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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 estuc#iados

|

Descripcién: \

Reivindicaciones: i

Figuras: i
Secuencias: 1

Prioridad: :

|

2. Analisis de la Prioridad

Folios: 135 a 228 | 04/02/2009
Folios: 229 a 23.4 04/02/2009
Folios: 235 a 270 04/02/2009
Folios: 271 a 431 04/02/2009
US 60/819,569 10/07/2006

Se aceptala reivindicacién 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 invencidn

Titulo de la solicitud: “Composiciones anti-cocaina y tratamiento”.

|

El objeto de la presente! solicitud es suministran 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 la cocaina que pudiera emplearse en situaciones de abuso y sobredosis.

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

El objeto de la solicitud definida anteriormente se clasifico en la IPC: A61K 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. Descripcidn (articulo 28 D486)
El capitulo descriptivo no tiene informacion 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 informacién sobre la
actividad y termoestabilidad cuando las 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 ¢ e claridad y concision por cuanto:

1) El polipéptido de cocaina esterasa mutant:: 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 consefva o reduce la actividad esterasa
(reivindicaciones1, 11-14), lo mismo aplica »ara el acido nucleico (reivindicacién
8);

2) Es necesario definir de manera precisa las ¢ ustituciones que presenta la enzima
reclamada, de manera que sea evidente su -Jiferencia con la enzima silvestre (y
no patentable), su estructura y su actividad La definicion a partir de numero de
sustituciones no permite establecer la estrustura reclamada (reivindicaciones 2-
5);

3) Talcomo se mencioné en el numeral 5.2., hi+y una inconsistencia entre la materia
divulgada y la reclamada puesto que no se ¢ porta informacién sobre la actividad
y termoestabilidad de las mditiples sicuencias con sustitucion y las
combinaciones de estas (reivindicacién 6 y 19); '

4) El acido nucleico reclamada debe ser .Jefinido por su propia secuencia
nucledtida, sin hacer referencia a porcen ajes de identidad que no permiten
establecer la estructura de la molécula ni cc: nprobar su actividad (reivindicacién
7,10, 13); '
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5) Las composiciones reclamadas deben ser ga

I
I

racterizadas a partir de cada uno de

los elementos que las componen y las proparciones de fos mismos (reivindicacion

15, 18); |

8) Noes clara la indicacién que el polipéptido|se encapsula en un glébulo rojo, se
sugiere definir mejor esta caracteristica y aclarar el sustento de ia misma;

7) El métode de detéccion selectiva esta definido a partir de etapas generaies

aplicadas para identificar cualquier Cocgi

que cumpla con una condicion

experimental a probar. Sin embargo, dichos ensayos se consideran experimentos
rutinarios, donde la definicion de un parametro tal como la temeratura no guarda

relacion con la molfécula reclamada;

De esta manera, el capitulo reivindicatorio presge
establecidos en el art. 30 de la Decision 486.
|

6. Determinacién del [Estado de la Técnica

ntado no cumple con los requisitos

Para determinar el estado de la técnica se |ha tenido en cuenta la fecha de

presentacion de las solicitudes prioritarias reivind

icadas con la solicitud:; 10/07/20086.

Teniendo en cuenta la fecha indicada se realizd busqueda en el estado de la técnica

de documentos relacionados con la solicitud
documentos relevantes a la misma:

, encontrandose los siguientes

N¢ Documento | Titulo F??ha de
& , publicacion
D1 | Environ. Microbiol. Vol i Eetoraes fron Marzo 2000
66 (3): 904-908| : - Cocaine ksterase rom
Rhodococcus sp. $train MB1"
Larsen N., et.al. Nature .
L ‘ “Crystal structure of a bacterial
D2 | Structural Biology, vol " o Enero 2002
9(1): 17-21 cocaine esterase
Lehman, et.al. Current “Engineering prateins for
D3 Opinion in l thermostability: the use of sequence 2001
Biotechnology 2001, alignments versus rational design and '
12:371-375 directed evolytion”
Marshall S. et.al. Drug - . . .
D4 | Discovery today. Vol. | orone designand qngineering of Marzo 2003
8(5):212-221 peutic praieins

1
Resumen de los documgntos citados:

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

XXX). :

~ , _ . ; ]
DZ: 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 evolucién dirigida pa
obtener termoestabilidad y ampliar asi el u
recombinantes (resumen\, folio XXX).
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D4: Se divulgan técnicas empleadas para optimizar proteinas terapéuticas, indicando
entre otras técnicas el desarrollo de mutaciones especificas, patrones de fusion o
modificaciones quimicas que confieren las propiedades deseadas (resumen, folio
XXX).

