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Cocaine 1) is a powerful stimulant and may be the most Scheme 1. Hydrolysis Products of Cocaine Ester Cleavage?

reinforcing of all drugs. Consequently, the abuse of cocaine Me.t,

continues to be a major societal and health problem. A myriad of a CoMe + ©/C°2'
medical problems, including death, often accompany cocaine use,

and the association of the drug with the spread of AIDS is of Mgy

concernt Cocaine acts as an indirect dopamine agonist by blocking CO,Me

the dopamine transporter in the pleasure/reward center of theZorain. O\'p

This obstruction leads to an excess of dopamine in the synapses, 1 S Me. i

amplifying pleasure sensation. Despite intensive effort, there is no

effective pharmacotherapy for cocaine abfiSéhe inherent dif- op

ficulties in antagonizing a blocker have led to the development of 3

protein-based therapeutics designed to treat cocaine abuse. Our ) ) .

laboratory and othershave shown that anti-cocaine antibodies can Cocainel is hydrolyzed to form nonpsychoactive products methyl
ecgonine2 and benzoic acid (path a), or psychoactive benzoyl ecgdhine

sequester cocaine, retarding its ability to enter the CNS, in an (path b).

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 \h__-.([. :

OH

_ ) : N - -
benzoate and methyl ecgonigéScheme 1§.While the potential o ——
of this method has been demonstrated in rodent models of cocaine

overdose and reinforcement, the kinetic constants of these antibodies pll pVi pVil pIX pVil  ssDNA

must be improved to be a viable clinical treatm&tAlternatively,
potential enzymatic therapeutics have been explored and includef/gure 1. The structure of filamentous bacteriophdde
butyrylcholinesterase (BChE), the major cocaine-metabolizing
enzyme present in the plasma of humans and other maniraats,

the bacterial cocaine esterase (cotEhe efficacy of any protein-
based cocaine treatment is limited by their inability to access the
CNS. Thus, their success depends on peripheral contact betwee
the protein and ingested cocaine.

An improved treatment would contact cocaine both in circulation

L . . i ~ and catalytic efficiency of cocE make it an ideal candidate for an
as WFT" as .W'th'n the CNS' Filamentous bacteriophage with foreign improved cocaine therapy. However, an exogenous bacterial enzyme
proteins displayed on its surface are able to penetrate the CNS of,

) 4 - h ) would be rapidly cleared via proteolysis and immune surveillance.
mice after various routes of administration (e.g., intravenous, aisq, available protein would not be able to enter the CNS, limiting
intraperitoneal, intramuscular, intranasal), and can be administered;;q efficacy. Bacteriophage, on the other hand, readily enter the
multiple times without visible toxic effectd.Furthermore, bacte-  godstream and cross the blesrain barriek and are stable to
riophage can also diffuse into a wide variety of peripheral organs, 3 yariety of harsh conditions, such as extremes in pH and treatment
including the lung, kidney, spleen, liver, and intestih&he genetic  yith nucleases and proteolytic enzymes. Furthermore, we and others
flexibility of filamentous phage allows for a wide variety of proteins, hayve shown that the immune response against filamentous bacte-
antibodies, and peptides to be displayed on the protein phage coatiophage is generally slow:13Thus, displaying cocE on the phage
in a methodology known as phage displéyrilamentous bacte-  syrface may overcome the inherent disadvantages of the natural
riophagefd (Figure 1) can be produced in high titer in bacterial enzyme and endow it with more favorable immuno/proteodynamics.
culture, making production simple and economical. Indeed, we have  Expression of cocE was performed using protein 11l (plll) and
shown the therapeutic potential of a phage-displayed cocaine-protein IX (pIX) of the phage coat. These42 and~3.7 kDa
binding antibody (GNC 92H2-pVIII}? Due to the requisite 1:1  proteins, respectively, are expressed-irbZopies on opposite ends
stoichiometry of any traditional antibody pharmacotherapy, it is of the phage (Figure 1). These proteins were chosen because they
difficult to obtain a meaningful concentration of the therapeutic could best accommodate a protein of the size of cocE, in contrast
agent in vivo. However, the modest success of this study encouragedo major coat protein pVIll. CocE was expressed on phage by
us to examine a phage-displayed catalytic protein as a cocaineligating the vector pCocE between two flankiBj restriction sites
therapeutic. Herein, we describe the preparation and kinetics of theon phagemid pCGMT for cocE-pIt§ or pCGMT9 for cocE-
first catalytic phage-displayed therapeutic with suitable rates to treat pIX.17:18 Escherichia coli cells were transformed with either
cocaine addiction. phagemid and then infected with VCSM13 helper phage. After

