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Como resultado del examen de fondo, realizado con fundamento en el articulo 45 de
la Decision 486 de la Comisién de la Comunidad Andina, se le comunica:

1. Documentos estudiados

Descripcion: Folios: 135 a 228 04/02/2009
Reivindicaciones: Folios: 229 a 234 04/02/2009
Figuras: Folios: 235 a 270 04/02/2009
Secuencias: Folios: 271 a 431 04/02/2009
Prioridad: US 60/819,569 10/07/2006

2. Analisis de la Prioridad

Se acepta la reivindicacion de Prioridad porque esta solicitud fue presentada dentro
del plazo establecido (Art. 9 D 486) y su contenido técnico corresponde con el de la
prioridad reivindicada.

3. Objeto de la invencién
Titulo de la solicitud: “Composiciones anti-cocaina y tratamiento”.
El objeto de la presente solicitud es suministrar mutantes de cocaina esterasa

eficientes, termoestables, que puedan proteger contra los efectos téxicos y
reforzantes de la cocaina.
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El problema planteado en esta solicitud-es la necesidad de obtener un antagonista
efectivo de |a cocaina que pudiera empléarse en situaciones de abuso y sobredosis.

Para solucionar este problema técnico la solicitud en estudio suministra un
polipéptido de cocalna esterasa (CocE) mutante aislado, con termoestabilidad
incrementada a 37°C comparado con la CocE tipo silvestre.

El objeto de la solicitud definida anteriormente se clasificé en la IPC: AB1K 38/46.
4. Excepcion a la Patentabilidad (Articulo 20 D486 literal d)

El objeto de las reivindicaciones 21 y 22 es un método de tratamiento y no es
patentable de acuerdo con el Art citado.

5. De la solicitud de Patente

5.1. Descripcion (articulo 28 D486)
El capitulo descriptivo no tiene informacién suficiente para ser reproducida por un
técnico medio, en lo referente a la actividad y termoestabilidad de la enzima CocE
con todas las sustituciones reclamadas. Tampoco se presenta informacion sobre la
actividad y termoestabilidad cuando Ias sustituciones estan presentes de manera
combinada. .

De esta manera, la descripciéon no cumple con los requisitos establecidos en el
articulo 28 de la D486.

5.2. Reivindicaciones (articulo 30 D 486)

El capitulo reivindicatorio presentado carece de claridad y concisién por cuanto:

1) El polipéptido de cocaina esterasa mutante: esta definido partir del resultado a
alcanzar con el mismo, no se aportan las caracteristicas esenciales
(estructurales) que permitan establecer como el polipéptido tiene actividad
esterasa con termoestabilidad incrementada a 37°C, como logra la
inmunogenicidad reducida, y como conserva o reduce la actividad esterasa
(reivindicaciones1, 11-14), lo mismo aplica para el acido nucleico (reivindicacién
8);

2) Es necesario definir de manera precisa las ‘*;ushtumones que presenta la enzima
reclamada, de manera que sea ewdente S ' diferencia con la enzima silvestre (y
no patentable) su estructura y su actividad. La definicién a partir de nimero de
sustituciones no permite establecer la estructura reclamada (reivindicaciones 2-
3),

3) Tal como se menciond en el numeral 5.2., hay una inconsistencia entre la materia
divulgada y la reclamada puesto qu'e no se aporta informacién sobre la actividad
y termoestabilidad de las multiples socuencnas con sustitucion y las
combinaciones de estas (relvmdlcamon 6y I9)

4) El acido nucleico reclamada debe ser definido por su propia secuencia
nucledtida, sin hacer referencia a porcentajes de identidad que no permiten
establecer la estructura de la molecula ni comprobar su actividad (reivindicacién
7,10, 13)
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5) Las composiciones reclamadas deben ser caracterizadas a partir de cada uno de
los elementos que [as componen y las proporciones de los mismos (reivindicacion
15, 18);

B) Ne es clara la indicacion que el polipéptido se encapsula en un gldébulo rojo, se
sugiere definir mejor esta caracteristica y aclarar el sustento de la misma;

7) El métode de deteccion selectiva esta definido a partir de etapas generales
aplicadas para identificar cualquier CocE que cumpla con una condicion
experimental a probar. Sin embargo, dichos ensayos se consideran experimentos
rutinarios, donde la definicién de un parametro tal como la temeratura no guarda
relacion con la molécuia reclamada;

De esta manera, el capitulo reivindicatorio presentado no cumple con los requisitos
establecidos en el art. 30 de la Decision 486.

6. Determinacién del Estado de la Técnica

Para determinar el estado de la técnica se ha tenido en cuenta la fecha de
presentacion de las solicitudes prioritarias reivindicadas con la solicitud: 10/07/20086.

Teniendo en cuenta la fecha indicada se realizd bisqueda en el estado de la técnica
de documentos relacionados con la solicitud, encontrandose los siguientes
documentos relevantes a la misma:

Ne Documento Titulo quha Qe
_ publicacién
"Gene Cloning and Nucieotide
Bresler M., at.al. Appi. . .
D1} Environ. Microbial. Vol | SeqLé:encmg and Propefrtles of a Marze 2000
66 (3); 904-908 : ocaine Esterase from
Rhodococcus sp. Strain MB1"
Larsen N, et.al. Nature “ .
D2 | Structural Biology, vol CWStaClosctQi":;uéth:: SE?Ctenal Enern 2002
9(1): 17-21
Lehman, et.al Current “Engineering proteins for
D3 Opinion in thermostability: the use of sequence 2001
Biotechnology 2001, alignments versus rational design and
12:371=375 directed evolution”
Marshall S. ef.al. Drug P . . :
D4 | Discovery today, Vol | ~Retena design and engineering of Marzo 2003
8(5):212-221 peutic p

Resumen de los documentos citados:

D1: Divuiga la secuencia nucledtida y aminoécida, asi como las propiedades fisico-
quimicas de la cocaina esterasa de Rhodococcus sp., tipo MB1 (resumen, folio
XXX).

D2. Se reporta la primera estructura de una enzima que degrada cocaina, la
esterasa bacterial cocE, hidroliza cocaina farmacologicamente activa un metabolito
no-psicoactivo, con una tasa mas rapida que otras esterasas de cocaina conocidas
(resumen, folio xxx).

D3: Se divulgan técnicas de evolucion dirigida para la ingenieria de proteinas para
obtener termoestabilidad y ampliar asi el uso industrial de las proteinas
recombinantes (resumen, folio XXX).
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D4: Se divulgan técnicas empleadas para optimizar proteinas terapéuticas, indicando
entre otras tecnicas el desarrollo de mutaciones especificas, patrones de fusion o
modificaciones quimicas que confieren las propiedades deseadas (resumen, folio
XXX},

7. Andlisis de patentabilidad (articulo’ 14 D486)

Nivel inventivo (articulo 18 D486)

La reivindicacion 1 de la solicitud reclama un polipéptido de cocaina esterasa (Cock)
mutante aislado que comprende una secuencia de aminoacidos de SEQ N°1, en
donde por lo menos un residuo de aminoécido se sustituye de tal modo que el
polipéptido CocE mutante tenga actividad esterasa con termoestabilidad
incrementada a 37°C comparada con lg Cock tipo silvestre.

La reivindicacion 6 reclama varias opciones de mutantes y la reivindicacion 7
reclama el acido nucleico de la enzima cock mutante.
|

Comparacion de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

| Caracteristicas esenciales - D1 ' D3

! ¥ T T
~ polipéptido de cocaina esterasa | polipéptido de cocaina i rpe?:“opnig?r?;ries

. mutante esterasa silvestre (resumen
' ) i termoestables

secuencia de aminoacidos |

secuencia de aminoacidos SEQ | AF173165 100% idéntica a la !
N1 . SEQ N°1 (Pag 205, col der;

Fig. 2) | :

por lo menos un residuc de : técnicas de diserio
aminocacido se sustituye de tal « computacional/racional
modo que el polipéptido CocE l (Pag. 371), para obtener |
mutante tenga actividad proteinas recombinantes
esterasa con termoestabilidad , termoestables
incrementada a 37°C ; |

Palipéptida cocE con
actividad a 30°C (Pag. 905
col der parr 3

El documento D1 divuiga la secuencia nucledtida y aminoacida de |la enzima de |a
cocaina esterasa de Rhodococcus sp. MB1, referenciando su acceso a Genbank
como AF173165 (Pag. 905 col. der). Esta proteina es 100% idéntica a la divulgada
en la SEQ N°1 de la solicitud (ver Fig.1). Se indica que Rhodococcus es un
microorganismo aislado de la rizosfera de plantas de coca, e indica la actividad de la
enzima en la degradacién de cocaina (resumen) y su utilidad en los tratamientos
para desintoxicacion con cocaina y en la deteccion de drogas (Pag. 908 col izg). La
actividad de fa enzima asilada fue ensayada a 30°C, pH 7.5 (Pag. 905 coi der,
parrafo 3).

Fig. 1. Alineamiento entre las esterasas de cocaina cock de la solicitud y D1. Query: secuencia SEQ
N°1 solicitud; Subject: Genbank Access: AF173165de D1
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La diferencia entre la materia reclamada y D1 es que la enzima reclamada en la
solicitud presenta termoestabilidad a 37°C, mientras que la enzima de D1 de acuerdo
con lo reportado trabaja a 30°C.

£l efecto que produce esta diferencia es que al ser la enzima termoestable a 37°C
podria ser empleada en condiciones fisioldgicas humanas.

El problema que resuelve la solicitud es producir la enzima de |a cocaina esterasa de
D1 con actividad a 37°C.

Sin embargo, la forma de produgcir proteinas termoestables ya habia sido divulgada
en D3, donde se menciona entre otras técnicas de disefio computacional/racional
(Pag. 371), donde se indican tanto algunas mutaciones como los sitios éptimos de
acuerdo con la estructura de la proteina, que pueden dar lugar a una mayor
termoestabilidad.

De acusrdo con la descripcién de la solicitud, este método de diseRo
computacional/racional fue el empieado para obtener los mutantes a probar para
mayor termoestabilidad (ejemplos 4 y 15). Se debe resaltar que a partir de las
indicaciones dadas en D3, varias de las opciones de esterasa mutante resultaban
evidentes como opcién de proteina termoestable, afectando asi la reivindicacion 1y
6 de la solicitud).

Iguaimente, habiendo divulgado D1 la secuencia nucledtida de la esterasa cocE y
teniendo las opciones de aminoacidos preferentes a modificar, divulgados en D3, la
secuencia nucleotida de la esterasa mutante podia ser desarrollada por ia persona
del oficio normalmente versada en la materia.

De esta manera, frente a las divulgaciones realizadas por D1y D3 para la persona
del oficio normalmente versada en la materia la invencién reclamada en la solicitud
resultaba obvia y por tanto, incumple el articulo 16 de la D486.

Por otra parte, el documento D2 habia divulgado la estructura cristalografica de la
esterasa de cocaina cocE. ldentificando los dominios conservados, los sitios de
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union de la enzima con la molécula de cocaina y ios sitios de interaccion entre ellas.
Ademas realiza la comparacién de la enzima cocE con otras esterasas de cocaina.
(Pag 17-18; Fig. 3).

La diferencia entre la materia reclamada y D2 es que la enzima reclamada en la
solicitud presenta termoestabilidad a 37°C, mientras que Ia enzima de D2 de acuerdo
con lo reportado trabaja a 30°C.

El efecto que produce esta diferencia es que al ser la enzima termoestable a 37°C
podria ser empleada en condiciones fis!olégicas humanas.

El problema que resuelve la solicitud es producir la enzima de la cocaina esterasa de
D1 con actividad a 37°C.

Sin embargo, el mismo documento D2 plantea que debe investigarse en fa toxicidad
de la enzima y la vida media en plasma de la misma (Pag. 20 col der), sugiriendo asi
que la enzima debia modificarse.