7. Analisis de patentabilidad (articulo 14 D486)
Nivel inventivo (articulo 18 D486)

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

: D3

Polipéptidos |
recombinantes |
termoestables '

Caracteristicas esenciales D1

polipéptido de cocaina esterasa | polipéptido de cocaina
mutante ‘ esterasa silvestre ‘resumen)

secuencia de amirioacidos :
secuencia de aminoacidos SEQ | AF173165 100% idéntica a la :
N°1 SEQ N°1 (Pag 905, col der; ‘
: Fig. 2)

por o menos un residuo de "1 técnicas de disefic
aminoacido se sustituye de tal computacionallracional
modo que el polipéptido CocE (Pag. 371), para obtener
mutante tenga actividad proteinas recombinantes |
esterasa con termoestabilidad termoestables
incrementada a 37°C

|
|
Polipéptido cocE con |
actividad a 30°C (Pag. 905 :
col der parr. 3) i

j

El documento D1 divulga la secuencia nucledtida y aminoacida de la enzima de la
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 desintoxicacién con cocaina y en la deteccion de drogas (Pag. 908 col izg). La
actividad de la enzima asilada fue ensayada a 30°C, pH 7.5 (Pag. 905 col der,
parrafo 3).

Fig. 1. Alineamiento entre las esterasas de cocaina cocE de la solicitud y D1. Query: secuencia SEQ
N°1 solicitud; Subject: Genbank Access: AF173165de D1.

Shict

Juery

I

ey et
Lol
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Query

La diferencia entre la Wateria reclamada y D1
solicitud presenta termoestabilidad a 37°C, mient

con lo reportado trabaja a 30°C.

El efecto que produce esta diferencia es que ai
podria ser empleada en condiciones fisiolégicas

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

es que la enzima reclamada en la
ras que la enzima de D1 de acuerdo

Q

ser la enzima termoestabie a 37°C
humanas. '

la enzima de la cocaina esterasa de

Sin embargo, ia forma de producir 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 mut

aciones como los sitios dptimos de

~acuerao con la estructura de la proteina, que pueden dar lugar a una mayor

termoestabilidad. \

1
De acuerdo con la ?descripcién de la so
computacional/racional fue el empleado para o
mayor termoestabilidad (ejemplos 4 y 15). Se

icitud, este método de disefio
ptener los mutantes a probar para
debe resaltar que a partir de las

indicaciones dadas en D3, varias de las opciones de esterasa mutante resultaban
evidentes como opcion de proteina termoestable, afectando asi la reivindicacion 1y

6 de la solicitud).

Iguaimente, habiendo divulgado D1 la secuenci

g nucledtida de la esterasa cock y

teniendo las opciones de aminoacidos preferentes a modificar, divulgados en D3, la

secuencia nucleotida de la esterasa mutante po
del oficioc normalmente versada en la materia.
|

dia ser desarrollada por ia persona

1
De esta manera, frente la las divulgaciones realizadas por D1 y D3 para la persona

del oficio normalmente Vversada en la materia la
resultaba obvia y por tanto, incumple el articuio

Por otra parte, el documento D2 habia divulgad

nvencion reclamada en la solicitud
16 de la D486.

esterasa de cocaina cocE. I[dentificando los daminios conservados, los sitios de
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unién de la enzima con la molécula de cocaina y los sitios de interaccion entre ellas.
Ademas realiza la comparacion de la enzima cock con otras esterasas de cocaina.
(Pag 17-18; Fig. 3).

La diferencia entre la materia reclamada y D2 es que la enzima reclamada en ia
solicitud presenta termoestabilidad a 37°C, mientras que la 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 fisiologicas 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 la toxicidad
de la enzimay la vida media en plasma de la misma (Pag. 20 col der), sugiriendo asi
gue la enzima debia modificarse.

El documento D4 divulga numerosas tecnicas 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 las modificaciones tales como fa pegilacion
(Fig 1, Pag. 215, 217) y su efecto sobre 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 invencidon reclamada en la solicitud
resultaba obvia y por tanto, incumple el articulo 16 de la D486.

