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ABSTRACT. The bacterial cocaine esterase, cocE, hydrolyzes cocaine faster than any other reported cocaine
esterase. Hydrolysis of the cocaine benzoyl ester follows Michaklenten kinetics withkeyy= 7.8 571

and Ky = 640 nM. A similar rate is observed for hydrolysis of cocaethylene, a more potent cocaine
metabolite that has been observed in patients who concurrently abuse cocaine and alcohol. The high
catalytic proficiency, lack of observable product inhibition, and ability to hydrolyze both cocaine and
cocaethylene make cocE an attractive candidate for rapid cocaine detoxification in an emergency setting.
Recently, we determined the crystal structure of this enzyme, and showed that it is a serine carboxylesterase,
with a catalytic triad formed by S117, H287, and D259 within a hydrophobic active site, and an oxyanion
hole formed by the backbone amide of Y118 and the Y44 hydroxyl. The only enzyme previously known

to use a Tyr side chain to form the oxyanion hole is prolyl oligopeptidase, but the Y44F mutation of cocE
has a more deleterious effect on the specificity rate constalK(,) than the analogous Y473F mutation

of prolyl oligopeptidase. Kinetic studies on a series of cocE mutants both validate the proposed mechanism,
and reveal the relative contributions of active site residues toward substrate recognition and catalysis.
Inspired by the anionic binding pocket of the cocaine binding antibody GNC92H2, we found that a Q55E
mutation within the active site of cocE results in a modest (2-fold) improvemdfy; jibut a 14-fold loss

of kear The pH rate profile of cocE was fit to the ionization of two groupK{p= 7.7; Kaz = 10.4) that

likely represent titration of H287 and Y44, respectively. We also describe the crystal structures of both
S117A and Y44F mutants of cocE. Finally, urea denaturation studies of cocE by fluorescence and circular
dichroism show two unfolding transitions (6:8.6 M and 3.2-3.7 M urea), with the first transition

likely representing pertubation of the active site.

Cocaine is a powerful stimulant and among the most 1997 was 161 000. Unfortunately, there is no effective
addictive of drugs. The strong reinforcing properties of this treatment for cocaine overdose, which can result in heart
drug are explained, in part, by the dopamine hypothd3is (  attacks, seizures, and death-@).

Cocaine blocks the dopamine re-uptake pathway, leading to The short serum half-life of)-cocaine -40 min) @—

excess dopamine stimulation in the pleasure center of the7) is mainly due to formation of nonpsychoactive metabolites

brain. According to a National Institute on Drug Abuse bv enzvme-catalvzed ester hvdrolvsis. Serum butvrvichol-
research report, in 1997 there were 1.5 million current oy y y ydrolysis. yry

cocaine users in the United States. In addition, the Substanc«e#]nesterase (BchE)and the liver carboxylesterase hCE-2

and Mental Health Services Administration estimated the ydrolyze the benzoyl este_r on.-cocaine 1). to ecgonine
number of emergency room incidents related to cocaine in Methy! ester 2) and benzoic acid&-10) (Figure 1, path
A). Liver carboxylesterase hCE-1 hydrolyzes the methyl ester

of (—)-cocaine {) to yield benzoylecgoninegj and methanol
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Ficure 1: Cocaine metabolism by naturally occurring enzymes. Ficure 2: Ribbon diagram of the cocE structure. The enzyme is
(A) The benzoyl ester of «)-cocaine {) is hydrolyzed by composed of three domains: DOM1 (i@eheet, orange-helices,
butyrylcholinesterase (BchE), human liver carboxylesterase h-CE2,and gray loops), DOM2 (green), and DOM3 (blue). The active site
and cocaine esterase (cocE) to egconine methyl &tand benzoic is located at the interface of all three domains, and the residues of
acid. B) Human liver carboxylesterase h-CE1l catalyzes the the catalytic triad are indicated the lett&$S117),H (H287), and
hydrolysis of the methyl ester of+)-cocaine to benzoylecgonine D (D259). Adapted from ref 26.

(3). (C) When ()-cocaine and alcohol are concurrently used, an

h-CE1-catalyzed transesterification converty-tocaine into co- antibodies and the design of haptens to elicit cocaine esterase

caethylene4). catalytic antibodies with improved activity.
We have described both the isolatid2b( and structure

An attractive mechanism for treatment for acute cocaine getermination 26) of a cocaine esterase (cocE) from a
overdose is to prevent cocaine from reaching the receptorsrRpodococcastrain (MB1) that grows in the rhizosphere soil
of action in the brain, such as the dopamine transporter. of the cocaine producing plarErythroxylum coca This
Research has focused on either the use of cocaine agonistgnzyme catalyzes hydrolysis of the benzoyl ester of cocaine
or antagonists 16—17), administration of a therapeutic a5 the first step in a metabolic pathway that is capable of
protein that hydrolyzes cocain&g), or immunization by a tilizing cocaine as a sole source of carbon and nitrogé (
cocaine binding or hydrolyzing antibod$%-22). Although  CocE is one of only two known enzymes that are believed
enzymatic hydrolysis of either the methyl or benzoyl ester o have evolved under selection pressure for cocaine hy-
of cocaine would be able to provide clearance, hydrolysis drolysis @7), and we considered it likely that this enzyme
of the methyl ester would likely cause the transesterification \yould be much more proficient at cocaine hydrolysis than
of cocaine into cocaethylene in patients who concurrently other esterases such as BchE, hCE-1, and hCE-2.
use both cocaine and alcohol. In contrast, hydrolysis of the The crystal structure of cocE26) revealed a globular
benzoyl ester of cocaine does not have this potential sideenzyme composed of three domains (DOM1, DOM2, and
effect. DOM3) (Figure 2). The enzyme is a member of &

While attempts to develop cocaine agonists have beenhydrolase superfamily2g, 29, with a hydrophobic active
largely unsuccessful6—17), initial experiments have shown  site located at the interface of all three domains. Within the
that active or passive immunization with a cocaine binding active site is a prototypical catalytic triad formed by S117,
antibody reduces the effects of cocair#2,(23. While a H287, and D259 (Figure 2). We have also previously
cocaine binding antibody would effectively reduce the described crystal structures of cocE bound to benzoate, a
cocaine levels in the brain, the drug concentration in acute product of the cocaine hydrolysis reaction and bound to
overdose patients may exceed the serum antibody concentraphenyl boronic acid, an analogue of the tetrahedral inter-
tion. In this case, a therapy based on catalytic breakdown of mediate 26).
cocaine would be necessary. The negatively charged tetrahedral intermediate that is

