
crographs were obtained on a JEOL (Tokyo, 
Japan) 1200EXll operating at 120 kV. 
X. Yu and E. H. Egelman, J. Mol. Biol. 225, 193 
(1 992). 

31. C.-F. Chang eta!., J. Ultrastruct. Mol. Struct. Res. 
100, I 6 6  (1 988). 

32. E. DiCapua etal., J. Moi. Biol. 214, 557 (1990). 
33. Tilts of negatively stained filaments showed that 

the RAD51 one-start helix is right-handed as is 
RecA. Minimal-dose procedures were used to 
avoid excessive radiation damage. Layer lines 
were indexed as arising from a structure with a 
r e ~ e a t  of 37 subunits in six turns of a 99 A Ditch 

use of a larger molecular volume leads to a nearly 
isotropic enlargement of the reconstruction. In a 
comparison of the two polymers, several obser- 
vations suggest that the RAD51 filament is even 
less regular than the very flexible RecA filament, 
and a comparison of layer line data suggests thst 
the resolution of the RAD51 reconstruction is 
lower than that of the comparable RecA recon- 
struction. The transform of the crystal structure C, 
backbone was multiplied by a Gaussian filter 
having a standard deviation of 11(30 A) and then 
back-transformed to match the electron micro- 
scopic resolution. 

ministration at low doses of heroin, these 
antibodies failed for repetitive high doses 
because of the depletion of circulating an- 
tibody by complex formation. 

The recent development of catalytic anti- 
bodies (9) provides a potential solution to the 
problem of antibody depletion. Immunization 
with a stable analog of the evanescent transi- 
tion-state structure of a chemical reaction can 
vield monoclonal antibodies with the ca~acitv 

helix. The layer lines used for the RAD51 recon- 34. A. ~tas iak,  E. H. Egelman, P. Howard-Flanders, J. io catalyze the modeled reaction A 
struction were: I = 0, n = 0; I = 1, n = -6; 1 = 5, Mol. Biol. 202, 659 (1 988). 
n = 7; I = 6, n = 1; 1 = 7, n = -5; and 1 = 12, n 35. 0. Bezzubova, A. Shinohara, R. G. Mueller, H. - bind the target sub- 
= 2. The RecA reconstruction had, in addition, I = Ogawa, J.-M. Buerstedde, Nucieic Acids Res., in strate, catalyze a deactivating transformation, 
13, n = -4. The threshold density for both the press. and release the inactive products, and the 
surface views and the contour plots was chosen 36. A. Shinohara etal. ,  unpublished results. 
so that the a ~ ~ r o ~ r i a t e  molecular volume was 37. Supported by a grant-in-aid for Science Research antibody - .  .. . be free . .  for further . .  
contained, as&ming a partial specific volume of on'priority ~ i e a s  from the Ministry of Education, Of all the commonly abused substances, 
0.75 cm3 g-'. For the RAD51 reconstruction, a Science, and Culture of Japan and by U.S. NIH cocaine is the best candidate for the catalytic- 
molecular volume corresponding to 30 kD, rather grant GM35269. 
than 43 kD, was used because 120 additional 

antibody approach. Hydrolysis of cocaine's 
NH,-terminal residues were not visual~zed. The I 7 November I 992; accepted I I February 1993 benzoyl ester by a catalytic antibody would 

yield ecgonine methyl ester and benzoic acid, 
fragments that retain none of cocaine's stim- 

An ti body-Catalyzed Degradation of Cocaine 

Donald W. Landry,* Kang Zhao,-inger X.-Q. Yang, 
Michael Glickman, Taxiarchis M. Georgiadis 

Immunization with a phosphonate monoester transition-state analog of cocaine provided 
monoclonal antibodies capable of catalyzing the hydrolysis of the cocaine benzoyl ester 
group. An assay for the degradation of radiolabeled cocaine identified active enzymes. 
Benzoyl esterolysis yields ecgonine methyl ester and benzoic acid, fragments devoid of 
cocaine's stimulant activity. Passive immunization with such an artificial enzyme could 
provide a treatment for dependence by blunting reinforcement. 