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.
The specificity rate constant of this enzymea(Ky) is 1C-fold
ri’1igher than that of BChE, and *bld and 10-fold faster than
catalytic antibodies 15AT0and GNL3A6% respectively. The size
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aSee Supporting Information for procedures of kinetic experiments. ~ Supporting Information Available: Experimental procedures for

> ApparentKp. ¢ Estimated range dica Or keafKm based on the possibility  the expression of cocE-phage and kinetic experiments. This material

offoél—S copies of cocE displayed per phage parti€l¢alues taken from is available free of charge via the Internet at http://pubs.acs.org.
ref 9.

incubation and centrifugation, the pellet was resuspended in bacterialReferences
media and the culture grown at 28. Since both phage and cocE (1) (a) Brody, S. L.; Slovis, C. M.; Wrenn, K. DAm. J. Med 1990 88,

expression are temperature sensitive, 8 was chosen as a 325-331. (b) Des Jarlais, D. C.; Frieland, S. $tiencel989 245 578.
; ; (2) (a) Ritz, M. C.; Lamb, R. C.; Goldberg, S. R.; Kuhar, MS&iencel987,

compromise between optimal phage growth (37) and cock 237 1219-1223. (b) Withers, N. W.; Pulvirenti, L.. Koob, G. F.; Gillin,

expression (24C). Under these conditions, both cocE-plll and -pIX J. C.J. Clin. Psychopharmacoll995 15, 63—78.

were reproducibly grown in high titers-L0!—10'2 cfu/mL) with (3) Mendelson J. H.; Mello N. KNew Engl. J. Med1996 334, 965-972.

; ; R Wi (4) (a) Carrera, M. R. A.; Ashley, J. A.; Parsons, L. H.; Wirsching, P.; Koob,
consistent cocaine hydrolysis activity. G. F.; Janda, K. DNature 1995 378 727-730. (b) Carrera, M. R. A.;
The rate of hydrolysis for cocE-plll and -pIX was measured by Ashley, J. A.; Zhou, B. Wirsching, P.; Koob, G. F.; Janda, K.Fboc.

itAr H i i i ; i Natl. Acad. Sci. U.S.A200Q 97, 6202-6206. (c) Carrera, M. R. A;;
monitoring the increase in benzoic acid concentratlon over tlm_e Achiey. 3. A Wirsching, P+ Koob. G. F.. Janda. K_mroc. Natl. Acad.
by reversed-phase HPLC. Both cocE-plll and -pIX displayed classic Sci. U.S.A2001, 98, 1988-1992. (d) Carrera, M. R. A.; Trigo, J. M.;
Michaelis-Menten steady-state kinetics (Table 1). Estimated values Roberts, A. J.; Janda, K. Pharmacol., Biochem. Beha2005 in press.

f (5) (a) Fox, B. S.; Kantak, K. M.; Edwards, M. A.; Black, K. M.; Bollinger,
of kear andkeof Ky, are reported as ranges, assuming an average of K. Botka. A. J.. French. T. L. Thompson. T. L.. Schad, V. C.:

between 0.1 and 5 copies of cocE per phage particle. While 5 copies Greensteln J. L. Gefter, M. L.; Exley, M. A.; Swain, P. A.; Briner, T. J.

; : ; . Nat. Med 1996 2, 1129-1132. (b) Kantak, K. M.; Collins, S. L.; Lipman,
of cocE pgr phage is the theoretlgal maximum, the Iovyer limit of E. G. Bond, J.- Giovanoni. K. Fox, B. $sychopharmacologg000
the range is a more reasonable estimate based on previous féports. 148 251-262.

It is encouraging to note that based on the activity of the wild-type  (6) (a) Matsushita, M.; Hoffman, T. Z.; Ashley, J. A.; Zhou, B.; Wirsching,

enzyme, no less than 10% of the phage displayed an average of 1 B'.;V‘gl"f‘.nzdﬁég'KD.B\'(g%g'é{'i‘?'&h&ﬂl‘kﬁgﬁogjgégé_i:(ﬁ's (?r). 'g?gi'g]rgé

copy of cocE. Furthermore, the activity of the phage does not 1993 259, 1899-1901. (c) Cashman, J. R.; Berkman, C. E.; Underiner,

. . . G. E.J. Pharm. Exp. Ther200Q 293 952-961. (d) Baird, T. J.; Deng,
depend on the coat protein on which cocE is expressed. Therefore, S.-X; Landry, D. W. Winger, G.; Woods, J. 8. Pharmacol. Exp. Ther.