The specificity rate constant&:{/Ku) of several human  formed in the mechanism of serine hydrolases is stabilized
esterases, such as hCE-1, hCE-2, and BchE, for cocainghrough interactions with the oxyanion hole of the enzyme
hydrolysis are several orders of magnitude below a diffusion- (30—32). Different classes of esterases and proteases use
limited rate B—12). These enzymes have not evolved under different motifs in formation of the oxyanion hole. For
selection pressure for cocaine hydrolysis, but rather, seren-example, in the chymotrypsin class of enzymes, the oxyanion
dipitously accept cocaine as part of a broad range of hole is formed by the backbone NH groups of the catalytic
substrates. For example, BchE hydrolyzes the nonpharma-S195 and G1933@), while acetylcholinesterase and members
cologically active {)-enantiomer of cocaine over 2000 times of the hormone-sensitive lipase subfamily use three backbone
faster than the naturally occurringJ-enantiomer Z4). An NH groups to form the oxyanion hol83, 34. In addition
enzyme that evolved for cocaine hydrolysis would likely have to backbone amides, some serine hydrolases employ side
a faster rate than esterases such as hCE-1, hCE-2, and BchEehains to form the oxyanion hole. For example, the subtilisin-
If so, this enzyme would also be a useful model system for type enzymes substitute a side-chain amide of asparagine
the study of enzyme-catalyzed cocaine hydrolysis, which may for a main-chain NH 32). The crystal structure of cocE
aid in both the improvement of current cocaine catalytic revealed that the oxyanion hole of cocE is formed by the
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hydroxyl of Y‘_M and the backbone amide of Y118, adjacent Table 1: Data Collection and Refinement Statistics for the S117A
to the catalytic S11726). The only other known esterase and Y44F CocE Mutant Crystal Structures
that uses a Tyr hydroxyl to form the oxyanion hole is prolyl

Data Collection

oligopeptidase, which uses the hydroxyl of Y473 and the S117A mutant Y44F mutant
main-chain NH of N555, adjacent to the catalytic serine, wavelength (A) 0.97 (SSRL 11-1) 1.08 (SSRL 9-2)
S554 81, 32. resolution range (&) 30-1.76 (1.79-1.76) 30-1.64 (1.67-1.64)
Herein, we report biochemical and structural studies on no. of unique refs 74 054 91 569
completeness (%) 98.9 (98.1) 97.1(74.4)

cocE. Kinetics of bothlwild—type a_nd mutant enzymes, as redundancy 3.5 (3.6) 6.3 (1.8)
well as a pH-rate profile of the wild-type enzyme, reveal g _ » 5.4 (49.4) 4.8 (44.8)
the relative contribution of active site residues for substrate 1/o 19.4 (2.5) 39.1(1.8)
recognition, and support the binding model based on the

crystal structure. We also describe the crystal structures of

Refinement Statistics

the S_117A and Y44F mytants of cocE, as well as urea S117A mutant Y44F mutant
unfolding stU(_:iles on the W|Id-type, Sll?A, gnd Y44!: mutant — e residues 571 573
enzymes. This structural and biochemical information about  efined waters 533 592
cocE both provides some explanation for the improved Reyst 18.3% 19.0%
catalytic activity of cocE over other esterases and cocaine R’ & values (R 20.4% 21.0%
catalytic antibodies, and allows comparisons to be made avgrnagm;’a ues (%) 3.6 )16
between cocE, prolyl oligopeptidase, and the cocaine binding waters 34.0 323
antibody GNC92H2Z3, 35. ligand 23.5 n/a
Ramachandran statistics
most favored 86.0% 87.2%
MATERIALS AND METHODS additional allowed 12.2% 11.3%
; ; ; ; generously allowed 1.0% 0.6%
Cloning and Protein Expressiohuria broth and agar were disallowed 0.8% 0.8%

obtained from Life Technologies (Gaithersburg, MD). The  yeviations from ideal

cocE enzyme was subcloned into pET-22p(Novagen) geometry (RMS)

and transformed into BL21-Gold (DE3) cells (Stratagene). bond lengths 0.005 A 0.007 A
Soluble enzyme (20 mg 1) was obtained by overnight bond angles 135 143

. . . . . h dihedral angles 2473 24.6
induction with 1mM isopropy}3-D-thiogalactopyranoside improper angles 0.81 0.90°

(IPTG) at ~23 °C. CocE was~99% pure after two , - ,

. . aValues in parentheses refer to the highest resolution shi@Herge
consecutive rounds of NINTA agarose chromatography _ [5:3 [1(h) — O(h)ESh(h)]100, where T(h)Tis the average
(Qiagen). intensity ofi symmetry related observations of reflections with Bragg

Crystallization, Structure Solution, and Refinement of indexh. ©Reyst= [Zha [Fo — Fel/Zhw [Fol ]100, whereF, andF. are
Y44F and S117A cocE mutant§he Y44F and S117A the observed and calculated structure fact?)Fsree_was calculated as

. for Reysy but on 5% of data excluded before refinement.