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

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

8. Conclusion

Los requisitos de patentabilidad de la presente solicitud estan afectados asi:

item Documénto ' Reivindicaciones. Requisito que afecta
afeCtadas o i e s s v 1 st e e

D1 | Nicrobiol Vol &6 (3 804.508 21 Nivel invenivo

or | LSS ST e e |

D3| Giciecniciogy 2001 12 4715575 27 Nwelmentvo

04 | " oty Vol 85212201 27| Nwelinveno

En cumplimiento del articulo 45 de la Decisién 486 de la Comisiéon 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 la presente comunicacion. En caso de no dar
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|
i
respuesta al presente requenmtento Osia pedar de la réspuesta subsistieran los
impedimentos para la concesnon se denegara la patente,
i

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

l

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal @), del
capitulo quinto del titulo: primero de la Circular Unica N° 10 de 2001.

|

1

|

JOSE LUIS SALAZAR LLOPEZ
Director de Nuevas Creaciones (C)

El anterior requerimiehto fue notificado po\r fijacion en lista, de fecha

{40 2

Elaborg: N.Lamprea i
Revisé: Consuelg Leguizamon L.@/
Aprebo: Jose Luis Salazar \

i

|

|

\
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ncing and Properties of a

Cocaine Estelag from Rhodocagccus sp. Strain MB1

MATTHEW M. BRESLER, SUSAN J. ROSSER, AMRI
Institute of Biotechnology, University of Cumbridge, Can

K BASRAN, ann NEIL C. BRUCE®
bridge CB2 1QT. United Kingdom

Received 6 August 199%/Accepted 1 December 1999

A strain of Rhodococcus designated MB1, which was capable o
and nitrogen for growth, was isolated from rhizosphere soil of
roxylum coca. A cocaine esterase/was found to initiate degradation
methyl ester and benzoate; both of these esterolyvtic products v
strain MBI The structural gene encoding a cocaine esterase, dest
strain MBI genomic libraries by screening recombinant strains
on cocaine, The nucleotide sequence of cock corresponded to an (
a protein of 574 amino acids. The amino acid sequence of cocain

“utilizing cocaine as a sole source of carhon
the tropane alkaloid-producing plant Eryih-
of cocaine, which was hvdrolyvzed to ecgonine
ere further metabolized by Rhodococcus sp.
nated cock, was cloned from Rhodococcus sp.
f Rhodecoccus ervthropolis CW23 for growth
pen reading frame of 1,724 bp that codes for
¢ esterase has a vegion of similarity with the

active serine consensus of X-prolyl dipeptidyl aminopeptidases, sgggesting that the cocaine esterase is a serine

esterase, The cocE coding sequence was subcloned into the p
Escherichia coli. The recombinant cocaine esterase was purified tp
monomeric, with an M, of approximately 65,000. The apparent K|,
for cocaine was measured as 1433 * 0.085 mM. These findings

linked assay for the detection of illicit cocaine.

CFX1 expression plasmid and expressed in
apparent homogeneity and was found to he
of the enzvme (mean + standard deviation)
hre of potential use in the development of a

Tropane alkaloids, which possess a characteristic azabi-
cylo[3.2.1] ocrane svstem. represent one jof the most pharma-
colagically important groups among the alkaloids. In particu-
lar, the tropanc alkaloids exhibir anticholinergic and ancsthetic
activities as well as parasympathetic inhibition. Cocaine is the
most well known of the tropane alkaloids and is a powerful
central nervous system stimulant and | adrenergic blocking
agent; its hydrochloride salt is also uxgd as a local surface
anesthetic in face. eve, nose, and throal operations. Cocaine is
naturally Iocated in the leaves of coca plants (Erthrowvium
spp.) and can be up to 1% of the dry weight content (13),
Cocaine is, however, a notorious drug of abuse and is consid-
ered to be ane of the maost powerfully  addlictive drugs Western
society has ever had to confront. Illicit powder cocaine and
crack cocaine are generally trafficked as solid particulate mat-
ter, and much cffort 1s currently being directed at the devel-
opment of sensors for drug detection. We envisaged that the
isolation of microorganisms from the enbironment capable of
metabolizing drugs. such as cocaine and heroin, as carbon
sources for gmwth might provide a goad source of enzvmes
which could be utilized as recognition components in biosen-
sors for the detection of illicit drugs. Previous work m our
laboratory has shown that the enzymes|initiating heroin me-
taholism in bacteria could be successfully used in conjunction
with bacterial lucifcr;asc for the detection of nanogram quan-
tities of heroin (5, 12, 24). Work has subqucnf y been di-
rected towards identifving appropriate enzymes active ﬁgamsr
cocaine. A cocaine esterase was previously identified in a strain
of Pseudomonas nm/mp/u/m termed MBTIL that was isolated
from a drug processing plant (4). P. maliophilia MB11L was
capable of utilizing cocaine as a sole source of carbon and
energy for growth. and metabolism of cocaine was shown to be
initiated by an esterase that hydrolyzec]" cocaine to benzoate