Addiction to cocaine afflicts Western pop- 
ulations in epidemic proportions, and the 
exceptional reinforcing effect of cocaine ren- 
ders abuse of this stimulant most resistant to 
treatment (1). Cocaine reinforces self-ad- 
ministration in relation to the peak serum 
concentration of the drug, the rate of rise to 
the peak, and the degree of change of the 
serum level (2). The drug rapidly partitions 
from serum into the central nervous system 
(CNS) and binds specifically to reuptake 

an induction period of several weeks (7). 
As an alternative to therapeutic ap- 

proaches that are based on the pharmacol- 
ogy of the cocaine receptor, the delivery of 
cocaine to its receptor could'be interrupted. 
Antibodies against opiates were found to 
antagonize the reinforcing effect of heroin 
in a paradigm of drug self-administration in 
a rhesus monkey (8). However, although 
successful in extinguishing heroin self-ad- 

ulait or reinforcing activities (I I). Antibod- 
ies with esterase activity approaching that of 
natural enzvmes have bee;;e~orted 11 0, 12). . . , .  
and cocaine's benzoyl ester side group, with its 
large hydrophobic surface, is particularly suit- 
ed to elicit antibodies with strong binding and 
catalytic activity. 

The transition state of the benzoyl ester 
cleavage reaction probably resembles the tet- 
rahedral intermediate of second-order ester 
hydrolysis (1 3) and can be stably mimicked in 
terms of geometry and charge distribution by a 
suitably designed phosphonate monoester (9, 
14) (Fig. 1). Transition-state analogs based 
on the ohosohonate monoester functional 

& A  

group have yielded artificial esterases with the 
highest activities (1 0, 12); but these analogs 
can idiosyncratically fail to elicit catalytically 
active antibodies, and so the rules for analog 
construction must be empirically defined 
(1 5). Recently, investigators have described 
strategies to increase.the frequency of obtain- 
ing enzymatic antibodies, such as the "bait 
and switch" (16) and substrate-attenuation 

\ ,  

(15) techniques. However, these approaches 

carriers for several monoamine neurotrans- 
mitters (3). The function of these presynap- 
tic transporters appears to be the inactiva- 
tion of released neurotransmitter (4). The 
receptor that mediates the reinforcing effect 
of cocaine corresponds to its binding site for 
competitive inhibition of dopamine reuptake Cocaine Ecgonine Benroic 
(5). This reuptake inhibition is hypothesized methyl ester acid 
to Dotentiate do~aminereic neurotransmis- - 
sion in mesolimbocortical pathways and ulti- 
mately result in reinforcement (6). Direct 
antagonists of cocaine-induced reinforcement 
do not exist currently, and agents that pro- 
mote abstinence, such as desipramine, have 

Department of Medicine, Columbia University College 
" w 

of Physicians and Surgeons, New York, NY 10032. Fig. 1. Hydrolysis of the benzoyl ester of cocaine. Presumed tetrahedral intermediate formed along 
*To whom correspondence be addressed, the reaction pathway is shown in brackets. General structure of a phosphonate monoester analog 
tpresent address: Department of Chemistry, New of the benzoyl ester is pictured immediately below the intermediate. The R substituent for l a  is the 
York University, New York, NY 10003. tether depicted in Fig. 2. 
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incorporate additional foreign structural ele- 
ments into the analog, and divergence be- 
tween analog and substrate results on average 
in enzymes with higher values for the Mi- 
chaelis constant (K,). 

Thus, as a starting point, we chose to 
construct a high-fidelity analog differing 
from cocaine only by the phosphonate re- 
placement and by the incorporation of a 
tether for the preparation of an immuno- 
genic conjugate. The methyl ester group 
was chosen for the tether site because of its 
distance from the anticipated locus of hy- 
drolysis and its ease of synthesis. On  the 
basis of these considerations, we synthe- 
sized the transition-state analog l a  from the 
readily available cocaine metabolite (-)- 
ecgonine (Fig. 2). We developed a new 
method (1 7) for phosphonate ester synthe- 
sis by IH-tetrazole catalysis because avail- 
able methods (18) failed to transform alco- 
hol 2, owing to its base lability and steric 
hindrance. Tetrazole selectively catalyzes 
the monoaddition of primary and secondary 
alcohols to phosphonic dichlorides to yield 

mixed phosphonate diesters (2 + 3) under 
mild conditions. A 14C-label was incorpo- 
rated into the tether (3 + 4) so that we 
could monitor the coupling efficiency of the 
activated ester, 5 ,  to the carrier protein. 

Immunizations of mice with l a  as a bo- 
vine serum albumin (BSA) conjugate elicit- 
ed high-titer antisera, and monoclonal anti- 
bodies were prepared by standard protocols 
(1 9). Each fusion procedure yielded 10 to 30 
hybridomas secreting analog-specific anti- 
bodies as determined by an enzyme-linked 
immunosorbent assay (ELISA) . All immu- 
noglobulin G (IgG) anti-analog antibodies 
were subcloned, propagated in ascites, and 
affinity purified by protein A column chro- 
matography (20). 