El documento D4 divulga numercsas técnicas empleadas para mejorar las
propiedades de proteinas terapéuticas, indicando las modificaciones fisico-quimicas
realizadas y su efecto en la proteina. Entre estas técnicas resulta relevante las
mutaciones puntuales sugeridas para incrementar entre otras la vida media de la
proteina (Pag. 214, 217 columna izq) y fas modificaciones tales como la pegilacion
(Fig 1; Pag. 215, 217) y su efecto sobr? la farmacocinética de la misma.

De esta manera, frente a las divulgaciones realizadas por D2 y D4 para la persona
del oficio normalmente versada en la materia la invencion reclamada en la solicitud
resultaba obvia y por tanto, incumple el articulo 16 de la D4886.

Debe resaltarse que dadas las divulgaciones similares de D1 y D2 sobre la
estructura de la esterasa de cocaina cocE y de D3 y D4 sobre las modificaciones
para mejorar la actividad las proteinas, estos documentos también podian ser
combinados como D1y D4 6 D2y D3,

Las reivindicaciones dependientes no realizan un aporte sustancial por lo que no se
consideran inventivas.

8. Conclusion

Los requisitos de patentabilidad de la ﬁ)resente solicitud estan afectados asi:

Reivindicaciones

:_ ite::_rr? 4 '- ’ Documento i _i__... _afectadas J. F_Qe.q‘uisit"o'que afe_c_:?a J
I v R R L

D2 | Larse&gg;};iggﬁ%ﬁ ?_t;lc-turall 1-27 | Nivel inventivo
o | S | L Neemenwo
| Da | Marshal f'vecfif”g('g{”z%?_‘;g?"ewi 127 | Nivel inventivo

En cumplimiento dei articulo 45 de |a Decision 486 de la Comision de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de 60 dias contados
a partir de la fecha de notificacion de Ea presente comunicacién. En caso de no dar
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respuesta al presente requerimiento, ¢ si a pesar de la respuesta subsistieran los
impedimentos para la concesion, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término
faltante para dar respuesta a este requerimiento y presentarta por escrito

Notifiqguese el presente oficio conforme a lo dispuesto en el numeral 5.2, literai e}, del
capitulo quinto del titulo primero de ta Circular Unica N° 10 de 2001,

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El anterior requerimiento fue notificado por fijacion en lista, de fecha

——— {1 4 360. 2012.

Elaborg: N Lamprea
Revisd: Censuslo Leguizamon L.Q/
Aprobd- Jose Luis Salazar
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APFLIED AND ENVIRGNMENTAL Mic ReBIOLOGY, Mar, 2000, p, 901-005
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2000, American Sogiety tor Microbiology All Rights Recerved.

Gene Cloning and Nucleotide Sequencing and Properties of a
Cocaine Esterase from Rhodococcus sp. Strain MB1

MATTHEW M. BRESLER, SUSAN J. ROSSER, AMRIK BASRAN. anv NEIL €. BRUCE®
Instinite of Riotechnology. Universitv of Camtbridge, Cambridye CB2 10T, United Kingdom

Received 6 August 1999/Accepted 1 December 1999

A strain of Rhodococeus designated MB1, which was capable of atilizing cocaine as a sole source of carhon
and nitrogen for growth, was iselated from rhizosphere soil of the tropane alkalpid-producing plant Erh-
roxylient coca. A cocaine esterase was found to initiate degradation of cocaine, which was hvdrolyzed 1o ecgonine
methyl ester and henzoate: bath of these esteralytic products weve further metabolized hy Rhadoroccus sp.
strain MBI The stractural gene encoding a cocaine esterasce. desipnaied cock, was cloned from Rhodecaccus sp.
strain MIB1 genomic fibraries by sereening cecombinant strains of Rhodococens erythropolis CW23 for growth
on cocaine. The nuclentide sequence of cock correspunded tv an open reading fraome of 1,724 bp that codes for
a profein of 374 amino acids. The amino acid sequence of cocaine esterase has o region of similarity with the
active serine consensns of X-prolyl dipeptidy! aminopeptidases, suggesting that the cacaine esterase is a serine
esterase. The cocE coding sequence was subcloned into the pCPNT expression plasimid and expressed in
Escherichia coli. The recombinant cocaine esterase was purified to apparent homogeneity and was found 1o he
monomeric, with an M, of approximately 65,000, The apparent K, of the enzvine (meun = standard deviation)
tor cocaine was measured as 133 % 0.085 mM. These findings are of potential use in the develapment of a

linked assay for the detection of ilticit cocaine,

Tropane alkaloids. which possess a characteristic azabhi-
cylo[3.2.1] vctane system. represent one of the most pharma-
cologically importaet groups among the alkaloids. In particu-
lar, the tropane atkaloids exhibiv anticholinergic and anesthetic
activities as well as parasympathetic inhibition. Cocaine is the
most well known of the tropane aikaloids and s o powerful
central nervous svstem stimulant and adrenergic bocking
ageitt: its Mdrochioride salt s also used as a local surface
anesthetic in [ace. eve. nose, and throat operations. Cocaine is
naturally located in the leaves of coca plants {Ervthrawlim
spp.) and can be up o 1% of the dry weight content (13},
Cocaine Is, however, a notorious drug of abuse and is consid-
ered to be one of the mast powerfully addictive drugs Western
society has ever had to confront. Illicit powder cocaine and
crack cocaine are generally rafficked as solid particulate mai-
ter, and much effort is currently being directed st the devel-
opment of sensors for drug detection. We cnvisaged that the
isolation of microorganisms frem the environment capable of
nietabolizing drugs. such as cocaine and hercin. as carbon
sources for growth might provide a good source of enzvmes
which ¢ould be utilized as recognition components in hiosen-
sors for the detection of illivit drugs. Previous work in our
laboratory has shown that the enzymes initiating heroin me-
taholism in bacieria could be successially used in conjunction
with bacterial luciferase for the deicction of nanogram quan-
titics of heroin (5, 12, 24). Work has subscquently been di-
rected towards identifving appropriate enzvmes active against
cocaine. A cocaine esterase was previously identified in a strain
ol Pyeudennonas maltophilia termed MBLIL Ui was isolated
from a drug processing plant (4). P mafiophilic MBLIL was
capable of uiilizing cocaine as a sole source of carbon and
energy for growth, and metabolism of cneaine was shown to be
initiated by an esterase that hydrolvzed cocaine to henzoate

* Corresponding author. Mailing address: Institule of Biotechnol-
ogy. University of Cambridge. Tennis Court Rd.. Cambridge CBZ
1071, United Kingdom. Phone: 44 (1) 12253 334168, Fax: 34 (0) 1223
334162, E-maik: n.bruce@biotech.cam.ac.uk.
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and ecgonine methyl ester (Fig. 1. Unfortunately, the cocaine
esterase was unsuitable for hivsensor develnpment. as the en-
zvime Wiz chserved in cell extracte either in an aggregaied form
OT A associntion wilh membrune compoenents, and, as such, it
proviad extremely difficuil -t purify,

We report iere the isolation of a sirain of Rhadococens that
cun utilize covnine as o sole source uf carbon and nitrogen for
growth and the cloning, sequencing. und properties of a soluble
cviosolic cavaine esterase.

MATERIALS AND METHODS

Ureganism s, plasmids. and growth conditions, Riadococcns sp.strain MB was
walated from soil samples collested from the rhizosphere af cova plants wnd on
the basts o7 15 shility o wirhze eocaine 18 2 sele source of carbon, The enrich-
ment connditiens and growth comditions were ay described by Bratt et al, od).
Lacherdig col IMING wip abtained e Promega (Souwthampton. Hampshire,
United Kingdoin | UKD and was grown aceordmg wostandard provedures (26).
Epicurian Coli XL1-Blue MR wos obtuined from Siratagene (Crbridge. UK.,
Rimdococeun envthropoks CW2S aad the £ col-Riadocm cuy shattle sector
PIXATE were Rind gifis trons T2, Dabkbs (Uriversity of fie Witwaterszand, Jahan-
nesbirg, South Afnead, pCFX T s an expressinn veaiar derived (rem pBlaescriet
SKi+ by the mverhion o the promuoter vegion of pONR (v,

Reageats, O caee hydrochloride was pureliased trom Macfarias Smith Lig,
{Edinhurgh Seetlind. Uk Fceerive methyl ester was svngbesized frem en-
caine w desrbed previousdy 17 Cither reagenis were of analvtizd or figher
5‘.-&&'

DA mumipulation. Al zostriciion erzvmes were pirehssed frons New En-
gland Riviabs Tl UKL and usee aecording to the muamudaciurer's pror-
el Secthern blatting and cleaing erecedures were pericimed deontding i
stadand melivws 1200 Rioadococeal deddn: were sansformed by clectropira-
tan and were rendered elevtree wipatent via the methad used by Kesseler ot al
(i) The trash rmanons were conducied Lang 1 sroingel adapted e those
ur Dewrrer v 0T end Arderser ef 0T C el were crow co exponentan
phise in . rich Luea-Bertam (LB aredivm suppiemcnted with LIT5 ow ol
suctuse @il |37 (wtvaly ghecine. The valls were coofed onice harvesied b
centrifugainag, wna warhed with ive-cold stilted H.O prion f: recuspeasen in
JE G v palvethy lene el SESUONL comeemtrating the colls W0-0Ad Alguon
arcells Citln ply were used directiv in rarstormauons with the addition ot up wo
L g or DNACmining, and incubation en e for 100min i 0 2. elesiroporacen
vovettes Cells were electroporated 10 g Gene Palser [Biv-Rad Laboiar ries.
Hereules Calily with o capacitainee of 25 pFoveliage of 2.5 WV, and ressiamee
a7 400 0 to achieve a time constant of more than 7,5 ms. The cells were meutaed
4U3°C tor Y hom §mlof LB mednm iocking antibiotie, which allowed phenn-
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esler

FLG. 1. Cocaine esterase reaction,

by pic expression betore plating cnto LR o sunimal medmm plates eniaining 3
pi of chivramphenicol per ml e setes for Irmslientants containir g p 47

Determinntivn of 165 rBN& sequence. Proners D1 end rDoowere designaid
araund the 37 and 3 ends ot hactenal (63 divasamal TN A (rDN A respectively
o produce n appreximately [5-kb tragment of 1A5 rDNA fom hacterin by
POR ampbficaron (290 The anvealing temperature wies 42 O b he privers Led
the follwing sequenves: ML 3 -CCGAATTCOTCGACAACAGAGTITGAT
CCTUUCTCAG-3: DL " -COCHUGATCCAAGCTTAAGGAGGTGATCC
AGCCY . The 1.5 kb PUR vrovuct wnplined trom the iselate was eel pugiticd
wd subjoted o ducat PR sequeneing using the primer DL The DNA -
quence abtained was suhmitted 1o biolagical datshases for camparisar with
vther 165 rDNAS The GenBank, EMBL. DDBI, and DR datibases were
searvhed tang the BLASTN search on the Nobonal Center v Broegadd In-
Jurmatemn website (D !