mutants were expressed and crystallized as repd¢aéd
In brief, the solublée. colilysate was purified by Ni-agarose
chromatography, dialyzed against PBS{2 L), and against mutagenesis was done with the QuickChange site-directed
Ni-agarose binding buffer (2 2 L) (Qiagen), purified again ~ mutagenesis kit (Stratagene, La Jolla, CA). The primers used
by Ni-agarose chromatography, dialyzed into 20mM Tris pH for mutagenesis are listed below. Bold font corresponds to
7.5, 25 mM NacCl, 5mM DTT, and concentrated to 25 mg the codon that was mutated. (Y44F)sgnse cgcaaccite-
mL~% The enzyme was-99% pure as determined by gel gacaagttcg, Santisense cgaacttgiaagggttgcg; (Q55A) 5
electrophoresis stained with Coomassie blue. Crystals weresense gttcgcgtggtcgagegicgacaaactggcttg: Bntisense caagc-
grown from 1.4 to 1.6 M ammonium sulfate in Space group cagtttgtcgagacgtcgaccacgcgaac; (QSSE) gense cgtggtc-
P6522, with a= b = 106 A, andc = 220 .A..Data WEre  gacgyagcgacaaactg, antisense cagtttgtcgecgtcgaccacg;
collected at the_ Stanford Synchotron Radiation Laboratory (S117A) 5 sense gttcggegitgacttgggtg, 5antisense cac-
(SSRL), beamlines 9-2 (Y44F mutant) and 11-1 (S117A ccaagtagaacgccgaac: (S117C) Sense gtgggcatgtteg-
mutant), and processed W.'th HKLZOM (T_able L. T_he gcgttgctacttgggtgtgacc, mntisense ggtcacacccaagiapacgc-
mutant structures were refined in CN%/) using the native cgaacatgcecac; (W151A) Sense ccgegeccagdacggecetyd,

enzyme structure as a starting model (PDB 1JU4). The final . i g
Statistics WereRuys: = 19.0%, Riee = 21.0%, andRays: = 5" antisense ccagggccgggggegcegg; (W166A) Ssense

18.3%, ancReee = 20.4% for the Y44F and S117A mutants, 9¢t9ti999gcgeagetcteatag, antisense ctatgagageogage-
respectively (Table 1). Only three portions of the molecule cc@acagc; (D259N)"sense gctgggtggtaacgggticgteg, 5
contain notable disorder, including the amino and carboxyl @ntisense cgacgaagttgtaccacccagc; (F261A) Sense gg-
termini, and a loop region that connects helices H2 and H3 tacgacgggeggtcggegaatc, Jantisense gattcgccgagrecgteg-
in domain 2 (DOM2). This disordered loop consists of tacc; (H287A) 5sense gcccttggagtcagcaacctcac, @anti-
residues 178180 and residues 175181 in the Y44F and  Sense gtgaggttggycactccaagggc; (L407A) Sense ctcggggg-
S117A structures, respectively. Two additiotaterminal gacgctgcgdtccacaacggagac, antisense gtctccgttgtggege-
residues were refined in the Y44F mutant, which were not cagcgtccccccgag; (F408A) Sense ctcggggggacgctggty
visible in the S117A mutant or in the previously determined ccacaacggagacaacg, @ntisense cgttgtctccgtigggacag-
wild-type complexes. cagcgtccecccgag. The desired mutation was confirmed by
MutagenesisStandard desalted primers for mutagenesis DNA sequencing at the Protein and Nucleic Acids Core
were purchased from Retrogen (San Diego, CA). All Facility of The Scripps Research Institute.
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Kinetic MeasurementCocaine and cocaethylene were Table 2: Kinetics of Cocaine Hydrolysis by Wild-Type and Mutant

purchased from Sigma-Aldrich Corp (St. Louis, MO). Wild-

type and mutant enzyme concentrations were determined™ ~ = ant
using the Coomassie Plus Protein Assay Reagent Kit (Pierce)

with bovine serum albumin (Pierce) as a standard. Initial

rates were determined by following the change in absorbancerogia

at 240 nm 8) in a SpectraMax Plus 384 UV plate reader
(Molecular Devices) using SOFTmax Pro software (Version
3.1.2). The reaction was initiated by adding 1800f a 2x
enzyme solution to 150L of a 2x cocaine solution. Final
enzyme concentrations ranged from & mL™! to 50 ng
mL~%. Final cocaine concentrations were as follows: 125,
62.5, 31.25, 15.63, 7.81, 3.91, 1.95, and 0.2%¥. For the
kinetics of the wild-type and mutant cocE, the buffer was

phosphate buffered saline (PBS) pH 7.4. For the pH rate Q55E

profile, a buffer of 50mM bis-tris propane, 50 mM CAPS,
and 100 mM NaCl was used, adjusted to the following pH
values with HCI or NaOH: 6.5, 7.3, 7.7, 8.1, 8.5, 8.9, 9.3,
9.7, 10.1, and 10.5. Initial rates were fit to the Michaelis

Menten equation, witlk.,:andKy as adjustable parameters
(Kaleidagraph 3.0.5, Abelbeck Software). Each reporte
value of ks and Ky represents the mean of at least three

CocE
Keat(S7%) Kwm (M) KealKm (ST M)
wild-type 7.8 ¢0.1) 0.64 (0.02) 1.2 £0.04)x 10
wild-type with4 9.4 (#-0.2) 1.6 @0.1) 5.960.4)x 1¢°
0.27 £0.02) 9.6 ¢£0.9) 2.8 @0.3)x 10*
W151A 0.10 €-0.003) 51 £3) 2.0&0.1)x 1C°
W166A 0.27 0.03) 3.6 1.1) 7.52.4)x 10¢
407A 0.067 ¢-0.001) 1.240.03) 5.6 ¢0.2) x 10*
F408A 0.057 £0.002) 5.140.9) 1.1&0.2)x 10*
S117A <0.005 nd nd?
H287A <0.005 nd nd?
D259N <0.005 nd nd?
Y44F <0.005 nd nd?
S117C 0.046+40.004) 46 {6) 1.0 &0.2) x 1¢°
Q55A 1.7 ¢0.1) 0.75 0.27) 2.3 £0.8) x 1°
0.55 £0.08) 0.27 £0.06) 2.0 £0.5) x 10°

a2 Not determined.

ellipticity at 222 nm was calculated fron®g,] = © (10 x
Icn)~1, where ® are the raw data in millidegrees, | is the

d cell path length in cm, ¢ is the molar concentration of

enzyme, and n is the number of amino acids. Data were also

independent measurements, with the exception of the pH"ormalized and fit to a double sigmoidal plot.
dependence studies, which represent the mean of two ESULTS
independent measurements. Reported errors are the standard

deviation of the values measured. The pH dependence of CocE Hydrolyzes Cocaine Faster Than Any Known

keat Was fit using equatiod (31), with Knax pKaz, and p<az

as adjustable parameters. Thg andk../Kv pH-dependent
graphs were plotted using a smooth fitting function (Ka-
leidagraph V 3.0.5).