there is no interference of the enzyme due to the local conditions 200Q 295 1127-1134.
of the phage, such as antagonistic effects from the tethering protein (7) Meijler, M. M.; Matsushita, M.; Wirsching, P.; Janda, K. Ourr. Drug
by pVI or pVII coat proteins. In both cases, however, cocE- Discavery Technol 2004 1, 77-89.
or nearby p p .p ' ! ] . (8) (a) Nachon, F.; Nicolet, Y.; Viquie, N.; Masson, P.; Fontecilla-Camps, J.
plll and -pIX are less active than the natural enzyme, primarily C.; Lockridge, O.Eur. J. Biochem2002 269, 630-637. (b) Mattes, C.
inn i i E.; Lynch, T.J.; Singh, A.; Bradely, R. M.; Kellaris, P. A.; Brady, R. O;

due to a 18fold reduction in apparer. While we can exc_lu_de Dretchen. K. L Toxicol. Appl. Pharmacoll997 145 372-380. (c) Sun,
local phenomena on the phage surface, the reduced activity may H.; Pang, Y.-P.; Lockridge, O.; Brimijoin,.9/ol. Pharmacol 2002 62,
be caused by phage itself. It is more likely that the reduction in o %2)0522‘:- LR <o A Bruce, NAGR, Eni

H : : H : a) Bresler, M. \Vl.; Rosser, S. J.; bBasran, A.; Bruce, N« . Erviron.
klnet_lc pargmeters is due to misfolded enzyme, as phage expression Microbiol. 2000 66, 904-908. (bj Larsen, N. A.; Turner, J. M.; Stevens,
requires higher temperature than that for cocE. Indeed, expression J.; Rosser, S. J.; Basran, A.; Lemer, R. A.; Bruce, N. C.; Wilson, I. A.

. . . Nat. Struct. Bial2002 9, 17—21. (c) Turner, J. M.; Larsen, N. A.; Basran,
of naFlve COCE. at hlgher tgrpperature (37) gave 39000! yield of A.; Barbas, C. F., lll; Bruce, N. C.; Wilson, I. A;; Lerner, R. A.
protein, but with little activity (data not shown). Identical to the Biochemistry2002 41, 12297-12307.
native enzyme, cocE-phage also is able to hydrolyze cocaeth¥/lene. (10) géenkel D.; Solomon, ERroc. Natl. Acad. Sci. U.S.&002 99, 5675~
However, due to the extremely poor solubility of this substrate, (11) Dabrowska, K.; Switala-Jelen, K.; Opolski, A.; Weber-Dabrowska, B.;
we were unable to determine the kinetic parameters for this reaction. Gorski, A.J. Appl. Microbiol 2005 98, 7—13.
Assuming the frequency of cocE incorporation relative to native  (12) Smith, G. PSciencel985 228 1315-1317.

in i i i i (13) Carrera M. R. A,; Kaufmann, G. F.; Mee, J. M.; Meijler, M. M.; Koob,
phage coat protein is low (i.e., the lower estimate is accurate), the G F. Janda, K. DProc. Natl. Acad. Sci. U.S./2004 101 10416

keat Of COCE-phage approaches that of the natural enzyme. In this 10421
case, cocE-pIX achieves a therapeutically relevag, (~10* (14) Deng, S. X.; De Prada, P.; Winger, G.; Landry, D.JMmmunol. Methods
M~1 s 1);8aimportantly, this value is greater than that of any known 2002 269 2?9_310' . i )

. . . K X _ (15) Larocca, D.; Burg, M. A.; Jensen-Pergakes, K.; Ravey, E. P.; Gonzales,
catalytic anti-cocaine antibodies and only recently obtained by a A. M.: Baird, A. Curr. Pharm. Biotechnol2002 3, 45-57.
designed mutant BChE. (16) Gao, C.; Mao, S.; Lo, C.-H. L.; Wirsching, P.; Lerner, R. A.; Janda, K.

; : : : D. Proc. Natl. Acad. Sci. U.S.A997 94, 11777-11782.
While the relevance of phage dISplayed cocE in vivo has not (17) Gao, C.; Mao, S.; Kaufmann, G. F.; Wirsching, P.; Lerner, R. A.; Janda,

been examined, these results demonstrate a potential method for K. D. Proc. Natl. Acad. Sci. U.S.A999 96, 6025-6030.
catalytic cocaine degradation in both the CNS and the periphery (18) Gao, C.; Mao, S.; Lo, C.-H. L.; Wirsching, P.; Lerner, R. A;; Janda, K.
possessing both suitable kinetic parameters and pharmacological __ D- Proc. Natl. Acad. Sci. U.S.A997 94, 11777-11782.

profile for mammalian administration. Ultimately, testing cocE- (19 Efge_k’ H.o Suk, K-H. Kim, Y.-H.; Cha, Siucleic Acids Re2002 30
phage constructs in animal models of cocaine addiction is required (20) Sun, H.; Pang, Y.-P.; Lockridge, O.; Brimijoin, Bol. Pharmacol 2002
prior to advancement to human models and will be the subject of 62, 220-224.
future studies. JA053086A
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