-* Corresponding author. Mailing address: Institute of Biotechnol-
ogy, University of Cambridge. Tennis Court Rd.. Cambridge CBZ
1QT. United Kingdom. Phonc: 44 (1) 1223 334168, Fax: 44 (0y 1223
334162, E-mail: n.brucc@b10tcch.cam.ac.uk. ’
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wine methyl ester (Fig, 1. Unfortunately, the cocaine
was unsuitable for hiosensor dcveh_»pmcm as the en-
s ebserved in cell extracts either in an aggregated form
aciuting with membrane componcents, and. as such, it
extremelv difficult to purify,

eport here the isolation of a strain of Rhodococcus that

ze cocaine as a sole source of carbon and nitrogen for
ind the cloning. sequencing, and properties of a soluble
b cocaine esterase.

MATERIALS AND METHODS

ms, plasmids, and growth conditions. Riodococeus sp. sirain MBI wag

i sampies w-‘ cred from the :hz/Np‘me of ¢

1 (Southampton. Hampshire,
d was gm\\'u a\.w.d nQ W :mnd“rd \mmdu ek x’(x .

Coli XL1-B |
us ('n'l/n‘um,li\ ("V\ S and
bre Xind
South Af

F cn’, Rhm/«)caum x’\uulv VEIOE
niversity of the Witwat 1d. J
. xpression vector derived
of the promoter vegion of pONR (8),
mvdrochioride was purchased {roin Macfarian Smith Lid
- Ecgrnine methyl ester was svnthesized |
b Other reagents were of anaivtical or

ts, ne
h. Scodand, UK

escribed previousy (17

All restrictior
Uk nd used accordimg
1 If\mht an l(h\ni procedures

.mlpnlamm

*‘:. \m!\\\,v,

{n

tem LI‘\LJ with
covied o 10
ith ice- wlzl d ml\m H,O prior fo resuspensi
RCCRITALNgG l):(. ml J00- l\.ld

o1 in
\Il AUy

Jnfl ineuhation ¢
fectroporated in @ L;ent Pnl_m (13 i\dd Lahm
Calif) with a capacitance of 25 pF. veltage of 2.5 KV, and resistance
¢ time constant of more than ms. The cells were incubarted
3 b 1wl of LB medium lacking antibiotic, which aliowed pheno-
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LCH,
N COOCH, HL0 N,C}»lx
R ’ L, cooctt, s+ Ho- c—@
o] —C—@ Cocaine { (‘)
i esterase oH
Q
Cocaine

Fegonine methyl
ester

Benzoic acid

FIG. 1. Cocaine esterase reaction,

typic expression betore plating onto LB ~r minimal medium plates containmg 34
pg of chloramphenicol per ml to select for transformants containirg pDATI,

Determination of 168 rBNA sequence. Primers 1D and 1D were destencd
around the 3" and 37 ends of bacteria! {68 ribosomal DNA (rDNAJ. respectively,
to produce an approximately 13-kb tragment of 165 rDNA from bacteria by
PCR amplification (29). The m.nwlmu temperature was 42°C, The primers had
the following sequences: D1 3-CCCGAATTCOGTCGACAACAGAGTTTGAT
CCTGGCTCAG-3 D1 5 (.CC.( GATCCAAGCTTAAGGAGGTGATCC
AGCC-2" The 1L3-kb PUR product amplified from the isolate was gol purified
and subjected 1o direet PCR sequencing using the primer 1ID1 The DNA sc-
quence obtained was submitted o blo)ﬂmm\ datahases for co risor with
other 165 rDNAs. The GenBank. EMBL, DDRIJ, and PDB databases were
searched using the BLASTN search on \he National Center for Biological in-
formation website (D).