KealPH) = K (1 + 1P PH L PHPRay =L ()

Urea Denaturation.For measurements by fluorescence,

Cocaine Esterasé@©ur kinetic experiments showed that cocE
is highly proficient for cocaine hydrolysi&{:= 7.8 (£0.1)

s 1, Ky = 640 &20) nM, andkealkyncat= 5.7 (£0.7) x 10)

(39), with a specificity rate constant nearly diffusion limited
(kealKm = 1.2 0.04) x 10" st M™% (Keal K/ Kuncat= 8.9
(£0.4) x 10 M™1) (Table 2). For comparison, serum
butyrylcholinesterase (BchE) catalyzes the same reaction with
a specificity rate constant ¥fold lower (k.afKny = 4.6 x

the enzyme in PBS was added to urea buffer in PBS to a1 51 M-1) (8). CocE has both the highekéy and the

final enzyme concentration of 1,8M (1 mL final reaction
volume), and allowed to equilibrate overnight at°€3
Fluorescence (Epy) (lex = 280; 1em = 320) was measured

at room temperature using a SpectraMAX Gemini spectro-

fluorometer plate reader (Molecular Devices), with back-
ground subtracted3@). Each data point is the mean of four

lowestKy of any enzyme known to hydrolyze cocairg (
12). Furthermore, cocaethylene, a cocaine metabolite with
increased in vivo toxicity and lengthened circulating half-
life, is hydrolyzed by cocE with a similar rate as cocaine
(Keat = 9.4 (+0.2) s'; Ky = 1.6 (0.1) uM). We did not
observe any product inhibition of the cocaine hydrolysis

independent measurements. The data were normalized angaaction in the presence of up to 1 mM sodium benzoate or

fit to a double sigmoidal plot (e@) by minimizing the
difference between Egnand Emys With Emyin, EMntermediate
Emmax [Ureal, [ureal, m, andn, as the adjustable param-
eters. [urea]and [urea] are the urea concentrations at the
first and second transitions, respectively, an@&ndn, are
measurements of the cooperativity of the transitions.

Emntermediate_ Emnin

14+ lom([ureall—[urea])
Emmin - Emintermediate

14+ lonz([urea]r[urea])

Emy = Emy, +

)

ecgonine methyl ester.

CocE MutagenesisA panel of 12 mutants was generated
to probe contributions of residues within the acyl and alcohol
specifity pockets and to validate the mechanism proposed
by the crystal structure. The Michaetidenten parameters
(kcat and Ky) were measured and are summarized in Table
2. Residues that were mutated are shown in Figure 3.

Contribution of Actie Site Residues toward Substrate
Binding and CatalysisThe crystal structures of cockE bound
to phenyl boronic acid (Figure 3) and benzoate (Figure 4)
identified three residues that make extensive contacts with
the acyl portion of cocaine2). F261 stacks perpendicular

Samples for circular dichroism (CD) measurements were to the benzoyl moiety of cocaine, burying 20.% 0) and
similarly prepared, except that the final protein concentration making 7 van der Waals (vdw) contactdl), W151 interacts

was @M. Full CD spectra were collected on an AVIV 60DS

with the benzoyl moiety of cocaine, burying 20.8 And

spectropolarimeter, equipped with a temperature-controlled making 4 vdw contacts, and W16a6stacks with the benzoyl
cell holder. Each sample was aliquoted in a 0.1 cm quartz moiety, burying 24 A and making 12 vdw contac®6).
cuvette, and spectra were collected from 210 to 260 nm with Additionally, the NH, atom of W166 forms a hydrogen bond

a 1 s time constant and step size of 0.5 138)(The molar

to the side chain OH of Y44 (Figure 3a). The F261A mutant
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Catalytic Triad Residues and Y4Mlutation of any of the
catalytic triad residues (S117A, H287A, D259N), as well as
the oxyanion hole (Y44F), resulted in a detrimental effect
on catalytic activity ¢ 1500-fold decrease ik.a) (Table 2).

Due to the limitations on the sensitivity of the UV assay for
rate determination, the amount of enzyme necessary to
accurately measure initial rates for these four mutants would
exceed the substrate concentration. Consequently, it was not
possible to determine MichaetidMenten curves for these
mutants, and the reportdd, values must be regarded as
upper limits. Although the activity of the S117A cocE mutant
was too low to be accurately measured, the S117C mutant’s
activity was able to be determinel.{ = 0.046 s'; Ky =

46 uM). The specificity rate constankg/Kwm) of this mutant

is the lowest value of any of the mutants that could be
determined, lower than the wild-type by a factor of*10

S117A Crystal StructureThe crystal structure of the
S117A mutant was determined at 1.76 A resolution (Table
1) and has benzoate clearly bound in the acyl binding pocket
(Figure 4b). Since these crystals were never soaked with
benzoate or cocaine, benzoate must have carried through all
steps of the protein purification procedure and/or been present
as a contaminant in one of the purification buffers. The
interaction of benzoate with the wild-type cocE (Figure 4a)
buries nearly the same percentage surface a@aat the
interaction of benzoate with the S117A mutant (95% vs 93%,
respectively), and forms a similar number of van der Waals
contacts (38 mutant vs 47 wild-typed). The main
difference between the two structures is the number of
hydrogen bonds between the enzyme and the benzoate. In
the wild-type product complex, two hydrogen bonds are

Ficure 3: Different views of the active site of cocE bound to donated to the benzoic acid from the Y118 backbone NH

phenyl boronic acid. (a) (Sideview) In this view, the catalytic triad and the Y44 hydroxyl, while in the S117A mutant, a _th'rd
and active site residues are indicated. All three catalytic triad hydrogen bond is donated from H287. The conformation of
residues are hydrogen bonded to each other. Adapted from ref 26.H287 in the S117A structure (Figure 4b) is nearly identical
(b) (Topview) In this view, the location of Q55 is indicated. to that seen in the structure of the wild-type enzyme bound
to phenyl boronic acid (Figure 3a2€). The extra hydrogen

catalyzed the hydrolysis of cocaine with a 29-fold loket  bond from H287 to benzoate could provide up to 3 kcal
and 15-fold higheiKy. The W151A mutant catalyzed the  molin additional stabilization for the S117A complex over
hydrolysis of cocaine with a 78-fold lowét,; and 80-fold the wild-type complex.