A simole method was devised to screen 
the monoclonal antibodies for hydrolytic 
activity against the benzoyl ester linkage of 
cocaine. We synthesized 14Cb,nzoyl-c~~aine 
(21) and found that, upon acidification, it 
partitioned into an aqueous phase with 
>97% efficiency, whereas 14C-benzoic acid 
partitioned with similar efficiency into an 

Fig. 2. Synthesis of transition-state analog la  from (-)-ecgonine. Reagents and conditions: (a) 
I-(CH,),N,, (CH,),NOH, dimethylformamide (DMF), and CH,OH at 50°C (92% yield); (b) PhP(O)CI, 
(Ph, phenyl), tetrazole (0.1 eq), benzene, and diisopropylethylamine at room temperature (rt),  then 
MeOH (Me, methyl) (80% yield); (c) P(CH,), and tetrahydrofuran (THF) CH,OH-H,O (9:9:2) at rt 
(62% yield); (d) i4C-succinic anhydride (2.2 mCi/mmol) and THF at rt (purified as benzylester, 
regenerated with H,-Pd on C, yield -50%); (e) dicyclohexylcarbodiimide, N-hydroxyphthalimide, 
and DMF at rt (85% yield); (f) (CH,),SiBr and CDCI, at rt (unstable, -90% yield); (g) BSA (coupling 
ratio 1 :6) or ovalbumin (coupling ratio 1 :15). No epimerization was observed at C-2 of the tropane 
nucleus by 300-MHz 'H-nuclear magnetic resonance spectroscopy. 

Fig. 3. Lineweaver-Burk plot, (114 as a function 30 
of (l/[S]), where Vis the reaction velocity and S 
is the substrate, for hydrolysis of 3H,,,,y,-~o- = 
caine by mAb 389 (closed circles) and mAb 'z 20- 

6A12 (open circles). Artificial enzyme (2 p,M) in - 
phosphate-buffered saline was incubated with ?i 
3H-cocaine at five concentrations between 100 l o  

and 2000 FM. At 10-min intervals, aliquots were ,- 
ac~dified with cold HCI (aqueous) to a final pH of 
2 and partitioned with hexane-diethyl ether (1 : I ) ,  0.002 0.004 0.006 0.008 
and we assayed the organic phase by scintilla- 11[3~-cocaine] ( p ~ l )  
t~on counting. The optimal pH was determined 
and used for each enzyme: 389, pH 7.7, and 6A12, pH 7.0. Background hydrolysis was determined 
in otherwise identical reactions without antibody, and observed rates were corrected. Uncatalyzed- 
hydrolysis rates were determ~ned under similar condit~ons Assays were performed in tripl~cate, and 
SE is indicated (389, r = 0.99; 6A12, r = 0.98) 

organic phase. The reaction of radiolabeled 
cocaine with carboxyl esterase (Sigma) 
served as a positive control, and we con- 
firmed the uroduction of benzoic acid with 
high-performance liquid chromatography 
(HPLC) (22). We applied the screening to 
the purified monoclonal antibodies, and 2 
out of the 29 antibodies that were tested, 
3B9 and 6A12, consistently released 14C- 
benzoic acid above background. Both en- 
zymes were completely inhibited by 50 KM 
free transition-state analog l b  and were un- 
affected by the serum esterase inhibitor es- 
erine (23) (1 mM); the Fab portion of each 
antibody retained catalytic activity (24). 

Using 3Hp,l,,yl-cocaine, which has a 
higher specific activity (25) (32 Cilmmol) , 
we determined the rate of hvdrolvsis in the , , 
presence and absence of each monoclonal 
antibody as a function of substrate concen- 
tration. Release of radiolabeled 3H 
bemoic acid at time points correspon8FzL 
<5% reaction provided initial rates. We 
observed saturation behavior consistent with 
Michaelis-Menten kinetics and obtained a 
linear Lineweaver-Burk plot for each enzyme 
(Fig. 3). The steady-state Michaelis-Menten 
parameters and the rate acceleration (k,,,ik,) 
are uresented in Table 1. 

The activity of cocaine esterase mono- 
clonal antibody (mAb) 3B9 is comparable 
with butyryl cholinesterase (26), the prin- 
cipal cocaine esterase in serum. Transition- 
state analog l b  inhibited mAb 3B9 with an 
inhibition constant Ki < 2 FM (27), and 
the enzyme's lo2 to lo3 rate acceleration 
corresponds in magnitude to the relative 
stabilization of the transition-state to the 
ground-state (K,/Ki). It should be possible 
to identify antibodies with more powerful 
catalytic mechanisms and rate accelerations 
of lo5 to lo6 through repetitive screening 
with l a  and its congeners (14, 28). 

