the lung, kidney, spleen, liver, and intestine.11 The genetic
flexibility of filamentous phage allows for a wide variety of proteins,
antibodies, and peptides to be displayed on the protein phage coat
in a methodology known as phage display.12 Filamentous bacte-
riophagefd (Figure 1) can be produced in high titer in bacterial
culture, making production simple and economical. Indeed, we have
shown the therapeutic potential of a phage-displayed cocaine-
binding antibody (GNC 92H2-pVIII).13 Due to the requisite 1:1
stoichiometry of any traditional antibody pharmacotherapy, it is
difficult to obtain a meaningful concentration of the therapeutic
agent in vivo. However, the modest success of this study encouraged
us to examine a phage-displayed catalytic protein as a cocaine
therapeutic. Herein, we describe the preparation and kinetics of the
first catalytic phage-displayed therapeutic with suitable rates to treat
cocaine addiction.

Cocaine esterase is a globular, 574-amino acid bacterial enzyme
with a molecular weight of∼65 kDa and is the most efficient
protein catalyst for the hydrolysis of cocaine characterized to date.9

The specificity rate constant of this enzyme (kcat/Km) is 103-fold
higher than that of BChE, and 105-fold and 106-fold faster than
catalytic antibodies 15A1014 and GNL3A6,6a respectively. The size
and catalytic efficiency of cocE make it an ideal candidate for an
improved cocaine therapy. However, an exogenous bacterial enzyme
would be rapidly cleared via proteolysis and immune surveillance.
Also, available protein would not be able to enter the CNS, limiting
its efficacy. Bacteriophage, on the other hand, readily enter the
bloodstream and cross the blood-brain barrier11 and are stable to
a variety of harsh conditions, such as extremes in pH and treatment
with nucleases and proteolytic enzymes. Furthermore, we and others
have shown that the immune response against filamentous bacte-
riophage is generally slow.11,13Thus, displaying cocE on the phage
surface may overcome the inherent disadvantages of the natural
enzyme and endow it with more favorable immuno/proteodynamics.

Expression of cocE was performed using protein III (pIII) and
protein IX (pIX) of the phage coat. These∼42 and∼3.7 kDa
proteins, respectively, are expressed in 3-5 copies on opposite ends
of the phage (Figure 1). These proteins were chosen because they
could best accommodate a protein of the size of cocE, in contrast
to major coat protein pVIII. CocE was expressed on phage by
ligating the vector pCocE between two flankingSfiI restriction sites
on phagemid pCGMT for cocE-pIII,16 or pCGMT9 for cocE-
pIX.17,18 Escherichia coli cells were transformed with either
phagemid and then infected with VCSM13 helper phage. After

Scheme 1. Hydrolysis Products of Cocaine Ester Cleavagea

a Cocaine1 is hydrolyzed to form nonpsychoactive products methyl
ecgonine2 and benzoic acid (path a), or psychoactive benzoyl ecgonine3
(path b).

Figure 1. The structure of filamentous bacteriophagefd.
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incubation and centrifugation, the pellet was resuspended in bacterial
media and the culture grown at 28°C. Since both phage and cocE
expression are temperature sensitive, 28°C was chosen as a
compromise between optimal phage growth (37°C) and cocE
expression (24°C). Under these conditions, both cocE-pIII and -pIX
were reproducibly grown in high titers (∼1011-1012 cfu/mL) with
consistent cocaine hydrolysis activity.

The rate of hydrolysis for cocE-pIII and -pIX was measured by
monitoring the increase in benzoic acid concentration over time
by reversed-phase HPLC. Both cocE-pIII and -pIX displayed classic
Michaelis-Menten steady-state kinetics (Table 1). Estimated values
of kcat andkcat/Km are reported as ranges, assuming an average of
between 0.1 and 5 copies of cocE per phage particle. While 5 copies
of cocE per phage is the theoretical maximum, the lower limit of
the range is a more reasonable estimate based on previous reports.19

It is encouraging to note that based on the activity of the wild-type
enzyme, no less than 10% of the phage displayed an average of 1
copy of cocE. Furthermore, the activity of the phage does not
depend on the coat protein on which cocE is expressed. Therefore,
there is no interference of the enzyme due to the local conditions
of the phage, such as antagonistic effects from the tethering protein
or nearby pVI or pVII coat proteins. In both cases, however, cocE-
pIII and -pIX are less active than the natural enzyme, primarily
due to a 103-fold reduction in apparentKm. While we can exclude
local phenomena on the phage surface, the reduced activity may
be caused by phage itself. It is more likely that the reduction in
kinetic parameters is due to misfolded enzyme, as phage expression
requires higher temperature than that for cocE. Indeed, expression
of native cocE at higher temperature (37°C) gave a good yield of
protein, but with little activity (data not shown). Identical to the
native enzyme, cocE-phage also is able to hydrolyze cocaethylene.9

However, due to the extremely poor solubility of this substrate,
we were unable to determine the kinetic parameters for this reaction.

Assuming the frequency of cocE incorporation relative to native
phage coat protein is low (i.e., the lower estimate is accurate), the
kcat of cocE-phage approaches that of the natural enzyme. In this
case, cocE-pIX achieves a therapeutically relevantkcat/Km (∼104

M-1 s-1);6a importantly, this value is greater than that of any known
catalytic anti-cocaine antibodies and only recently obtained by a
designed mutant BChE.20

While the relevance of phage-displayed cocE in vivo has not
been examined, these results demonstrate a potential method for
catalytic cocaine degradation in both the CNS and the periphery
possessing both suitable kinetic parameters and pharmacological
profile for mammalian administration. Ultimately, testing cocE-
phage constructs in animal models of cocaine addiction is required
prior to advancement to human models and will be the subject of
future studies.
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Table 1. Summary of Kinetic Parameters for CocE Enzymesa

catalyst Km
b (µM) kcat

c (min-1) kcat/Km
c (M-1 s-1)

cocE-pIX 586( 63 415-8.3 11.8× 103-0.2× 103

cocE-pIII 412( 43 181-3.6 7.3× 103-0.1× 103

cocEd 0.64( 0.02 468( 6 (1.2( 0.04)× 107

a See Supporting Information for procedures of kinetic experiments.
b ApparentKm. c Estimated range ofkcat or kcat/Km based on the possibility
of 0.1-5 copies of cocE displayed per phage particle.d Values taken from
ref 9.
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