higherKy. Suprisingly, despite the large buried surface area  y44F Crystal StructureIn contrast, the Y44F cocE
and extensive number of vdw contacts between W166 andstrycture, at 1.64 A resolution (Table 1), does not have

benzoate, as well as the hydrogen bond betweeld BH  penzoate in the binding pocket, presumably due to the partial
W166 and the side chain OH of Y44, the W166A mutant aprogation of the oxyanion hole (Figure 4c). Two water
has only a 29-fold loweke, and a 6-fold increasely. molecules were modeled and refined into relatively weak
Contribution of Domain 3 to Acte Site ResiduesThe electron density in the active site. These water molecules
cocE crystal structure2@) showed extensive interactions are not within hydrogen bonding distance with each other
between domain 3 (DOM3) and domains 1 and 2 (3940 A or with any potential hydrogen bond donors/acceptors from
buried surface area), yet only two residues from DOM3 are the protein. Therefore, these two waters could collectively
located in the binding pocket (L407 and F408) (Figure 3a). represent a disordered molecule of the cryo buffer, or may
These residues make only a limited number of vdw contacts represent waters weakly bound in the acyl pocket. These
with the benzoic acid (L40% 1 vdw; F408= 3) and the putative water molecules do not superimpose on the region
L407A and F408A mutants have only moderately increased vacated by the Y44F OH. Hence, it appears that water would
Kwu's (2-fold and 8-fold, respectively). However, each of the be relatively ineffective as a surrogate oxyanion hole in this
L407A and F408A mutations result in100-fold decrease  mutant. The Y44F mutation also results in a lost hydrogen
in keat (Table 2). Furthermore, each of these two mutants bond with NH; of W166. There are two structural conse-
has a>10-fold lower expression level than the wild-type quences of this lost hydrogen bond. First, F44 rotates 20
enzyme, and attempts to express the L407A/F408A doubleabouty; away from the binding pocket, and the side chain
mutant did not result in any soluble protein. L407 and F408 becomes more disordered. Second, W166 also becomes more
form a turn in one of the loops of DOM3, which is stabilized disordered, as well as other Trp residues (W151 and W220),
by a hydrogen bond between the backbone NH of both L407 that form van der Waals contacts with W166. The electron
and F408, and the carboxylate of E161. density on the indole rings of W151, W166, and W220 is
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poor compared to the native and S117A structures, as
reflected by elevate® values.

Comparison of CocE to the Cocaine Binding Antibody
GNC92H2 A comparison of the active site of cocE to the
binding pocket of the cocaine binding antibody GNC92H2
(35) reveals a major difference in their recognition motifs.
The binding pocket of GNC92H2 is negatively charged,
allowing favorable interactions with the positively charged
cocaine molecule, while the active site of cocE is predomi-
nantly hydrophobic. We believed that a negatively charged
residue might improve th&y of cocE through favorable
interactions with the positively charged cocaine substrate,
but were concerned that the negative charge on the enzyme
might interact disfavorably with the negative charge on the
transition state. Although a structure of cocE bound to a
cocaine substrate analogue was not available, molecular
modeling of cocaine into the active site, based on the
benzoate-bound cocE structur@6), suggested that the
cocaine nitrogen may lie within close proximity to residue
Q55 (Figure 3b). We expressed a Q55E mutant, which
introduces a negative charge into the active site. The Q55E
mutant has a 2-fold loweKy than the wild-type, but a 14-
fold lower k.4 (Table 2). Because the effect of this mutation
on theKy was moderate, but measurable, we believed that
the cocaine nitrogen could be located near Q55. To test
whether the cocaine nitrogen forms a hydrogen bond to Q55,
we expressed a Q55A mutant, and found that this mutant
had aKy almost identical to wild-type, and & that
decreased by a factor of K = 0.7uM; kot = 1.7 S%)
(Table 2).

pH-Rate Profiles.To characterize thely values of the
residues important for catalysis, we conducted a pH rate
profile of cocE for cocaine hydrolysis. Protein instability
prevented the acquisition of data above pH 10.5 (Figure 5a).
The pH rate profile (Figure 5b) has a maximum at pH 9.0,
and was fit to a bell-shaped curve with inflection points at
values of Kq; = 7.7 &0.1) and K,2 = 10.4 @0.1). For
comparison, a graph of the pH dependence of the specificity
rate constantd./Kv) (Figure 5¢) has an additional inflection
point, which results in a decrease in activity between pH 8
and 9. Since this is not observed in the plotkgf vs pH
(Figure 5b), this ionizable group is important for substrate
binding, but not in catalysis of the rate-determining step.
Because of the partial overlap of the three titration curves
in the graph ok../Ku vs pH, we examined a plot dfy vs
pH in order to determine the appareitvalue of this third
FicURe 4: Comparison of the active site of cocE wild-type, S117A, 9roup. The plot oKy vs pH for cocE (Figure 5d) indicates
and Y44F mutants. The view is from the same perspective as Figurethe presence of two titratable groups. The data below pH 10
3. (a) The cocE wild-type has benzoate bound in the active site, were fit to a sigmoidal curve with a titration point oKps
22%'31“3(;”%';91\9’3‘:58“;0'2%'9 D(EE% Srlggledr ezﬁg%dzg)g?rnhgoggigpto the= 8.4 (+-0.2), which is consistent with the third titration value
muta)rln of cocE’ also Has benzoate bou#d, but is lacking the waterIn the plot ofkea/Km vs pH. Although Ir.]Stabmty Of.CO(.:E
molecule, causing H287 to swing down, forming hydrogen bonds @Pove pH 10.5 prevented a mathematical determination of
to both D259 and the benzoate molecule. (c) The Y44F mutant of the value of the second inflection point, a graphical inter-
cocE does not have benzoate in the active site, because of thepretation suggests a value oKp= 10.4, the same as the

deletion of the hydrogen bond between Y44 and benzoate. In theapparent K. determined from the pH rate profile (Figure

absence of benzoate, the catalytic triad is in the productive canonical5b Kar = 10.4)

conformation for serine hydrolases. A comparison of Y44 to F44 ' Fhaz T .