Constzuction of genomic liraries. To prepire genamic DNA rracments o
approsinietely & o L Kb, genoenne DNA 00 023 frem Rhodeecccns stran M8
was subpecied woparcad digostion st Sen AL s tactenated onadiaear Bty
A0 sucrase deasany gradient. Fractions contaling DNA fragmoents of the de-j
sired Size were poet ed and igated inte the £ cod-Rliedo oe s skhitle vecing
nYATL The plnemid DNA woy mansiormed nto the supercomperenr & ocalfl
VEpicurion Coor XLU-Blue MRy and ot R endhrapedis CWIT by clecnopeti-|
fen. In the case of beth the T col and Rlinducaces linranes, eolomzs wes el
washed off selecuve plotes unider steride conditions using LB medonn contamng
13¢% glyceral (velvol and stoped a1 8YC

Claniug of gockl inta un expression host cecl was subckined v PCR. The|
arimers died were a8 oo Gile Suses corresponding boonireduced restintien!
sites Neel and HindlI respectively, are shown n bold): tomeard, CAG CGA?
AGG TCG GGA GUATAT GGT GGA COO0 Goreverse, TTT AAG CTH CAG
COT CAG CCA GG GCG OCT GO PCR was pertermed with BioTag
pofvmerase. The anneziing temperaiure was 67°C The product was digesied with
Sedel und Fndith and ligeted into pUEXT cut with the sume enzyme: (o vield
{00

Frotein seguence comparisons. Proteln sequence oo mparisans were nperd
furmed taing the sefteare pockioge MACAW fversion 205 Nott mai ©enier wod
Hiotechmology talormation. Nationad Libeary of Medicine, BoGesda M, ;A,ndl
tne BLOSUMAZ mamw 7114

Reverse-phase HPLC for analy<is of the breakdown of cocaine. Semples werg
separatest by reverse-phase high-pressure liguid chramatography (HPLC) wsin
a model [080 compenen sysieny with o multiple wavelength deleelor (H:ulcl!ﬂ
Packard. Waldbronn. Germany) or: a Techsphere 3 ODS calumn (.26 by 25 om)
F-pm partcles) (HPLC Techoolegy Co, Lrd., Macclesfield, Cheshire, UK. Th}

moebile phise cunssted of o pradien: svsten comprising an organie phase o
methanol and an sgueous phuse which contained 1% fw il geacial el
acid=3 MM pentang suelfomie acd adjusted 1o pH A9 with anvmonia (d = D3ER
Compounds were detected at 228 um, Aller application: of the sample. th
sradient was stared wih V0 oorganie phise, which was inereesed Hineariy tosd F
from 3wk 'nin v are It w e heid Jor 1 turther » min ~eore beinye deercssed o
o ongtween 4 oard 26 mm
TLAL lor .mdll\\n ol the breakdown of cacaine. Uhin-jiver rhrematour

TLOY ot coceme 0 I meh bolites wos neplersied o -.‘ll-pr" st

sates pregyied witl UVeshaorhme < wa wel | Muacherey-N; 1;; [urer (lt“'f"\‘{
n;\ Ui somaples 00 aly were devoiopad weth g me™ue phase ot eilwlovess
e odeante, v 00T B ol it sdopied frovs che metina |
2 Cow pdowers gotoetod oo the s of therr UV ahaoricaped ot
and co At invilien whon spraved wits Lady Tenper reagent 121 Rcl;m\'[;-
ntigration Jstanees o cempounds detected inosampivs were compared wit
those W autienlic oo nene bengeate, Btz ecgoemne. and cogonine meihyl
ester standards

Purification of ¢ocaine esterase from recombinant E. coli. £ coli |J.‘ellll‘1|

carrying pCOCT was prown until stationary phase on S0B medivm (2n) (‘Uil-
taining 100 wg of wrapicilhu per ml und 8.5 M isepropyi-fen-thiogalactopy:
anoside {IPTGY at 37°C. Cells were pelleted by centrifugation at 10400 < ¢ anid
resuspended in 100 mM Tris-HCL at pH 7. S. A cell extract was prepared by
sonicetion o) the vol's an wo (32 barsis of 15 s at an waeplitude of 12 pm.
tnllowed by cenirituzation 2t the exiract al 20,000 > g tor 15 min kefore ultry-
centrizugation at G000 - g £ A0 nm, Ammonium sulfate wis siowly sdded g
the exIruct caive, T o Biol concentrinon of 1.5 M, Precipitated orotemn wis
removed by contrtfugetlond at L2000+ goand the sapereatant. wilen vontaing
the cocaine esterise s etsity, wis hurther purihed by hidrophobic-interactin
chroacrograpmy A poeny SSenhar e CLAR enlimn  Lodmb bed volume: Ak

davt gl

PR

[

COCAINL ESTLERASY

FROM RIFQDOCOCCE'S SP, STRAIN MG U0

ShoAlbms Terttordshre, UK w1 at 2
whnun ndeon itrered wita P25 Moamaonaim sitae B Te-He' e pH
TEbClare e e sclutm was eplicd Prowen was elutes s dene eee vy
ARHDONINE ditate ooncenRtration trem 83 o 1M aver M0l olaweed
addition of J8 el op J000r M Tris-HO 2 pH 78 Acnviivacntlainng 000 o
from the colbrn were prosled amd diotvzed spainst o Salver s e 1 in
M T HC 4 oF B8 The diahaud srotem we s appiied i Fas Flow
Sephurese coanm tun at 1omb e (3001 bed volume Amersaem P cracia
Biotech Lie.t The column had Peesi presiiash equwlivnated with (e mM Lo
HCTat 9 H 7.5 bofary the protsie swas appined, A Sl Nod gradien fror b
A M wos s - clite Bound proote n Fractions that contanod cocaum v wris
SOOI WURC P s L0 wrE dicazed e s S jer v sl S g
KH PO, tpH 78 Toae mroten was maen caded et HocGieg H{ manewe
Lamatve culaimet suncat 1S nlminoc U2 bed sebame: Bio-Rad Lowri i
The coderr fheergg wirt SN RH PO, M TS Aner e
sarapie woe waded e s peonte porcentabion WL Ic\. wd 1120 uM e
aimf, dl rima av o oaee the mimondy af the hoond sroleis wes eated Wty
et Toim e colaten woere entiod i diadsand L d e el
2aniter vt B AT T U Rufer=To e N NG AR

Yloszed preleg wos Faded B0 o remicsed Resesiee D osiaen i, o Lo
hed sy dume Aaershiany Phormaecr Blogeeh Tod ssta T rade ol 3 e,
it bid Bewn treegquartaied witk Do mM TrseHO rager LM N -0
pH TS Ahoe s owiem clende gradient o 28570 S mMover 47 0w
el 1o cMate the esterime, 1R ontaribe The Cey eng ealvhese Wete Toen

ershar Prareac

o

s heen ey

;l el

Estimation of the native malecular weight of the covaine esterase, The caire
meigctarv el the custhed © v e esterase was deierttioea by 2ol
VIRl Y g nn u\ul i |!L' se b HR Golane e 1 L1
moas Bl lad shbr s st [e X To7 1O - L
mM ONe s pli T s oo lowepdeo )
pAamersh g Preomee

Enavme acvass, O
FERARE LV AN PR S b T ;'\" A
durd aen

wtatud i,

WRRTE
o ot
T.LII Lln‘.lu

[N

vobhiar wit

.ll’-“L.e_l.i wd

Sty s Tresuted My e
el e el e by rsver@epiuae HPTC T,
cowdmions were D s s HolcrpH 25 a1 oM e e
tre ot Ul neabated 0 T OAR et tesultowere corn e Dwaee
amd ot eed e T s

Thasme e O T asnoss & I HLE (o 2

Jeneture the ThA Y Fiau AV CoCdlTe Gl anan EFLYCIRL L WL L TN Y
ans icabotea MO T st o Do dnlervis by ile sl o
S M B Tar pecn el sos sapreased st ol e e ey e

pilberann o o neeten. where U Or cocune esterase s delinad as te
amennt requtited Loproduee Dpmol el benzeate per mon andes these candiraoms
Assavs s choe s atrepine were perf rmed nder the © me comaite s sl sam
ples Laken atta A0 g, and (8D K ard B were de ermumed g n 24
pe 4 P U men ot cacaine esterase and varving the cocaime cos centrothon “'_E\\CEI\
BEF and WM sumples ware assayed over o persad o S ntie Kiztee e e
were ftrer t e aany toe Grab 13 wottware o ge dBrthae s 3ottaare
Limited, Moddbe exs UKL

Nucleatide sequence aceession nuneher.
ported nae buen ~shmicted we GenBank e asagned the
AF175,03

The nucientide seguence o res
rumb

Cass

RESULTS AND DESCUSSION

Tsofation of Rhodacoccns sp. strain MBL As cocdine is 4
) compouid, we considerad st likely that myicnowrgsnms
that tad cvnled the sbibre o metaboiize cocmne ss a carbon
sotirae wouid exist inoclose proximity e covaine-producing
piars. We theretore carmied out sefective enrichnents
with soib samnles tuken trem the rhizosphere of voca plants e
defined lizoid medivm, winel resulted in the bsolition of &
bactzrium. Jdestenated stram MBI thar could ubilice covanme as
tie ~oede corbon and mitrogen souree for erowth. Anadvsis o the
cefrure broth v TT C ~ad HPT C showed the dsappearance ot
cocaine and the transient accumulation of ecgonine methy
ester amd benzeate (data net shown): boeth ot these metaboliues
supparted growth ob the hacteriam when supplied moanismal
medium s o sole carbon souree, while eegunine methve oster
could also be utilized a8 a source af nitrogen

Strain MB{ was tound o be § gram-posithe. rod-torming
boclerium A partial {(300-bp} 168 rDDNA sequence was ob-
tained fer struin MBL and comparative phviogenetic analysis
o the sequences reveaded that strain MBI clustered Cosely
w Ll specics entirgly trom the myeolic acid-contaimng nocar
dioterm actinomyeetes. The highest scoring mntch was te the
L8 rDNA ol Rhodococeus egui stran DSM 20307 T vacgession
momber N8OAL4y to which the DNA lrom MBL displaved

[0 [}
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ceck gene product 1 MVDGN. ...
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cocls gene producl 41
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acylase 145 THIP zsmsmm:zw";mj Qr..bnyﬂlsw-rz.cqavmmm..nzmcn
cocE genz product 136 AIAPSHASADLYRAPWYGPEGALSVER] SALIGTALITSREDARP
acviase 193 TV o NHMPRSKVAPLNOMIDWWK . . . E}
cech gene product 184 ®D ILNDVAGAASVTPLAEQFLLGRL I PWVIIN)
acvinse 238 DEYEKATSPQEORDTWEVIRTYHY LLNGTSFNY ZGITENGPTE
ks gene prodnes i Ay : LJnLrgv',mﬂxmﬂm
cocly geng predngt 232 WRSIs LGGLA IT FVGESLR VEDNADA .
avvlase 296 RYLMLEKWNIQDTQE&%;GYPQTAVGTN? Lsohvi
cock gene product 279 ..eeiiavae . RINVEE SI;ESNLNRNADRI&BE_, TYP’E!Q A
acyiase 334 GNGADNWRLE '_Jilmrn G1DNE IMDEDBVRLY IMKGENDGHR
cock gene product 311 TTMHRAFFDRHELRGETDALAGVPKYRLEVMGEIDE. . ... .....R
acylase 382 START: SGTIDSLNDGILS TERPKSGKKAL:
cock gene product 349 LS . _,dAANTSTu_ TLSTSISGTE _,' 12)
acyluse 430 pest GTTPNDERGPQDQQGI:’imxﬁwzwmom
coct gene produoct 395 VIS FHENGDNGPADQRP IHD! VIJCuSTEV_L‘}I‘DP\_&
acvlase a7e RLW ITRKDTDEN K1/ Fiﬁi: ST T RIS RE
rocl gene product 443 \_p.ﬁa DTDETAKL] RATAL R Lv
acylase £26 KERLLE DL STAIT | TRVrivass ﬁ@
¢ock gene product 91 NPFLIEAG ATDMLA, LH Vv Sss FNSNT]
acylase 574 F L .
cock gene product 53% GGVIAREQLE 2

FIG. 2. Alignment of proiein encoded by eock with glutary] T-aminacephalosnoranic acid avviase The deduced amina acid sequence of the putative cocaine esterise

encoded by covs was aligned with the aming acid sequence of the glutaryl T-aminocephalosporanie acid acylase
construeted using the software puckage MACAW (version 205 National Cenrer fur Biotechnohyn Infoemation, N

mairin. Dot indicate gaps imroduced o manimize te alipnment. Pairwise seores
07 W 10055 are shaded black. where 100% 15 the maximum score for the BLOSU

95.8% scequence similarily. On the basis of the phylogenciic
analysis, rganism MBI was identified s a species of the genus
Rhodococcus.

Cocaine esterase. Extracts from cells grown on 3 mM co-
caine were found to possess a cytosolic cocaine esterase with a
specific activity of 0.15 U/mg that hvdrolyzed cocaine 1o ben-
zoate and ecgonine methvl ester (Fig. 1). This activity was
found ro he inducible in Rhodocovcens sp, strain MBI, since no
cocaine esterase activity was observed in cells prown on 15 mM
succinate as # sole source of carbon.