Animal studies of antibody-induced ex- 
tinction of repetitive cocaine self-adminis- 
tration (2), previously not feasible because 
of antibody depletion (a), are now possible 
with mAb 3B9. An antibodv that merelv 
bound cocaine would be depleted with th i  
first dose, whereas mAb 3B9, with one 

Table 1. Kinetic parameters for the hydrolysis 
of ,H,,,, ,-cocaine by monoclonal antibodies 
389 and 6A12 and butyryl cholinesterase 
(BChE). Michaelis constant, K,; catalytic rate 
constant, kc,,; and spontaneous rate, k,. The 
rate of release of 3Hp,,,y,-benzoic acid was 
determined by the assay described in Fig 3. 
The parameters for BChE hydrolysis (pH 7.4)" 
were derived from publ~shed sources (26). 

K, (44 k,,t (min-') kca,~k, 

389 490 ? 11 0.11 ? 0.01 540 
6A12 1020 -+ 500 0.072 ? 0.02 440 
BChE 38 1.2 
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turnover in 9 min, will be regenerated. A 
standard minimum dosing interval of 10 to 
15 min will allow for turnover, but because 
of the modest activity of this first artificial 
cocaine esterase, near stoichiometric 
amounts of antibody will be required. 

To estimate the characteristics of an an- 
tibody useful at a clinically practical dose of 
< 1 g, we assumed a dose of smoked crack 
cocaine of 100 mg, a peak pulmonary-ve- 
nous cocaine concentration of 10 to 30 FM 
(29), and a 20-s duration of reaction (the 
transit time from pulmonary to CNS capil- 
laries). This simple model neglects the vol- 
ume of distribution for cocaine and the 
threshold concentration for a biological ef- 
fect, which if included would reduce the 
kinetic reauirements. Under these con- 
straints, a catalytic antibody against cocaine 
should ideally have a turnover number > 2  
s-' and a K, < 30 pM to deactivate cocaine 
before significant partitioning into the CNS 
can occur. However. the ~rotection afforded , L 

by the artificial esterase may not need to be 
complete to be useful, and a significantly less 
potent enzyme could nonetheless diminish 
the reinforcing effect of cocaine by reducing 
the rate of rise and peak concentration of 
cocaine. By promoting cessation of use and 
maintenance of abstinence, passive immuni- 
zation with an anticocaine catalytic anti- 
body could provide a window for appropriate 
psychosocial and relapse-prevention inter- 
ventions. 
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Translocation of TCRa Chains into the Lumen of 
the Endoplasmic Reticulum and Their Degradation 

Jaekyoon Shin,* Songjae Lee,? Jack L. Strominger 
After synthesis, the a chain of the T cell antigen receptor (TCRa) can form a complex with 
other TCR chains and move to the cell surface, or TCRa can undergo degradation in the 
endoplasmic reticulum (ER) if it remains unassembled. The mechanism of translocation 
and degradation in the ER is unclear. It was found that the putative transmembrane region 
of TCRa (a,,) was incompetent on its own to act as a transmembrane region. Molecules 
that contained a,, were translocated into the ER lumen and then underwent either rapid 
degradation or secretion, depending on the sequence of the cytoplasmic domain. A specific 
signal for ER degradation within a,, does not appear to be present. 

T h e  T cell antigen receptor TCRaP is a TCRa probably spans the membrane by a 
disulfide-linked heterodimer and is associat- single transmembrane peptide domain (2). 
ed with nonpolymorphic components of the Partially assembled or unassembled TGR 
CD3 molecule (y, 6, E, c, and q) at the cell and CD3 components are retained, degrad- 
surface ( 1  ). In this oligomeric com~lex ed. or both in the ER or are targeted for . , - 

~ysbsoma~ degradation (3, 4). lnUcDNA- 
Divis~on of Tumor Virology, Dana-Farber Cancer Insti- 
tute, Haward Medical School, Boston, MA 021 15, transfected C0S-7 murine TCRa has 

*To whom correspondence should be addressed 
been reported to be rapidly degraded in a 

t Present address Department of B~ochem~stry, Kos~n n~nl~sosomal compartment before entering 
Medical School, Pusan, Korea the Golgi apparatus (ER degradation) (5- 
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