reveals that F44 rotates 28bouty; away from the binding pocket, Urea Unfolding Urea denaturation of cocE was deter-

and the side chain becomes more disordered, providing evidencemined by both tryptophan fluorescence and circular dichro-

for the role of W166 in orienting and stabilizing Y44 to form the  jsm, and the measurements show that cocE undergoes a two-

oxyanion hole. Two putative water molecules (red spheres) were ygnsition unfolding. Tryptophan fluorescence monitors the

modeled into relatively weak electron density, and are not within . . -
presence of ordered/buried tryptophan residd8}, (vhile

hydrogen bonding distance to either each other or any potential . ] i :
hydrogen bond donors/acceptors from the protein. circular dichroism (CD) at 222 nm monitors thehelical
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dependent stability of cocE measured by tryptophan fluorescence

qguenchingfex = 280 nm,Aem = 320 nm). CockE is stable in the pH T T T T T | T 1
range 6.5-10.5. (b) pH rate profile of cocE. The solid line is the 0 1 2 3 4 5 6 7
best fit to equationX), which indicates the titration of two groups

(PKar = 7.7 (+0.1); Koz = 10.4 (0.1)). (c) pH-dependence of [urea] (M)

ke.afKm. The asymmetric shape of the curve suggests the presence ) )

of an additional titratable group not relevant in the rate-determining FIGURE 6: Unfolding of wild-type and mutants of cocE. (a)

step of the reaction. (d) The pH-dependence&gfindicates the ~ Comparison of urea unfolding of wild-type (WT) cocE by

presence of two titratable groups. Fitting the data below pH 10 to fluorescence#e=280 nmiem= 320 nm) (black circles) and molar

a sigmoidal curve gave a value okg = 8.4 (0.2). Because of  ellipticity (©22)) (red squares). Percent activity is also shown (green

enzyme instability at pH> 10.5, the [, of the second titratable  triangles). (b) Comparison of unfolding of cocE WT (black circles),

group could not be determined. However, the data are consistentCcOCE Y44F (red squares), and cocE S117A (green triangles).

with a value of 10.4 for the second titratable group. Unfolding data were fit to a double sigmoidal curve, and the activity
data were plot by point-to-point interpolation.

content of the protein4Q). Despite these differences in

detection, the measured transition values are very similar.to regulate enzyme activity and specificig3j. Since the
Because DOM3 does not have any helices or Trp residues,size of the cocE DOM2 is one of the largest observed in the
the unfolding of DOM3 is likely not well represented using o/ hydrolase superfamily2g), we considered it possible
these methods, so the discussion may be restricted to DOM1that this domain could act to regulate activity and specificity,
and DOM2. With fluorescencelddx = 280 nm;iem = 320 similar to the seven-bladeg-propeller fold that seals the
nm) transitions are observed at 0.5 and 3.2 M urea. Similar active site of prolyl oligopeptidasé®). Capping of the active
values for the transitions were determined by measuring site of cocE by DOM2 could possibly limit product inhibition
molar ellipticity by CD (0.6 and 3.7 M urea) (Figure 6a). by benzoate. Inspection of the crystal structure of c&f (
Although both techniques gave similar values for the revealed several Trp residues (W151, W166, W220, and
unfolding transition points, the apparent degree of unfolding W235) that are buried in proximity to the active site. Because
at each transition is different depending on which technique the first unfolding transition results in a loss of activity, and
is used. Fluorescence measurements indicate that the apparetite helical content €,;) decreases less than the Trp
percentage of unfolding is the same for each transition, while fluorescence (Figure 6a), we believe the first unfolding
the molar ellipticity measurements show three times more transition corresponds to a pertubation of enzyme structure
unfolding in the second transition as the first. In addition, a within close proximity to the active site. This pertubation
measurement of esterase activity shows that the first unfold-could represent an unfolding or motion of DOM2 to cover
ing event corresponds to a complete loss of activity. the active site, or a localized unfolding of the active site

For severab/ hydrolase enzymes, DOM2 is believed to itself. In contrast, the second transition would correspond to
act as a flexible “lid” that can cover the active site in order complete unfolding of the/ cannonical fold.
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To further test this putative unfolding mechanism, we an asparagine side chain amide or a main chain NH, because
measured the urea dependence on unfolding for the S117Aproton transfer to the oxyanion is more facig2). Conse-
cocE mutant. The crystal structure of this mutant revealed quently, one would expect that a Y473F mutation in prolyl
an additional hydrogen bond to benzoic acid from H287, oligopeptidase would have a more deleterious effect on the
compared to the wild-type structure. This additional hydrogen specificity rate constank{,/Ky) than a N155(L/G) mutation
bond would be expected to stabilize the active site fold in subtilisin BPN. However, a N155L or N155G mutation
relative to the wild-type. If the first unfolding transition in  in subtilisin BPN lowers k../Ky by a factor of 156-300,
the wild-type corresponded to unfolding of the active site, while kinetic studies of a prolyl oligopeptidase Y473F mutant
then this transition should be shifted to a higher urea with the substrat&-Gly-Pro-Nap show only a -840-fold
concentration in the S117A mutant. Indeed, the first unfold- decrease ik.o/Knm (32). In contrast, assuming th&, of cock
ing transition in the S117A mutant is shifted from 0.5 to 1.3 is not improved by the Y44F mutation, our measurements
M urea compared to the wild-type, while the second showed thak../Kv decreased by at least a factor of 1500
transition, although broader, has a similar transition point for the Y44F mutant of cocE, which is more pronounced
(3.2 M vs 3.4 M) (Figure 6b). For comparison, the unfolding than the N155L or N155G mutations in subtilisin BPahd
curve of the Y44F mutant is very similar to the wild-type, the Y473F mutation in prolyl oligopeptidase. Th&8-fold
and has almost identical transition points (0.5 and 3.3 M) difference in thek.o/Ky ratios between the wild-type and

(Figure 6b). Tyr to Phe mutants of prolyl oligopeptidase-{80-fold) and
cocE > 1500-fold) is likely because the hydrogen bond from
DISCUSSION the NH of cocE W166 to the Y44 hydroxyl both orients and