Cloning and sequencing of ceck. In order 1o ohtain signif.
canl quantitics of hiomass for enzvime purification und chat-
acterization studies. prohibitive yuanitics of cocaine were re-
guired as a growth substrate: therefore, it was decided 10 clone
the gene encoding the cocaine esternse aclivity and express it
in E. rofi. The cloning strategy was (o construct genomic li-
braries of MBI using the £ coli-Rhodococcus shuttle vector
pDATIL. The librartes were then transfermed into a rhodocoe-
cal host strain. R enviliropolis CW23, which is capable ot
growth on henzoate but not nn cocaine. Expression of a co-
caine esterase gene was selecied for by screening recombinant

m B fateresporis 11 (3). The alipnment was
Librare of Medicine) and the BLOSUMA2
from & 1o 3347 are not haded, acores from 35 10 479 Zre hoaed, and seores ffom
M2 matnx,

straing of K envifirepolis CW 25 for growth on cocaine ax the
sofe carbon souree, This procedure vicklud cight clones tha
were caprable of slowly hvdrolyzing cocaine to benzoate and
ecgottine methyl ester; the benzoate was further metabolized
as a growth subsirate by the clones. All the cocnine-degrading
clones contained an identical 2.7-kb fragment in the recombi-
nant plaspmid designated pCOCL. Sequencing of the inserted
fragment indicated the presence of an open reading trame
enceding a polvpeptide of 374 amino acids rom whick the
theoretical molecular mass of the protein was calcuiated 1o be
(2128 Dao Cell extracts of R entliropalls CTW2S as well as
extracys prepared from £ cofi IM109Y harboring the constract
pCOCE displaved low levels of cocaine esterase activity (4.8 <
7  and 1.5 < 14 % Usmg, cespectively), This evidence. tahen
together with the sequence analvsis (see helow). supporis the
suggestion that cacl encoded the cocaine esterise.

The low rate of growth on coenine of R enthropolis CW 23
transformants harhoring pCOCH can. certainly i part, be ex-
plained by the facl that oniv 23 bp of the native Rhodocoecus
sp.ostrain MBL DNA upstreans of the cocl start codon was
cloned. The regions controlling transeription and  protein

a25
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cocl B7 H DDE W-r:.swn.FQA cﬁﬁ:‘\?‘é:ﬂ
P40331 333 TGDR AYTD RRE‘E'I‘ CSGNVGHT
QAYdRS 3233 GDRV YTD ‘TRTVQT'FA CNGNIGMT
QI§571 333 RVAY TIDRTRTVQTTAD, NGN:GMT
P22093 318 hvG AR Y 5 tstzxms-
P272346 318 'VGTRAR KTEEIKAS

FlG.

csterase ¢

Bm\echnulog) Information. National Librarv of Medicine) and lhe BLOSLIM 02
hoxed. and mean scores from 67 1o 10047 are shaded hlack, where 1605

('O('AI;\'E ESTLERASE FROM RIFODOCOCC USSP STRAIN ABL ap”

QWQARAVIGVGGLEAIAPENAEADLE 147
LGTLQ:AIhTTGv‘KGLKf SEARISS 391
LGTILQIAIAAT’PG GLK’I‘WS AAISS 393
1.c'rl.ozulnm Eauss 393
LEGTMAYGARATTG cz.. I_r': AGISS 378
LGTMAYGAATTGVEGLELILAEAGISS 378

. Allgrrienl of cocaine esterase with X-prolyl dipeptidyl aminnpepziddses from lactie acad bocters, The amine avid sequence of a region of the sochine
lmdcd by corE (coukl) was aligned with the bnmatogaus regions of five eloned Keprolyl dipepridsd smuompentidases leom Lactabocities and Locrorocens op
{labeled by accession nol) {6, 1§, 19, 33,2720, 30). The alignment wasg constructed nsing the sofheare package MAUAW (version 2.05:

Nationai Cenrer ior

LR YT

Matris. Mean scores from 9 10 337 are ool shaded. mean seores from 331 A7 o
is the muxjmum rean score for the BLOSLM62 matrix. The G-X-3-Y-X-G eorsensus sequence

surrounding the active-siie serine {*) in the three known X-prolyl dipeptidsl am!nanpudn.\u\( i, yeast, wnd hacterial) i indicated (N s a notconsened sntinn

acid).

translation in Rhadococens are not well characterized, and the
position at which transcription is initiated in Rhodococcus

genes whose promoeter regions have been identificd vanes cun-

siderably. For exampie, the mRNA transcript of the nitd (ni-
trilase ) gene from Rhodococcus rhodochrous 11 s iniuated only
26 bases upsiream of the ATG slart site (13). while the tran-
scription inttintion site ot the cmir {chlaramphenicol resistance)
gene from Rindococcus fascians NCPPB 1675 was determined
to he 279 bases upstream of the start codon (83 Tn the other !
rhedococeal genes whose transeriptional regulation has been
investigated. sraseription was shown o be initated al dis-
tanees of 40 bases 1100, 78 bases {220, and 163 bases (1t
upstream of the translational start site, and promoter regions
further upstream of these sites were shown 1w be essential for?
Lene t‘.\plt‘\xlun

A region o which ribosomes are capable of binding to ini--
tiate translauon in the rhadococeat host harl wnring cock z ap-
pears o he located within a few bases upstream ot the ATGH
start cadon (5'GGGAGI'): however. it is likely that transcrip-
tion is initiated from fortuitous regions of the LcoRI endonu-t
elease gene i pCOCT that the Rhedococcs transeription ma-:
chinery is capable of recognizing. Sinee there appears 1o bel
titthe homalogy between the Rhodocoecns promoter regions
identified 1w date, such regions could not be identified \xi[h\
confidence. However, regions ol the EcoRI sequence upsiream,
of cocE in pCOCH with homology to known £, coli ~10 and
=35 promoeter regions were delected in the upstream Lle
DNA (data not shown) that may be responsible for the Jow
levels of expression in L. celr IMIN9,

Sequence comparisons of CocE with other related se-
guences. The deduced amine acid sequence was used for hod
mology searches with a range of miological databases. and i
was found ihat Cock was refated 1o a number of prakaryatid
erzymes, The clusest match was to g glutary! 7-aminocepha-
losporanic acid nevlase enevine froan Beacilos laterospon 10
which converts ghutary! T-aminccephalosporanic aaid to ¥-ami+
nugephalosporanic acid through the cleavage of 1n acv) linkagd
{3). The itwo proteins echibit 37277 sequence identity and
40.7% sequence similarity. Their similarity is iHustrated by i
alignmen? of the amina acid sequences (Fig, 2). The other
high-scoring mmatches on the protein level were three bypothet)
u.al prateing of unknown tupction from Mycobucreriton and fivd
maiches 1o X-prolyl dipeptidyl dmm.![lcptlddw cuzvmes fron
Laciecoccus I'ucn-. and Lacrobaciflus spp. (Fig. 33, but the huF
mology to these protein sequences w.s over a 5l&ﬂlf‘iLdﬂﬂ§
smialler region {approsimately 6l residues [18, 19, 23, 27, 30] 5
On average. a sequence identity of 3%% and 1 sequence sznﬂ-
ilarity ol 34 with the dipepridy] aminopepirdases were dis-
plaved over this region. The X-prolvl dipepudy! anunopeptiv
dases huve amidase and esterase activities n addition Hl,
peptidase aumunea (29}, These enzyvines are serine proteasey.

and the tensensus seguenee surreunding the active-site serine
has been dentified as G-X-5-Y-NX-G. where X is 0 noncon-
served aminy acid (63 The sequence of Cock shows conser-
vation of scauence with the Neprolyd dipeptidyi amnopenti-
dases from [ daee 2nd Lacobaclfus spparvacd the wotvessite
serine, sigeesting that cocl encodes o serine esterase (Fg. 3

Expressiton of cocfl in B eolis Fligh deveis of gypressier ot
corF wery LcWeied ™ osubsiotiny the codf < Wi regton.
abtained Iy PORCinto pOFA S e vield pCOC2 Cell extraais ot
recombinan! fLocof were oand e oonlam cocaine oslorase
activity will: tspesitic w12 Umg of protein

I crder ke ch ascienze the teoomlbimam cociine oster sse.
the enzne was purified 3530-50ld te hemogeneity, o ivdued
by soddinmy dodecd suifn‘:. -pohucrvlamide et clevtrephoress
1SDS- PAGE) I]'l" 40t possessed a speciic aciealy of 44
Umg (Tabie 1) The native moelecular mass of the pm.hLd
esterase was determined hy gel Blrration (o he approxmmteiv
65000 Du. This vitlue i consistent with the subunit rnlecular
weight o1 the cocaine ssterase. as determined by SDS PAGE
and throveh translation of corfl. which sugrests that avine
covainge vslerase cxists as o monemer, The apparcat K,
(mean = standard deviationy of the enzvime wes found 1o be
1.33 = 1085 M. The covsine esterase displayed low evels of
activits (2.0 U with 20 mM wtropine, 3 structurally related
trepane atkalowl. Iiterestnghv, bicterial atmpnie esteritses de
not display any activity agaiost cocaine (231 while 2n esteru-
Ivtic activity from a sirain of P miehtophilia that was isolated
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GOR BRESLER ET AL.
TABLE i. Parification of cocaine esterase activity
Purificating Amt ot Sp act .1_-“.“_“ i u_!:m' Recovery
step protein (U e activity Lau‘un (%)
mek (me) e (L (o
Cell extract 4,851 [UBEE! nis.e 1Led 1in)
Ammoninm sulfare 4,041 1.i4d 116 vt
Phenyi-Sepharose 1,034 U3y 206 BRI
Q Sephurose 804 RN 4.5 28 338
Hwdresyviapaine 12,4 12,13 158.7 R 59
Resvuree (O 275 43m [ BTL . S 200

from industrial waste liquors was shown to display activite
against cocaine bul nol atrepine (4). The N-lerminal sequence
of the first 11 amino acid residues of the purified protein was
determined. and it was found 10 match the deduced amine acid

¢

quence of cocaine esterase {CocE).
Finally, the discovery of this soluble cocaine esterase is of

particular interest for its use in a potential iflicit-drug seasor,
Enzymatic detection of illicit heroin has alrcady been de-

SC

ribed (12}, In conjuncrion wirh a suitable NADP ™ -dependent

dehydrogenase active against ecgonine methyl ester, the co-
caine esterase could enable simubtancous detection of heroin
and cocaine. using established bioluminescence technology {12).

a

[
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Here we report the first structure of a cocaine-degrading
enzyme. The hacterial esterase, cocE, hydrolyzes pharmaco-
logically active (-)-cacaine to a nenpsychoactive metaholite
with a rate faster than any other reported cocaine esterase
(k. = 7.8 51 and K,; = 640 nM). Because of the high catalytic
proficiency of cocE, it is an attractive candidate for nove pro-
tein-based therapies for cocaine overdose. The crystal struc-
ture of cocE, solved by multiple anomalous dispersion
(MAD) methods, reveals that cocE is a serine esterase com-
posed of three domains: (i) a canonical o/ hydrolase fold (ii)
an w«-helical domain that caps the active site and (iii) a jelly-
roll-like j3-domain that interacts extensively with the other
two domains. The active site was identified within the inter-
face of all three domains by analysis of the crystal structures
of transition state analog adduct and product complexes,
which were refined af 1.58 A and 1.63 A resolution, respec-
tively, These structural studies suppest that substrate recog-
nition arixes partly from interactions between the benzoyl
moiety of cocaine and ahighly evolved specificity pocket.

The cocaine esterase cock was identilied in the bacteria
Rhodococcus sp. strain MBI that thrives in the rhizasphere soil
af the cocaine-producing plant Frythroxylom eocal. This
Rhodecoccal strain is capable of using cocaine as 2 sole carbon
and nitrogen source: cocE is the first enzyme in the metabolic
pathway leading to cocaine catabolism!. This esterase
hydrolyzes the benzoyl ester of cocaine to yield a nonpsychoac-
tive metaholite. ecgonine methyl ester (Fig. 1)'. Although other
natural enzymes (serum butyrylcholinesterase (BchEY. and
human liver carboxylesterase (CE) enzymes hCE-1 (ref, 3) and
ICE-2 (ref. 4) accepl cocaine as part of a wide repertoire of sub-
strates, cocE and a corresponding esterase from Pseudomonas
maltophilia® are the only known enzymes that have evolved
under direct selection pressure for cocaine hydrolysis.