es. T prepare genumic DNA fragments of
approximately S to 10 kb, genomic DNA {100 pg) t Rhodococcus strain MBI

as subjected o pariial digestion with Sau3AlL and ractionated on a linear B o
e sucrose density gradiont. Fractions containing DNA fragments of the de-
sired size were }mmcd and ted into the E. coli-Rhodacocens shuttle veetor
. The pasmid DNA wy ormed into the supercompetent £ coli

urian Coli XLi-Blue MRy and inio R envthropolis CW2S by clectropaora-
tion. In the case of hoth the [1 coli ond Rhodococceus Hbraries. colonies were
washed off selective plates under sterile conditions using LB medium contammg
154 glycerol (volvol) and stored wt = 80°C,

Cloning of cockl inty an expression host. cocll was subconed by
primers used were as tollows (the bases corresponding to introduced restriction
sites Ndel and HindllL respectively. are shown in bolkd); forward, CAG CGA
AGG TCG GGA GCA TAT GGT GGA CGG G:reverse, TTT AAG CT1 CAG
CGT CAG CCA GGC GCG GCT GC. PCR was performed with BioTaq
polymerase. The annealing temperature was 67°C. The product was digested with
Ndel and HindI1} and ligated into pCENXT cut mtl. the same enzymes to vield
pCOC2.

Protein seguence comparisons. Protein sequence comparisons were per-
formed using the software package MACAW (version 2.03: National Center for
Biotechnelogy Information. National Library of Medicine. Bethesda. MJ.J and
atrix (11).

Reverse-phase HPLC for analysis of the breakdown of cocaine. Samples were
separated by reverse-phase high-pressure Hquid chromatography (HPLC) using
a model 1030 componen systemy with a multiple wavelength detector (Hewlett-
Packard, Waldbronn, Germany) on a Techsphere 5 ODS column (0.46 by 25 em,
3-pin particles) (HPLC Technology Co. Lid., Macclesfield, Cheshire. U.K.). The
mobile phuse consisted of u gradient svstem comprising an organic phase of
methanol and an aqueous phase which contained 1% (wtivol) slacial acetic
acid=30 mM pentane sultonic acid, adjusted to pH 6.9 with ammonia (d = 0.38),
Compounds were detected at 228 am. After application of the <ample, the
gradicnt was staried with 3'% organic phese, which was inercased linearly {o 847
trom 3 to 6 min. where it was held for a further § min betore being deercased t
27 bhetween 14 and 20 min,

TLC for analysis of the breakdown of cocaine. 1
{TLCY of cocaine s tabolites was perlors
g}l:]te\' precoated orbing <\hﬁ’1 gel
nv). The samples
i m‘mum-ummx :
[20]). Compounds were detected on the lnu s of their U ‘O\C)i“!,‘-:'mcc at 253 nm
and color jormaticn when spraved with Ludy Tenger reagent (21). Relative
migration distances of ecompounds detected in samples were compared with
those Al authentic cocatne, bengoate. bengoyiecgonine. and ccgonine raethyl
ester standards.

Purification of cocaine esterase from recombinant E. eoli. £. coli (JM100)
carrying pCOCE was grown until stationary phase on SOB medium (20) con-
taining 100 pg ol ampicillin per ml and 0.5 mM isopropyl-B-p-thiogalactopyr-
anoside (IPTGY at 37°C. Cells were pelleted by centrifugation at [(.000 x g and
resuspended in 100 mM Tris-HCI at pH 7.5, A cell eatract was prepared by
sonication of the cells on ice (12 bursts of 15 s at an amplitude of 12 ;ml)
fnllowed by centrifugation of the extract at 20.000 ¥ ¢ tor 13 min before ultra-
centrifugation at H{LOOD . g for 60 min. Ammenium suliate was slowly added
the extract on ice. to a finsl concentration of 1.25 M. Precipitated protein was
removed by contrifugation at 12000 « g, and the supernatant, which contained
the cocaine esteras mnl.ﬂ] purified by hydrophobic-interaction
chromatography. A phenyi ‘»e[\hd,s\‘ iB cofumn (100-m] bed volume; Am-

PCR. The

ver chromatography
200-pum pelyesicr
2, (erma-

wed us

COCAINE LSTERASE FROM RITODOCOCCUS SP.