CocE is the first enzyme in a metabolic pathway that activates this hydroxyl for more effective stabilization of the
allows aRhodococcastrain to use cocaine as a sole carbon transition state, whereas prolyl oligopeptidase does not form
and nitrogen source2b). This strain was isolated from a hydrogen bond from Y473 to any other residdé€)( In
rhizosphere soil of the cocaine producing plengthroxylum addition, it has been proposed that water can form a
coca so cocE probably evolved under selection pressure for compensating hydrogen bond in the oxyanion hole of a
hydrolysis of cocaine. Indeed, cocE hydrolyzes cocaine with Y473F mutant of prolyl oligopeptidase3?). However the
a specificity rate constant that is orders of magnitude faster crystal structure of the Y44F mutant of cocE shows that water
than any other known cocaine hydrolyzing enzyme or is relatively ineffective as a surrogate oxyanion hole.
catalytic antibody. The crystal structure of co&@b)(revealed Although free energy perturbation calculations suggest that
a serine esterase of thdB hydrolase superfamily, with a  a water molecule does not move into the hole created by a
hydrophobic active site, and an oxyanion hole formed by a N155A mutation of subtilisin47), there is no direct structural
main chain NH and a Tyr hydroxyl. Since oxyanion holes information available. Therefore, as other members of this
are typically composed exclusively of backbone NH groups, serine hydrolase class that use a Tyr in forming the oxyanion
cocE provides a rare opportunity to dissect the role of the hole are identified, it will be interesting to observe any
oxyanion hole in catalysis through site-directed mutagenesis.structural and kinetic effects of a Tyr to Phe mutation.
These studies reveal the relative contribution of the oxyanion A comparison of the Y44F cocE mutant to the wild-type
hole in enzyme catalysis, and, by extension, the importance(Figure 4), reveals that in the Y44F mutant, F44 rotate’s 20
of this feature in catalytic antibodies. However, there are abouty; away from the binding pocket, and the side chain
differences in the effect of a Tyr to Phe mutation of cocE becomes more disordered. The hydrogen bond from W166
compared to prolyl oligopeptidase, which also uses a tyrosineto Y44 in cocE probably results in increased transition state
to form the oxyanion hole motif. In addition, we compare stabilization by cocE Y44 compared to Y473 of prolyl
the hydrophobic active site of cocE to the electrostatic oligopeptidase. In fact, the disordered Trp residues (W151,
binding pocket of the cocaine binding antibody GNC92H2. W166, and W220) in the Y44F mutant suggests that they
Furthermore, analysis of wild-type and mutant crystal all are important for stabilizing Y44 in the correct orientation
structures of cocE show variations in the hydrogen bonding to form part of the oxyanion hole. Interestingly, in the
network of the active sites, which allow us to propose a absence of benzoate in the Y44F structure, H287 occupies
model for product release. Moreover, urea denaturing studiesthe same position as in the S117A structure and the structure
of wild-type and structurally characterized cocE mutants of the wild-type enzyme bound to phenyl boronic acid
allow us to probe how the mutations and corresponding (Figure 3). In the Y44F mutant structure (Figure 4c), the
changes in hydrogen bonding affects the overall stability of NHe atom of H287 forms a hydrogen bond withy©f S117.
the enzyme. Hence, the catalytic triad is in a productive configuration,