Despite many advances in the understanding of cocaine, no
effective pharmacotherapy currently exists for cocaine addiction
and overduse?, An alternative approach to the development of
antagonists, agonists and antidepressants for psychotherapeutic
intervention is an antibody-based strategy. in which actively
derived or passively administered antihodies bind cocaine before
it reaches the brain. thus blunting its effect”. Although the long

Fig. 1 Cocaine hydrolysis. Both the henzoyl ester and the methyl ester of
cocaine (1) can be hydralyzed by different enzymes to give nonpsychoac-
tive metabalites ecgonine melhyl ester (2) and benzoyl ecgonlne (3
Human liver esterases hCE-1 and 1CE.2, and the serum estrrase butyryl-
cholinestarase BehE account for the -30 min in viva half-life of cocaine
Cack hydrolyzes the benzoyl ester of cocaine to form ecgonine methyl
ester (2} and benzeic acid.

natura struciurai biglogy + volume 4 number 1 - ianuary 2002

plasma lifetime of actively or passively derived antibodles is suit-
able for the extended periods of lime required for rehabilitatton
andd recovery from addiction, a cocaine-degrading eatalys(
would be mare effective far rapid deloxification in an emergency
settinng, Assuming that no adverse affects nccur upon adminis-
tration of coc. the kinetic parameters of cocl (ke = 7.8 5 and
Ky = 640 uM) are commensurate with such a detoxification
strategy®,

Considerable interest lias arisen in genevating tailor-made cat-
alytic antibodies as therapeutics for cocaine addiction®. A thor-
sugh understanding of cocE will provide substantial insight for
the generation of more efficient cocaine antibody catalysts.
Because of the therapeulic potential of cocE and cocaine
catalytic antibodies, we initiated these crystallographic studies
of the cocE enzyme o determine the structural basis for the
specificity and catalytic mechanism for cocaine degradation.

Overview of cock structure

The cocE enzyime is a 374-amino acid protein with a molecular
weight of ~65.000 Da {GenBank AF173165)". The overall sec-
ondary structure is a mixture of B-sheet (30%) and o-helix
(239%) (Fig. 2. The globular structure (~BY Ax -6 A » 40 A)
can he subdivided fnto three demains®, DOMI (residues 1-144
atd 241-354), DOM2 (145-240). and DOM3 (355-374). whose
structures are a three-layered o/B sandwich. o-helical domain
and jelky-roll 3-barrel. tespectively (Fig. 2).

Domain structure and association

DOMIL is assembled from two linear sequence segments,
residues 1-144 and 241-354. due to insertion of a helica)
domain, DOMZ (Fig. 2a.b). DOMI has the canonical hydrolase
fald, which is composed of repealing B-c- inotifs that form a
central 10-stranded B-sheet anked on either side by e-helices
{Fig. 2201112, The cenlral B-sheel is predominantly parallel.
with topology +1. +2, -1, +2x, (+1x); (strand order §1, B2, p4.
B3, 5. 36. B7. P8, B9 and 310) and is capped on the C-terminal
edpe by DOM2Z, which is inserted between strands B6 and p7
(Fig. 25}, Strands 39 and 310 are C-terininal additions to the
canonical eight-stranded ¢’ hydrelase central sheet, which is
similar to C-terminal additions observed in members of the
large csterase family of the o/ hydrolase superfamily'z,

For members of the a/[i hydrolase superfamily. insertions are
common at the junction between (6 and $7. The length of
DOMZ (95 amino acids) sets a new upper limit on the insertion
size tolerated by the o/ hydrolase fold, further underscoring the
remarkable diversity already noted in this family'™ DOM2 is an
ar-helical structure composed of seven helices. Helices HI and
H7 pack together at the base of the domain. while helices H2-H6
pack together to form a five-helix core (Fig. 2¢). The longest
helices are H2 and H3 (Fig. 2¢). which pack antiparallel to each
nther willt ihe helieal axes offset by -25°,
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Fig. 2 CocE structure and topology a, Ribbon diagram of the cock siructure. The enzyme is composed of three domains DOMI {red sheet. arange
kielices and gray loops), DOM.2 (grean) and DOM3 (Blue} Note Lhat this colofing scheme will ne used in all subsequent figures, The actve site 1s lotat-
ed at the interface of all three domains, and the residues of the calalytic t iad are shown A molecule of henzoic atid was located n the spacifiaity
pocket of the enzyme The figure was generated in BOBSCRIPTH and rendeded in RASTERIDY. b Topology diagram for DCAM1 DOMI has the cznon-
ical a/f} hydrolase fold The 3-sheet and f-o-ff motifs are #ll right handed, ¢n<ce-m for the crossover belwean straad 48 and B9 which s lefl handed
and contains the active site His, consistert with other hydrolase structures” §. H and D deante the relatve pesition of the catalylc tnad Ser 117
His 287 and Asp 259, respactively. DOM2 is inserted between sirands 6 dn(, B7 (greer stars) DOM3 Iy located a1 the © terevinal end of GOMI (hiue
star] ¢ Stareaview of the stiucture of DOM?. The orlentation of DON 2 hds Eeenaliered ielative 1o {2} o <P ow the relative orientation of The seven
helices comprising this domain The core |s composed of fiva hallees H2-P6 o, topuloyy d-sgram for DOMI Tre overall fo1d has o Jelly rall-hka

topology Strands in the two sheets are connected by crossover leops, seve:tal af which form additional secondary elemants. including an additional

three-strangtes B-sheet that caps the Jeliy-roll core The long loops form ex

ensive mieractiors wilh DOMT and DOND The 17,17 and 7" strands ara

labeled to malntain the topelogical homology witk stranas 1-8 of other jnlb\,‘ roll proleing

L1

DOM3 is mostly a B-structure, with a P-barrel-like core
formed by two antiparallel B-sheets (32, B7. B4 and B5) and
(B1”. B1. P8. 3 and P6) that pack against each other with an
averall jelly-roll topology {Fig. 2a.d). The edge strand BI’ is
inserted after strand 81 in this fold. and two hydrogen honds
are formed between edge strands B1” and 82. The jelly-rell
fold. however, is compressed into a B-sandwich like structure;
the lack of curvatuze in the sheets prevents hydrogen bonding
between B33 and 36 despite their spatial proximity. The strands
between the sheets are connected by six crossover loops, sever-
al of which lorm additional secondary elements that surround
the fi-barrel-like core, including an additional three stranded
anliparalle] B-sheet (317, B7 and {33) that caps the core
(Fig. 2d).

The association of DOM! and DOM2 buries a total surface
area' of 1.342 Az, whereas the DOMS3 Interaction with DOMI
and DOM2 buries 3,940 A2 A total of 377 conlacts'® (27 hydro-
gen bands. 10 salt bridges and 340 van der Waals) are formed
between DOM3 and DOMI/2. of which 195 are with DOMI1 and
182 with DOM<. All of the contacts between DOML and DOM3
oceur after the DOM2 insertion. The crossover loops and short
helices in DOM3 account for 271 {-72%) of the total contacts,
with most of the remaining comtacts (34) derived from the B-
barre] like core (strands B3, B3 and B6). Tence, DOM3 appears

18

]

1o play an important role as a scaffold governing the arcange-
‘ment of the averall tertiary structure.

Architecture of the active site

Two ligand structures (Tahle 1) were obtained: crystals soaked in
coraine or phenyl boronic acid yielded the product (henzoic
acid) and tetrahedral-analog adduct complexes, respectively
{Fig. ). The active site is lacated in a cleft forimed at the intetface
.of the three domains. The catalytic wiad. located towards the
bottom of this cleft in DOMI, comprises resiclues Ser 117,
JAsp 259 and His 287 a1 the C-tecminal end of strands B3, B7 and
{38, respectively (Fig, 3). The sequence surronnding Ser 117 is
GVSYLG. a slight variant of the canonical GX\SX,G muotif
(where X s any amino acid) found in most members of the o/
Jydrofase superfamily. Ser 117 is located in the strained mucleo-
philic elbow {7 = 55" and @3, = =1127), whichy is a hallimark
“of this fold:,

A binding pocket is lucated a1 the very base of the cleft just
ihelow the catalytic triad. [n the product complex. excellent den-
sity is visible in this binding pocket for benzoic acid (Fig. 3a).
{The benzoic acid is 95% buried within this pocket 1124 A2 out of
“130 A% and forms van der Waals (vdw) contacts will residues
Hromyall three donsaing (1ig. 343, The benzoic acid interacls pre-
cdominantly with DOMI (23 vdw contacts and 1wo hydrogen
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bonds) and DOM2Z (18 vdw contacts). with fewer contacts to
DOMS3 (four vdw conliets)!®, One face of the benzoate forms &
m-siacking interaction with the five-membered pyrrole ring of
Tip 166, The DOM3 residues contacling benzoate are Leu 407
and Phe 408 (I'ig. 3a), which belong to a long loop that connects
strand B anrd B2 This loop inserts between DOMI and DOM?2
in the quaternary structure to form part of the active site
(Fig. 2a).

In addition to the specificity pocket. we have identified a two-
compengnt oxyanion hole. The hackbone amide of Tyr 118 and
the hydroxyi group of Tyr 44 both farin hydrogen bonds fo the
henzoate carboxyl (Fig. 3a). These hydrogen bonds are precisely
positioned 1o activate the benzoyl carbonyl carbon of cocaine for
serine attack and subsequent hydrolysis of the acyl intermediate
(Fig. 4). Therefore, Tyr 44 appears to play a decisive role in acti-
vating the substrate carbonyl and the acyl enzyme for hydrolysis,
Because the oxyanion hole is also located at the N-terminus of
helix neC, the partial positive rharge fram the helix dipole may
play a subtle rele in stabilizing the oxyanion transilion state,

Structural changes along the reaction coordinate
Crystals soaked with an inhibitor, phenvl boronic acid, gave rise
to a covalently bound tetrahedral-intermediate analog (Table 1;
Fig. 35}, The pro-§ hydroxyl of the boronic acid is positioned in
the oxyanion hole, whereas the pro-R hydroxyl is oriented
toward the putative secondary specificity pocket for the tropane
ring of cocaine (Figs 35, 4). The Ser residue binds covalently to
horon through attack at the corresponding si face of the benzoyl
ester linkage of cocaine, consistent with the enantio-recognition
observed in other members of the a/f hydrolase superfamily!®,
The protonated NHe of His 287 forms a bifurcated liydrogen
bond ta the Ser 117 Oy and the pro- £ hydroxyl (Figs 35, 4). In
this structure, the pro- R hydroxyl is positioned where the attack-
ing water molecule would he during nucleophilic attack of the
acyl intermediate (Fig, 4). The bifirrcated hydragen hond in this
stable complex probably resembles that which is formed during
the transition state of this reaction. Hence. this structure cap-

d
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tures the catalylic triad in 4 productive configuration ihat repro-
duces the classic geometry secn in other esterase and protease
struciures. Comparison of the adduct and product stractures
shows thal hydeolysis of the acyl esgyme causes Ser [17 tn nlale
110° about y. to face away from the benzaic acid specificity
pocket. Additionally, His 287 swivels §7° about i, leading to an
unproductive configuration of the triad in which the interaction
between Asp 259 aud His 287 is mediated by a water molecuie
(Figs 3a. 4).

Maodeling cocaine in the active site by superimposing the ben-
zoyl ester of cacaine un the pro-R axygen of the phenyl boronic
acid adduct shows that recognition of the tropane ring would
oceur primarily in a putative secondary specificity pocket com-
posed of residues from DOMIE. Recognition of the tropane
nitrogen may eccur via cation—n interaciion with Tyr 44 or a
hydrogen bond with Gln 55,

Comparison to other hydrolase structures
Tn general, members of the hydrelase family of enzyties have
very low sequence homology and are thought to represent the
prototypic example of divergent evelulion™. Indeed. DALY
identified Streplomyceslipase (PDB (JFR)'™ as having the highesl
structural homology to DOM1 (Z-score = 19.1) but with only
17% sequence identity. Prolyl oligopeptidase from porcine mus-
cle {PDB 1QFSI' also has high structural homology to cocF.
Remarkably, prolyl oligopeptidase and cocE use a Tyr hydroxy)
to stabilize the oxyanian, differing from the chymotrypsin-type
and o/B hydralase enzymes. which invoke two main chain NH
hydrogen bonds!, and subtilisin-type enzymes that use a side
chain Asn residue. Superpesition of this structure onto cock
shows that the Tyr hydroxyls superimpose within 0.5 A of each
other. The unusual role of this Tyr in both the bacterial esterase
and the mammalian oligopeptidase provides an elegant example
of convergent avolution in the formation of the oxvanion liole.
Comparisen lo other o/B-hydrolase structures reveals that a
wide vaviety of domains are typically inserted 3t the N- or C- ter-
minus. and/or ihe junction between strands 56 and f7 (DOM2}.
These additional domains are generally believed
ta tailor the specificity of the enzymes'##, This
apparent structural diversity prompted us to
search for structural homology to DOM2 and
DOM3 alone DOM2 proved to e quite novel:
the highest DAL Z-score was only 3.9, where a
Z-score <2 represents a  totally dissimilar
structure!”. The structural homology for domain
DOM3 is also quite low. with the highest
DALE Z-score of only 6.

Fig. 3 Sterec vlews of the active site of cocf The colo:
sehems and secondary sbucture is thesame asinFig 2a
The sida chalns that contact the bound ligands ate
shown In brown wilh red uxygens and blue nltrogens
a. The product complex Hydrolysis of the acyl enzyme
gives the product complex with benzoic acld  After
hydralysls, Ser 117 swings away from ihe specificity
pockel and His 287 rotates towards OM3, obliterating
lhe productive catalytic triad configuration Mydrogen
aonds within the triad are mediated by a water mole-
i he ge-weighied™ 2k, -+ eleciron density mep
centoured at 2 0 ¢ Is shown arcund the Ser resldue and
penzoic acid b, 1 ke tetrahedral analog adduct complex
This complex was formed by soakung crystals with phenyl
boronic atd The compeund ferms a covalent adduct
with Ser 117, and tha resigues of the catalylic triad atlgr
thermselves 10 a produciive configuration  The o,-
welghled™ 2F, - F electron density map contoured at
1 5 ¢ Is shown around the Ser adduct
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Fig. 4 Proposed mechanism for acyl intermediate

— b4
hydrolysis The hydrogens have bean assignad according Tep 166 Trp 168
to the hydregen bond dono--acceptors in the active site k/@
The covalent acyl iniremediate (iop teft) is proposed io ? 4 ]
go through a tetrahedral transition state {top fight) an ™ Tyt “"\ R
its way to prodic: (botiom left) The boron inhibitor - - A i L |
{hottom right) mimics the teirahedral transition-state of ~ {y’*vl' E— . Yy ] —_—
the acyl enzyme The pro-R hydroxyl of the boron- e " LA o !
adduct 1§ probably positioned where the attacking ; \’_j" o _'-‘ 1,—('9_,}‘ . .
water would be in the tetrahedral intermediate Inthe ™% 8 : et Y :
product complex whelher the waler molecule HOH  aspass o o = o 2se i\t; f ‘i
donates or accepts a hydrogen flom Ser 117 isunglear 69 o 0 o sen?

a —
Tre ViR Trp 18¢
o) L
s S
Conclusions N ey Ty Ty
We tave structurally claracterized an efficient JC @ e
. . y . . . A =

cocaine-degrading enzyme, which is a novel vari- T AT
aut of the /B hydrobase fold. and obtained snap- |, . Hm/—ﬂ&f"‘ S
shots at two positions along the  reaction S %""Lr(*‘i
coordinate.  Swructure-hased  mutagenesis  is AR 2 R

underway 1o characterize the relative contribu- o
tions of active site residues towards the overalt
mechanisn: of the enzyine.

The structural and biochemical characterization of cocE also
has important ramifications for further developiment of catalytic
aniibodies against cocaine, Specifically, catalytic antibadies are
generally raised against stable transition state analogs. Inhibition
studies with cocE will show whether or not such analogs mimic
the transition-state of the reaction sufficiently to warrant immu-
nization trials. The trapping of phenyl-boronic acid as a covalent
adduct in the crystal structure would suggest that substitution of
the benzoyl ester of cocaine with either a boronic ester or acid
may yield useful haptens for a reactive immunization-like strate-
gy¥. Hence, the enzvme structure provides a basis for further
antihody enginecring.

Table 1 Data collection and r

bl

The eocE enzyine itself has therapeutic potential as an
enzyme-based treatimenl for cocaine overdose, Inlravenous
‘administration of this enzyme into a patient experiencing
cocaine averdose could result in cocaine clearance within sec-
‘onds. The precedent for bacterial enzymes as therapeutics has
alrearly been established — for example, in the antibody-direct-
ed enzyme prodrug therapy (ADEPT), where use of loreign
enzymes is requisite for specific prodrug activation at the target-
ed tumor lecation®, Two of the most important in vive parame-
ters that need to be addressed are toxicity and plasma lifetime of
the enzvme. Short plasma Ffetimes would suffice to clear
cocaine [rom the system of a patient experiencing an overdose
wlile avoiding adverse humoral and celiular immune response

P
efinemrent s1atistics for cocE

Data collection

PULT () PLAZ (1 Bt a3 Product Aaruct
Wavelength (A) 107167 107198 j.BéU% | 0 u65
Resolution range {A) 20.0-2 1 (2 14-2.10) 200-218(2.22-218) 300-2 1812 72-218) 20.0-1.63 {1 66 - i 63) 200-1580161-" 58)
Number of uniqus refs 75,311 71,884 g2174 95 669 90 349
Completeness (%) 91.7 (35.8) 94 3{77 3) 9.8 (99 7) 97.9(207) avo 2
Redundancy 33 3.4 ta a3 54
Reprge’™ 64 (38.7) 65(460) Bo(s 1, 5.4 (4D 6) 6.4{314)
1 fa- 17.2(1.9) 179(1.9) i¢92a 20720} 285022
Refinement statistics
Product Adduct . Producl Adduci

Refined resigues 570 ] 570 Ramacrjandran ctatisties (%)
Refined waters 436 544 Mast Eavored- 8.2 378
Reryu (%) 18.0 198 Additional allcwed 104 10.5
Reas® (%) 219 21.4 Gener'pusly aliowed 10 G4
Average B-values (A) Disalidwer 0.6 12

Enzyme 21.6 20.6 R m s diviations rrom weal geometry

Watars 30.1 308 Bond fergths (&) 0003 con

Ligand 392 19.4 Bend dngles (7} 21 1H

Dihedrals angles {7} 64 25 7
improper angles () 14 "6

"Numbers fn parentheses refer 1o the highest resalution shell.

Reuge = {En e fLIRY = <l(h)> 1 AT,E L))« 100, where <1(h)> is the average intepsity of 1 sy nmetry-related ooservations of reflactions with Bragg incex »
ey = e o= For F o fF i) x 100 where o and F. are 1he observed and calduiated ssucturn factars respestively, for all data

‘R, was caleulated as for Ry, but on 5% of data excluded before reflipeméent

“A significant fraction of the rosiducs are iocated within 5 of the most favired regians af ehy space Wwe folf that ‘massaging’ these parametars (o
Increase the numier of residucs In the most favared region would be inappropriate dua (o the rxceptional auality of the electron density

¥
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The plasma lifetime can he lengthened, if necessary. by covalent
modification of the enzyme with polyethylene glyeol (PEG),
which would mask the enzyme from the immune system?, This
structure will help identify and/or predict where such modifica-
tions would take place.

Methods

Cloning, expression and crystaltization. The cocE BRzyme was
subcioned into pET-22b(+) (Novagen) and transformed Iata BL21-
Gold (DE3) ceils (Stratagene). Soluble enzyme (20 mg ) was
obtained by overnighl induction with 1 mM isopropyl-p-o-thio-
galactopyranosids (IPTG) at -23 °C CocE was -99% pure after two
cohsetutive rounds of Ni-NTA agarose chramalography (Qiagen).
The purified enzyme was assayed for cocaine hydralysis by monitor-
ing a decrease in absorbance al 240 nm (ref, 24), which is more sen-
sitive than the HPLC method®. The HPLC methoed failed to measure
the initial rates, leading to an artificially inflated measurement for
Kw (ref. 1). Therefore, the kinetic parametoers reported here super-
sede the previous values'. Subsequently, cocE was dialyzed inta 10
mM Tris, pH 7.5, 25 mM NaCl and 10 mM dithiothreito! (BTT) and
then coneenlrated to 40 mg mi-* For crystallizafion trials. High qual-
ity crystals were grown in 1.5-1.8 M ammanium sulfate in hexago-
nal space group Pé:22, with 2 = b = 106 A and ¢ = 221 &, ore
moigcule por asymmetric unit and & Matthow's coofficient of
2.63 A% Da~ {solvent content of 53%).

Data collectian, structure solution and refinement A three-
wavelenglh platinum multiple anamalows dispersion (MAD) data
set was cotlected at SSRL heamtine 9-2 from cryslals soaked in
0.5 mM platinum (I} (2,2".6",.2"-terpyridine). The data were intagrat-
ed and scaled with HXL2000 {ref. 25), and five platinum sites were
identified, using SOLVE#, that were sufficient to phase the entire
malecule at 25 A {figure of merit (FOM) = 0.43 for all reflections).
Density modification was performed using RESOLVE? (FOM = 0.69
for all reflections), and the platinum derivative phases were extand-
ed o 2.1 A using DM, The phases were further extended 10 1.63 A
using a data set obtained from a crysial soaked in 1 mM cocalne.
ARPAWARPY Ihen suctessfully traced and built 97% of 1he structure.
The remaining model was built manuaily in 0%, and the refinement
was started in CNS™ and finished using SHELXLY, with final Ry, =
19.0% and R, = 21.9% for all data (R = 17.2% and R, = 20.0%
forF, = 4a). '

Crystals scaked for 5 minin 1 mM phenyl boronic azid resulted in a
covalent tetrahedral analog complex (Table 1). The complex was
refined using the MAD structure as a starting model, and the cova-
lent serine phenyl-boronic-acid adduct was built in Insightz000
{ACCELRYS). We subsequently modified the protein parameter and
topology fites in CNSY ta include aur Ser adduct as a new type of
residue. This modification gave stable refinement and mainlained
acceptable geormetry with final Ry, = 19.9% and Reg. = 21.4%.

nature structurad biclogy - volume 9 number 7 - january 2002

Coordinates. The atomic coordinates and structure factors far the
tetrahedral intermediate analog adduct and product complexes
have been depaosited in the Pratein Data Bank (accession codes
1JU3 and 1144, respectively).
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thermostabilising mutations on the basts of culcematons of
eleerrostatic potendals, Again, becanse the predictive power
of these ratonal conceprs is rather lmited {13), the supposed
thermostabilising mutadions need o be rested individually
by site-directed muragenesis. This reduces speed and
throughput and rhereby limits the sequence space amenable
to testing,

Directed evolution

The term “direcred evolution™ encompasses a series of
experimental teehnigues that reproduce, on an aceelerated
timescale i the tese tube. the evolution of natural diversi-
ty and environmental adapratton. This is achicved through
mutation and recombination and by giving the process z
“direction’ mwards the optmisarion of one or more proper-
tics of interest. Either a selective pressure is applied. or in
each round of mutagenesis andfor recombinadion che
library of variants vheained is sereened Tor the desired rair.