Previously reported studies of serine hydrolases haveas in the phenyl boronic acid structui2g). Therefore, this
revealed the relative contribution of residues that compose Y44F mutant structure may serve as a model for the native
the oxyanion hole toward substrate binding and catalysis. enzyme, where the catalytic triad is poised for nucleophilic
The oxyanion hole in subtilisin BPNs partially formed by attack of the scissile benzoyl ester of incoming cocaine
N155. In prolyl oligopeptidase, the oxyanion hole is partially substrate.
formed by Y473. The oxyanion hole of cocE is formed by In addition to the Y44F mutational studies, mutation of
Y44, which has a lower i, (Y44 pK, = 10.4) than an other residues allows assessment of their relative contribution
asparagine side chain amidek@p~ 15) or main chain NH. toward enzyme stability, catalysis, and substrate recognition.
For comparison, oxyanioriy's for a series of chymotrypsin ~ For example, the 170-fold reduction ks for the S117C
and subtilisin substrate analogues have been shown to be ircocE mutant is within the range that has been observed for
the range of 710 (44, 45. Therefore, Y44 could be more an active site Ser to Cys mutation in serine hydrolases.
efficient at stabilization of the tetrahedral intermediate than However, theKy typically either remains unchanged or is
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lowered by this mutation48—50). For example, mutation  (Figure 5). Furthermore, cocaine and cocaethylene have very
of the catalytic Ser in subtilisin to Cys results in a 30-fold similar k.o values, despite havingy values that differ by a
reductionin Ky for the hydrolysis ofp-nitrophenyl acetate  factor of 3 (Table 2). These observations suggest that, for
(50). In contrast, the S117C mutation of cocE results in a cocE, like most esterases, deacylation, rather than acylation,
72-foldincreasein Ky. This shows that the active site S117 is the rate-determining step. This illustrates one limitation
in cocE is responsible for both substrate recognition and in the generation of cocaine esterase antibodies. Haptens
catalysis. In contrast to the S117C mutation, which results designed to mimic transition state analogues for cocaine
in both a drastically lowerekl,;and increaset, mutation hydrolysis typically replace the ester linkage on cocaine with
of either L407 or F408 to Ala decreasksg: by >100-fold, a phosphonate linkag2@). However, the rate-determining
butKy values for these mutants are increased by only 2-fold step of serine esterases (such as cocE) is hydrolysis of the
and 8-fold, respectively. Furthermore, either of the L407A acyl-enzyme intermediate, which has a transition state that
or F408A mutations results in-al0-fold lower expression  only includes the acyl portion of the ester substrate, not the
level, This suggests that L407 and F408 are much morealcohol moiety. Therefore, mutations which result in im-
important for enzyme stability and activity than for substrate proved recognition of the alcohol moiety will not necessarily
recognition. result in improved turnover. For example, the Q55E mutant
For an enzymatic reaction, the pH-dependende gand of cocE results in an improvedy (presumably due to
Kwu can contribute to elucidation of the catalytic mechanism, favorable electrostatic interaction between ES55 and the
and can determine or confirm which ionizable groups are positively charged nitrogen on the alcohol moiety of cocaine),
important for either substrate catalysis or bindii3g,(51, but a decrease ikcatkm (Table 2).
52). The pH rate profile of cocE was bell-shaped, with two  The structure of cocE bound to benzoa2é)(revealed a
inflection points (7.7 £0.1) and 10.440.1), respectively).  water molecule lodged in the active site that connects the
These are the apparenKpvalues of residues involved in  three residues of the catalytic triad (S117, H287, D259). A
stabilizing the transition state of the rate-determining step. search of the literature failed to identify another example of
Our model for the transition state is the enzyme boronic acid a serine hydrolase that has all three catalytic residues
complex structure 26), which reveals a hydrogen bond coordinating a single water molecule. The cocE structure
between the OH of Y44 and tli&ro-Soxygen of the phenyl  bound to phenyl boronic acid lacks this water molecule, and
boronic acid, and a hydrogen bond betweermiNH287 and H287 swings down to form a bifurcated hydrogen bond to
the Pro-Roxygen of the phenyl boronic acid (Figure 3). We both S117 @ and thePro-R hydroxyl of phenyl boronic
attribute the first inflection point (8.1 = 7.7 (£0.1)) to acid (Figure 3). The water molecule in the benzoate-bound
ionization of the N of H287, and the second inflection point  structure (Figure 4a) prevents this latter hydrogen bond from
(pPKaz = 10.4 @0.1)) to the K, of the Y44 hydroxyl. A forming, which may be a way of preventing the enzyme from
graphical interpretation of the plot dfy vs pH suggests  binding to benzoate, limiting product inhibition by benzoate.
the same value of 10.4 for the second inflection point. Hence, In addition, the intervening water molecule allows the
the Tyr OH hydrogen bond to benzoate and phenyl boronic hydrogen bonding groups of the catalytic triad residues to
acid (Figures 3 and 4a) is probably also important for be fulfilled. The structure of the Y44F mutant (Figure 4c)
substrate recognition. Because the crystal structure of cocEdoes not have benzoate bound, and also does not have the
bound to benzoate does not reveal any other ionizablewater molecule that is present in the benzoate-bound
residues within the hydrophobic binding pocket that may structure, providing further evidence that Y44 is important
contribute to substrate binding, we attribute the other titration for substrate recognition in addition to formation of the
point at 8.4 £0.2) to ionization of the cocaine nitrogen, oxyanion hole.
which suggests that the protonated nitrogen is recognized A comparison of the two published cocE wild-type
by the enzyme (cocaine NH{a = 8.5—8.6 in solution) 63, structures 26) to the structure of the Y44F mutant, reveals
54). that the catalytic S117 and H287 may adopt one of two
Although we were unsuccessful in our attempts to obtain possible conformations. In the published structure of cocE
a crystal structure of cocE bound to a cocaine analogue, webound to phenyl boronic acid (Figure 3), as well as in the
obtained very similaKy values for the wild-type and Q55A  structure of the Y44F cocE mutant, S117 (Figure 4c) faces
mutant, suggesting that the cocaine nitrogen does not forminto the active site, and itsjQaccepts a hydrogen bond from
a hydrogen bond to Q55. Hence, we believe the improved H287 Ne. However, superimposing the benzoate-bound cocE
Kwu for Q55E may be attributed to nonspecific electrostatic structure on the Y44F and phenyl boronic acid complex
interaction, and not to a direct hydrogen bond. However, structures reveals that, if S117 were to maintain its confor-
the inflection point on the plot oKy vs pH suggests that  mation in the acyl pocket immediately after deacylation, the
the wild-type enzyme recognizes the protonated cocainedistance between the S11¥@nd the benzoate carboxylate
nitrogen. The lack of any other potential hydrogen bonding carbon would be close enough for steric repulsion (2.1 A).
donors/acceptors in the hydrophobic binding pocket leaves Therefore, in the wild-type cocE structure bound to benzoate,
open the possibility of the cocaine nitrogen forming a S117 adopts a new rotamer, facing away from the active
cationst interaction with an aromatic residue (possibly Y44), site. In this scenario, if H287 were to maintain the position
much like the catione interaction observed in the crystal seen in the Y44F and phenyl boronic acid structure, there
structure of the cocaine binding antibody GNC92K8)( would be additional steric repulsion between S117 and H287.
Further structural investigations to determine the position of Consequently, in the cocE wild-type structure bound to
the cocaine nitrogen within the active site are ongoing. benzoate, H287 also adopts a new rotamer. Instead of a direct
Unlike the plot of Ky vs pH, there is no evidence for hydrogen bond between H287 and S117, there is a hydrogen
titration of the cocaine nitrogen in the plot &, vs pH bond mediated by an intervening water molecule. Impor-
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tantly, this new rotamer prevents H287 from forming a esterases besides cocE, including serum butyrylchol-
hydrogen bond to benzoate. Therefore, cocE forms threeinesterase (bChE) and human liver carboxyesterases hCE-1
hydrogen bonds to phenyl boronic acid, while forming only and hCE-2, have been shown to hydrolyze cocaine, a
two hydrogen bonds to benzoate. This proposed mechanisncomparison ofk../Ku for these enzymes shows that cocE
is supported by the S117A mutant structure, where, in the outstrips them by at least 1000-fold. Furthermore, the lack
absence of SerQ H287 is in the productive conformation  of observable product inhibition, and the ability of cocE to
seen in the boronic acid and Y44F structures, forming a third accept both cocaine and cocaethylene as substrates identifies
hydrogen bond to benzoate (Figure 4b). A consequence ofthis as the first model enzyme for cocaine hydrolysis, which
this mechanism is that diffusion of benzoate from the active would be of interest for the generation of cocaine catalytic
site allows S117, H287, and D259 to again conjoin in the antibodies for addiction therapy. Screening small molecules
productive conformation observed in the Y44F and boronic- for enzyme inhibition may be useful in finding leads for
acid-bound structures. The release of water into the bulk hapten design to elicit cocaine catalytic antibodies. Further-
solution that results may provide additional driving force for more, this enzyme can serve as a positive control for novel
product release and account for low product inhibition. The assays to screen enzyme or catalytic antibody libraries for
crystal structure of cocE bound to benzoate was determinedcocaine esterase activity.
from crystals that were soaked with cocaine, and the benzoate
is the result of cocaine hydrolysis. Although benzoate is ACKNOWLEDGMENT
visible in the active site, our kinetic studies show that
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