One freguentdy applied strategy comprises repeared
rounds of random mumgenesis. startng wich a given par-
ent gene of interest. After cach round, the best murands)
15 {are) selected and nsed as parenr sequencefs) in the
following round of random muragenesis. Typically. rather
fow muration frequencics are emploved to suppress accu-
mitlation of neutrel or even deleterious mutations [13,145].
In a recent example of this ovpe, two cycles of random
mutagenesis and screening yielded two mutants of phos-
pholipase Al with six and seven amino acid substitutions
cach; the mutants displuyed inereases in their temperarure
of half-inactivation of 7 and 11°C. respecrivelv {16].

Since the inroduction of DNA shuffling in 1994 [17.18].
mast directed evolution experiments encompass one or
more eveles of recombination benween a set of homologous
sequences, These experiments mav nse a set of improved
varianes of a given cnzyme. obrained by random mutagene-
sis, or a serol naturally occurring, homologous genes isolated
from wild-rype organisms. DNA shuffling was shown to be
very powerful in recombining favousable mutatiens and in
climinating delcterious or necurral murations,

Combinations of random mutagenesis and/or [DNA (family)
shoffling have been nsed successfully to engineer protein
thermostability [19-21.22°.23-27]. In these examples,
increases in “thermastabiliy’ of 142200 C were atrained with
7-19 amung acid substititions (relative o the parent
protein). which were accumulated over up o eighe genera-
nons of dirccied evalutdon, Two important congclusiong
can be drawn from these resules, Firstdy, the increases in
thermostability nbained by directed cvolution have. as ver.
heen no more impressive than cthe best examples of racional
design (e.g., [28,29]), although they may have required less
time andfor less effort. Sceondly, despite impraved cguip-
ment thar allows higher throughput and increased
auromartion, the sequence space amenable to testing is soill
rather limited. Key prerequisites for larger steps and longer
walks inr sequence space include the efficicar elimination

of newtral and delétenous mutations, higher frequencies of
recombinanun hetween homologous genes, recombimanon
events inosererches of low amino acid sequenee wdenrin
(g [30°°]) and powerful selection tools for improved
rraits, Althongh longer walks in sequence space mighe not
actually be required for increases in thermestability of
20=-30°C, thev mav be destrable for more dramaric tnereases
i stbility and will definitely be advantageous for opmis-
ing other enzvme propertics, such as reaction mechanism or
substrate specificity.

The consensus concept

A thud, semimanonal approach for engineering thermosta-
bility 15 based on the hepothesis that aca given prsiton in
an aminn acid sequence alignment of homaologons pro-
teins, the respective eonaensus amino acid contribuces
more than average o the stbility of the protein than the
noneonsensus amine acids. Consequently substitution of
neneensensus by consensts amino acids mav he o feasible
approsch for improving the thermostabibiny of a procein,

Although Pantoliana of of. [3] were the first o apply the
‘consensns ceneepr’, showing char the consensis-rype
mutation MeidiPhe increased the unfolding temperature
(T.) of subrilisin BPN" by 1.8 C. it was tive vears fater that
Steipe eral. [31] offered a pussible thearencal explanation.
hased on statistical thermodynamics, for the feasibiliny of
this approach. Steipe o &/ |31] predicred en individuoul,
stabilising murations for the immunoglabulin variable V)
domain, of which six were indeed stabilising, Fuether
experiments un the immunoglobulin Vi and Vg domains
dvowelh as onoa catlyue single-chain By fragment con-
firmed rhese results and showed thar the combinatinn of o
ser of stalnbising murations in a multple variant provided
additive thermostabilising offects [3,32-344.

In addition te applving the consensus congept to sets of
homologous amine acid sequences, Steipe and coworkers
also tried o apply the concepr re strucrur:l motits, The
hyvporhesis that the most frequently oceurring residues
in specific positions of B-turn mocifs increase the folding
stabilits of a protein was experimentally confirmed for
an immunoglobuidin Vi demain [32]. In contrast, when
the concepr was applied o siurface-expased loops and
turns, which were assumed o be stabilised promarily
by lacal inceractions. only dess stable varianes were
observed. suggesnng thar this parncular applhication of
the consensusconcepr does not allow refiable predicnon
of thermostahilising mutations.

A scr of svsrematic studics of the consensus concept has
alsa heen provided by Fershr's gronp. Tn one sty [33],
P33 homologues from 23 species were aligned, and 20
nonconsensus readues of human pd3 were murared
imdividually o the respective consensus residue. The
changes in stabiliey ranged from +1.27 0 -1.49 kealfmul,
and the rheeretical sum of the smbilisy changes of the 20
individual mutations was no maore than 0,38 keal/mol.

\.



Four stabilising mutations were combined in a quadruple
mutant {(Meri33len, Val203Ala, Asn2397Tyr, Asn268Asph
which was stabilised by 2.63 kcalfmol and displaved an
increase in T, of 5.6°C.

In two other studies (367370 the consensns concept was
applied 1w GroEL minichaperones (e fragmenes of
GroLE L capable of facilivating protein folding). A secquence
alignment of 130 scquences of hamologous chaperonin 64
proteins revealed that 31 (our of approximately 150)
amine acids of the Fsederichia roff minichaperonc
GroEL{193-343) cccur with a frequeney of <35% ar cheir
respective posizions in the alignment. Fach of these
residucs was replaced individually with the most fre-
quently occurring residuels). vielding a rowl of 34 single
mutants which displaved differences in stability relative
to wild tvpe ranging from +1.35 o -1.78 keal/mol.
Summing up the stability effects of all the individual
mutations viclds a rhearerical overall difference in stabili-
ty of .30 keal/mol, which is unlikely to be significantly
different from zero, Among the 34 amino acid substitu-
nons analysed, 13 were stabilising (38% success rate), five
were neutral, and B0 were destabilising, However, when
considening for substituoon only those residues that occur
with a frequency of <20% ({rather than <33%) at the
respective position in the alignment, 13 out of 18 mun-
tions were stahilising (72% success rate), owo were neutral,
and only three were destabilising. Two muldple variants
each combining a set of six stubilising mucarions were so-
bilised by 6,99 and (.13 keal/mol, and displaved T,

m
increases of 186 and 14.2°C relarive o wild-type
GroblL(193-343),

No attempt has been made by eicher Steipe’s or Fershe's
group o apply the consensus concopt over the endre
sequence of a protean. In fact on the basis of the data of
Nikolova er af. [35] and Wang @/ [36*] {sce above). one
might be inclined to assume that such an attempt will fail.
because stabilising and destbilising mutations mav coun-
terbalance cach other. Very much to the contrary are the
results of Lehmann e o/ [38°*] describing the design of a
consensus phytase. In this study an appropriate computer
program was used o calculate an entire consensus
sequence fram 13 homologeus anung acid sequences of
wild-type phytases from moesophidic fungl. A svnzhetic
gene was conscructed Trom the consensuy scquence. and
recombinunt expression of this gene gave rise to a consen-
sus phytase (consensus phytase-1} that was 15-26°C maore
thermostahle than all of its parents [38%°)]. Subscquenidy.
incarporation of addidonal wild-tvpe sequences in the
alignment vielded consensus phyrase-10, which displayed
32 amine acid differences relative ro consensus phvrase-|
and a further 7.4°C increase in 1, (M Lehmann o af..
unpublished data). Both consensus phyrases differ in at
least 80 antino acids from any of their parents, This clearly
shows that the consensus concept allows multiple amino
acid cxchanges ta be combined in a single step in order
provide u sigmficanty unproved variant of the cnzyme.

Engineering proteins for thermostability Lehmann and Wyss 373

Remarkably, the overall correlation often observed
berween increases in thermnstabilicy and decreases in
catalyne tumover rare ot ambient temperiture does noi
apply o the consensuy phyvrases: instead. the oppesite 1
rrue (M Lehmann o 270, ungobiished darad.

In summary, the ennsensus approsch allows much larger
Steps in sequence spaee than most dirceted evolugion rech-
niques reporred o date. Tnaddidion, ar present, increases in
thermasiability of up to 30°C seem possible i a single shot

Conclusions

In the case of eagineering prorcing for thermnstability,
researchers are in the enviable sitezation of heing able
choose berween rhree different. apparenty cqually
successful, strategics: rational design. direeted evelution,
and the canstrucaon of (semirational) svacheric consensus
genes. Rarher chan plaving off onc approach againse the
others, future offores shouid focus on how to hest combine
these alternative approaches in order to access a larger frac-
tion of the wral sequence space and 10 approach the zlobal
optimum for a given traitin a consistent and direet way, A
first successtul study of this tvpe has been reported by
Cherry o alo [39°] In their endeavour o improve cthe
stabihity of 1 hacm peraxidase for laundre applications, four
mutarions were rationally designed: one o increase the
eneyme’s thermaostabiliey and diree o increase resistanee
wr oxidarive damage. The caombination of these muatinns
with fivourable amine aeld exchanges identificd in dircot-
ed evolution experiments vielded a final murane wich 174
thmes the thermal stabilioe and 100 ames che oxidative
stability of the wild-tvpe haem peroxidasc,

We expeet that the consensus concept will prove to be, and
will thus be generally recognised as, an additional valuable
instrument in our tool box for designing more ther-
mostable cnzvmes for all tvpes of industrial applications,
Construcrien of a single consensus protein has the poten-
rial to provide a similar inerease in thermostabilioy as many
months or vears of rational design or as direeted evolution
campatgns involving multiple generatons and analvsis of
thousands of mutants.
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Rational design and engineering of

therapeutic proteins

Shannon A. Marshall, Greg A. Lazar, Arthur J. Chirino

and John R. Desjarlais

An increasing number of enginesred protein therapeutics are currently

being developed, tested in clinical trials and marketed for use. Many of

these proteins arose vut of hit-and-miss efforts to discover specific
mutations. fusion partners or chemicat modifications that confer desired
propertics. Tarough these cfforts several uscful strategies have
emerged for ralional optimization of therapeulic candidates. The
controlled manipuiation of the physical. chemical and biological
properties of proleins enabled by struclure-based simulation is now
being used 1o refine established rational engineering approaches and
to advance new strategies. These methods provide clear, hypothesis.
driven routes to solve problems that plague many proteins and to
create novel mechanisms of action. We anticipate that rational protein
engineering wiil shape the field of protein therapeutics dramatically by
improving exisling products and enabling ihe development of novel
therapeutic agents.

¥ the exquisite specificity of biological thera-
peutics for their clinical targets has led to
their continued development and application

Shannon A. Marshali
Greg A. Lazar
Arthwr ), Chirino

lohn R. Desjartals”  4¢ medicines. despite competition from small

= olecule drugs. Several engineered protein
111 W lamon Ave ) T )
Monrovia  therapeuties are currently being markered
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tel: =1 626 305 2000
fax: -1 hH26 305 0350
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{(Table ). and the annual sales of protein
therapeutics are projected to exceed USS59
billion 111 2010, which is twice the revenue
generated in 2000 (hoip/Awww pharmafils.
com/Pharmafocus/Features/feature.asp?{iD=
281} [1]. For well-validated largels. naturally
occurring protein interaction parthers consti-
wte preselected ‘lead’ compounds with high
affinity and specificity. However, because
natural proteins are not evolved for utiliza-
tion as drugs, lead optimization is frequently
beneficial for development of a protein
therapeulic. Maodifications can influence the

212 waw drugdiscoveryioday zom

13509-6446/G3/5 - see fron! matler ©2003 Clsevier Sciencs Lid. All rignts reserved

mechanlsim of action, slde effects and coffi-
cacy. and satisfy praciical constratnts such as
production costs, intellectual property and
dosing frequency.

A variety of strategies have emerged lor
modulating protein properties, such as efTi-
cacy. stability, specificity. immunogenicity
and pharmacekinetics (FK). Mechanisms for
altering these properties inchide manipula-
tton of primary structure, incorporation of
chemical and post-translation modifications
and utilization of fuston partners. The most
comunon route to optimization is site-directid
mutagenesis, which is often performed in a
brute force or trial-and-crror manner. A smaller
number of examples cxist whereby semira-
tional application of diversity methods, such
as phage dispiay. has been used 10 optimize
a therapeutic candidate. Important recent deve.
lepments are the creation and successful
application of rational protein design meth-
ods and the determination of an increasing
number of high-resolution protein structures,

For the purposes of this review, we define
rational protein engineering as the hvpothesis-
drivery manipulation of protein sequence
and/or composition, The controlled modifi-
cation of specific biophysical properties of
proteins can potentially impact a variety of
therapeutic features (Table 2). An Imporiam
subset of rational engineering methods consists
of approaches that utilize high-resolution,
3D structure information. The maost saphis-
ticated of these methods offers an extraor-
dinary level of control over protein sequence
and structure, a mechanism to explore se-
quence combinations that extends far heyond
natural diversity. and the ability to couple
multiple constraints algorithmically for

Plt 51352-6446{02)02610-2
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Table 1. Enginccred protein therapeutics on the market®

Name Family Company Indication Modification Property

Proleukin® I.-2 Chircn Cancer Mutated free cysteine Decreased aggregation:
(aidesleukin) improved bioavailability

Betaseron” IFN- Bertex/Chiron Multipie Mutaied free cysleine  Decreased aggregation
(inlarferen beta-ik) sclerosis

Hurnalog” tnsulin Edi Lilly Diabeles Monomer net Fast acting
(insulin lispro) hexamer

NovolLog* Insulin Noveo Nordisk Diabetes Monomer not Fast acting
{insulin aspart) hexamer

Lantus® insulin Aventis Dizbetes Precipitates in dermis  Sustained release
(insulin giarging)

Enbre!* TNF receptar  Immunex/ Rheumatoid  Fe fusion l.onger serum half-life:
(etanercept) Amgen/Wyeth arthritis increased avidity

Ontak” Diptheria Seragen/Ligand Cancer Fusion Targets cancer cells
(denileukin diftitox) loxin-IL-2

PEG-Intron’ IFN-o Schering-Plough  Hepatitis PEGylation Increased serum half-life:
(paglnterferon alfa-2b) weaker raceptor binding

PEGasys® IFN-o Roche Hepatitis PEGylation Increased serum half-life:
{peginterieron alla-2a} weaker receptor binding

Neulasta™ G-CSF Amgen Leukopenia PEGylation Increased serum half-life
{pegfitgrastim}

Cncaspar” Asparaginase  Enzon Cancer PEGylation Decreased
(pegaspargase) immunogenicity:

increased serum half-life

Araresp” Epo Amgen Anemia Additional Increased serum half-life:
(darbepoetin alfa) glycosylation sites weaker receplor binding

Somavert’ Growth Geneniech/ Acromegaly  PEGylation. Novel mode of action:
(pegvisomant) hermone Seragen/ pinding site increased serum half-life

Pharmacia muiations

Chlran {http:/fwwew.chiron.comy; Berlex {hiip://berlzx.com); BNl Liily (htip:/fveww lilly.comy; Novo hardisz, {hisn://wanw.novonardisk com):

Aventis (htlp:/fwww aventis.com). Immunex/Amgen (hiip://www.amgen.com) Wyath (Ritp Hwww wysihcom) Saragen/Ligand (hitp:sssw ligand.com}
chering-Plough (hitp v sch-plough.com) Roche thito //awaww roche.com) Enzon (hiip/fwaar eheon com) Genenriech (hito/ /vy genenlech com)

Pharmacia (hitp:/fwww.nharmacia.com).

“Abbrevislions: G-CSF, granulacyte-colony siimulaling factor: IFN-o, intetferon o IL-2, Interleukin 2 PEG. poiyelhylene glycol TE, tumor necrosdy facton

simultaneous optimization of several protein properties.
Furthermore, proven hypotheses can be reapplied
to additional protein systems. thus saving discovery
cost and time. Ratienal methods can be distinguished
from those that rely on random sequence perturbations
or combinations, such as the class of oplimization tech-
nigues referred Lo as directed evolution, although some
implementations of these methods have a rational com-
penent [2 3],

Physicachemical properties

The physical and chemical properties of protein therapeutics
significantly determine their performance during develop-
ment. manufacturing and clinical use. Many therapeutically

interesting proteins are naturally expressed at low concentra-
tions and are degraded rapidly. By contrast, fully devel.
oped protein therapeutics require high levels of solubility
as well as retention of activity through purification.
formulation. storage and administration. Several rational
design and engineering strategies. such as those highlighted
in Figie 1, have been developed Lo improve praperties such
as solubility and srability while maintaining desired
biological activity.

Stability

Proteln therapeutics are exposed Lo a variely of stresses
that can cause protein unfolding or degradation. Using ra-
tional optimization methods, proteins can be re-engineered
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Table 2. The biophysical properties of proteins that can be optimized to obtain desired therapeutic

outcomes’
Enable Mechanism Pharmaco- Immuno- Route of Cost of Shell life  Intellectual
discovery of action kinetics genicity administration goods property
Stability X X X X
Solubility X X % X X ¥
Recepior binding affinity X X
and speclficity
MHC binding affinity X X
Qligomerization stale X X X
Chemical madifications X X X X X
Postiransiational X X X X X
maodifications
Sequence diversity X
Conformational state X

*Abbrevlation: MHC, maor histossmpatlblllly complex.

such that their structure and activity are substantially
more robust with respect to protease exposure, oxidative
stress and changes in temperature, pH and solution con-
ditlons. One simple stabilization strategy is to replace free
cysteines. thereby preventing the formation of unwanted
intermolecular or intramolecular disulfide bonds. Cysteine
to serine mutations have been introduced successfully
into several therapeutic proteins, including granulocyte

Exposoed
hydrophobic
residues

+ solubitity Loops

* protease
susceptibility

Binding site Core

« interaction affinity * stability and
and spacificity conformational
control

——— Llnear epltopes
= immunogenicity

Termini : ik
» attachment of

fusion partners

or PEG

Orug Discovary Today

Figure 1. Examples of rational design and engineering
strategies. Many design straiegies target specilic residues or
regtons of a proteln structure for optimization. Mowever, it is
important to note lhat modffications in any regicn of the
protein could potentlally alfect a wide range of protein
properties, emphasizing the importance of rational design
methods that can simultaneously consider and opiimize
multiple parameters. Abbreviation: PEG, polyethylene glycol.
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colony-stimulating factor (G-CSF) and interfercn (IFN)
B1b, resulting in a longer shelf life [4,5]. Cysteine to serine
mutations have also been shown to increase the half-life
of human fibroblast growth factor (FGF) {6]. Interestingly,
each of the three FOF mutations decreases the thermal
stability of the protein. probably hecause the introduced
serines are substantinlly desolvated and are ot posi-
tioned to form intramoelecular hydrogen bonds. Rational
approaches can identify the amino acids that are maore
precisely compalible with the [ocal stroctural environ-
ment.

Dramatic improvements in the global stability of a
pratein can be oblained by optimizing intramelecular in-
teractions. Early examples used ralional computational
design methods to optimize packing interactions and
hydraphobic burial in the protein core [7-8]. Optimizing
secondary struceure propensity, hydrogen bonds and elec-
trostatic interactions can also improve protein stability
substantially [10-i2]. More recently. these principles have
been applied to the clinically relevant proteins G-CSF and
human growth hormone (WGH) by using Protein Design
Automation® (PDA™) technology (Box ). The designed
hGH variants ave active in cell proliferation studles and are
up 1o 18°C more thermostable than the wild type protein
[13]. Optimized G-CSF varlants with 10-14 mutations
display anhanced thermal stability and five to tenfold in-
creases in shelf life while maintaining the desired hiological
activity [14].

An additional stabilization strategy is reduction of proten-
Iytic susceptibility. [l a specific site in the prorein is known
to be especially prone 1o proteolysis, it can be maocdified
so that it na Jonger matches the substrate spocificity of
the pulative protease, The protease cleavage sites are often
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Box 1. Xencor's PDA™ technology: a state of the art rational engineering platform

PDA™ technology, originally developed ai Caltech
110,66,67] and further optimized at Xencor [13.14), cou-
ples computational design algorithms that generate quality
sequence diversity with experimental high-throughput
screening to discover proteins with improved properties.
The computational component uses atomic levet scoring
functions, side chain rotamer sampling and advanced
optimization methods to capture the relationships be-
tween protain sequence, structure and function accurately.
Calculations begin with the 3D structure of the protein and
a straiegy to optimize one or more properties of the pro-
tein. PDA™ tfechnology then explores the sequence space
comprising alt pertinent amino acids (Including unnatural
amino acids, If desired) at the positions targeted for design,

located in flexible loops; therelore, another approach
s to introduce mutations that decrease flexibility.
Thrombolytics are a class of protein therapeuties for which
proleclytic suscoptibility s especially important because
many clotting factors are both activated and inactivated
hy specific proteases. For example. an enginesred variant

of coagulation factor VIHa with increased resistance to

proteolytic inactivation was generated by mutating two
arginines required for eleavage by thrombin. factor Xa and
activated protein G [15)

Solubifity

Pratein therapeulics are typically expressed. formulated
and administered at high concentrations, Under such
conditions many proteins form inclusion hodies during
expression or aggregates after formulation. improving the
solubility of a protein can facilitate discovery efforts,
whereas enabling soluble prakaryotic expression can re-
duce production costs dramatically and increase vields. Tt
is far more critical to ensure the solubility of a protein
therapeutic once it is administered, Aggregation can cause
decreased activity, decreased bioavailability and increased
immunogenicity. Several strategies have been applied suc-
cessfully to reduce protein aggregation and cnable soluble
expression. Replacement of unpaired cysteine residues
can prevent the formation of unwanted intermolecuiar
disulfide bonds. as described above. Post-translational
and chemical modilications, which are discussed in a larer
section, can also help to prevent aggregation, Substituting
exposed nonpolar residues with polar residues can enable
soluble expression and improve the solubllity of the puri-
fied protein. This strategy was applied successfully to the
Al domain of cholera toxin. a powerful adjuvant. Of the
six vartants produced, one retained {ull biological activily

This is accomplished by sampling conformalional slates of
allowed amino acids and scoring them using a parameter-
ized and experimentally validated function that describes
the physical and chemical forces governing protein struc-
ture. Powerful combinatorial search algorithms are then
used to search through the Initial sequence space, which
can constliute 103 sequences or more, and quickly return a
tractable number of sequences that are predicted to satisfy
the design criteria. Useful modes of the technology span
from combinatorial sequence design to prloritized selection
of optimal single site substitutions. PDA™ technology has
been applied to numerous systems including imporiant
pharmaceutical and industrial proteins and has a demon-
strated record of success in pratein optimization.

and stability and also displayed a significant improve-
ment in solubility [18]. Altering the net charge and iso-
clectric point (ph) of a protein can also affect ity solubility.
For example. a single chain antibody targeting renal cell
carcinoma was altered to increase solubility by adding five
ghutamic acid residues to the C-terminus, thus iowering
the pl from 7.5 to 6.1 |17} Although there are a few ex-
amples of rational solubility engineering. the majority of
the published successes in solubility optimization have
been anecdotal. Until now solubility obstacles have been
more or less considered to be formulation problems that
can be surmounted with an exhaustive protein chemistry
effort. We anticipate thai systematic strocture-guided
optimization elforts will lead to the emergence of well-
defined strategies that consistently yield proteins with
improved solubility and minimally perturbed structure
and function.

Pharmacokinetics

The firsi generation of protein therapentics frequently
sufTered from poor PK. As our understanding of protein
(.'lL‘H'I'c':IHCl! [M'()CCSSQS imprmvcs. it l)t,‘Ct,Jl']'I(_‘S I)ﬂ.&sil)](_‘ to
rationally modily proleins to tailor their PK profiles.
Properly controliing the serum concentration of a thera-
peutic prolein over time can lead to improved efficacy
and decreased side effects. In [act. improvements in PK
properties can be so vital to the efficacy ol a protein drug
that they are olten made at the expense of specilic activ-
ity. In addition to eliminating proteolytic susceptibility
(sce above), several strategies have been deveioped to
alter PK, including potyethlylene glycol (PECG) attach-
ment (PEGylatton). glycosylation. fusinn to proteins with
long serum half-lives. alteration of oligomerization
state and modulation of receptor-mediated uptake and
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