STRAIN MBI 903

ersham Pharmacie Buctech Lid.. St

mi min and equodibrated with L23 M a
75 befare the protein selation w plicd, Protein was cluted by deerei
ammonium suizate condentration from 0.63 10 00 M aver 30 ml inljow
addition of 200 ml ot 100 mM Tris-HCY at pH 7.3, Activity-containing ©
from ihe columa were pooled and dialvzed against two S-iter vomnmes of (04
mM Tris-HC at pH 7.5, The dialyzed protein was applied to a Fast Flow
Sepharese column run at T mbmin (80-mi bed volume: Amersham Pharmuacia
Biotech Lid.:, The eolumn liad been previousiy equilibrated with 100 mM Tris-
HO at pH 73 before the protein was applicd. A 300-m) NaCl gradiens froms 010
06 M wis used te clute Bound protein. Fractions that contained cocaine cricrase
actvity weie peoied wnd were dialyzed against two S-iter volumes of 3 mM
AH-PO ar pH T8, The mrotein was “hen foaded onty & Bio-Gel HT bvedroxy-
lapatie vt al 9.5 mbimin (12-n bed volume: Bio-Rad Liho riesy
The eoly < heen precgbrated with 5 mN RH-PO | at ol 750 Atter the
s rrm‘* wes oaded. the phesphate conceatration was fncrewsed fo 120 mM over
SIS b time the majority of the bound protein was ebuted Activity-
wtions o e column were pooled and iz xl\LLd st wao
00 mM Trs-1CH bufier-100 m The
leaded ante o prepacked Resource O volumin (8
an J”H mum L nm‘m Lid, ) ata ﬁm\ rate of 1y
der-10 .‘\\1 Nalllat
250 6 400 mAM over L3 miway

Albans, Herttordshire, UK war run ar 2
onfun sulfate 100 mM Trie-Heo

0ons

dur

AY i ool

d preteud wie

sedivm chiuride gredxem t
used 1o elute the esterase,

Fragtions CONGHTIYE the cocaine esterase were then
pricied.

Estimation of the native nm!rrn]m‘ \wighr af ﬂu wminc esterise. Th' native
molecnar weghit g { 4 .
chromato, '
mlacia Biced!
mM Nacarpli ™
{Ameardh un l’x.(um i

Lnzyme
aeunt of -
dord assay oo Sdinans were i00 m’ﬂ T‘}\ H( I
a tetal volume oF 100 fncabared at 307C Al assay resulls were fled with
those from conire assevs containing no eatract and extract bolied tor 3 inin
denature the enzyme. Far o given socaine conceniration. five
;\ml incu}\ﬁw'. WO apd stopped at L-min intenals by the addinen
apeciig sgiivily was eapressed i units of covaine ©
rotein. where 1 U of cocaine esterase was define
ammm. required 1 proditce 1 pmol of benzoate per mim under
Assays nvohvmy atroping were performed under the same conditions with sam.
ples fabon after |5, v A, and Vi, were determined using .24
e B U me) of encal ase and varving the encaine concentrition between
015 cond 30 mM.L Sanipies were assaved over a period of 3 min. Kinetic eguations
were fitsed T s asing e GraFit 3 software package (EriBacey Software
Limited. Middlesex, UK.

Nuclentide sequence aecession number.
ported

EECHIZ

R AT

e "

a PH B I‘ 48] ‘.1,\1 COCING 1

ed as the

these ¢npditons

The nucleatide sequence daa re-
have been submitied o GenBank and assigned the accession number

RESULTS AND DISCUSSION

Isolation of Rhodococcus sp. strain MBI1. As cocaine is 1
nararal compound. we considered it likely that microorganisms
that had evolved the abiliny o mctabolize cocaine as a carhon
souree would “exist in close proximity o cocaine-producing
coca planiss We therefore carried out sefective enrichiments
witn ol samples taken from the rhizosphere of coca plants in
detined liguid medivm. which resulted in the isolation of a
bacterium. designated strain MBI that could utilize cocaine as
the sole carbon and nitrogen source for yrowth, Analvsis of the
cultare broth by TTC and HPLC showed the disappearance of
cocaine and the transient accumulation of ecgonine methyl
ester and henzaate (data not shown): both of these metaholites
supported growth of the bacterium when supplied in mimmal
medium as a sole carbon source, while cegonine methvt ester
could also be utilized as a source of nitrogen.

Strain MBI was found to be a gram-positive. rod-forming
b cterium. A partial (500-bp) 165 rDNA sequence was ob-
tained for strain MBL. and comparative phylogenetic analysis

o
0. the sequences tgvealed that strain MBI clustered osely
entirely from the mycolic acid-containing nocar-

WL species
diotorm actmomycetes. The highest scoring match was to the
165 rDNA of Riodococcus egui strain DSM 20307T {accession
number X80614). to which the DNA from MB dispiaved
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acvlage 1 GQSEQEKAEELYQUELKTDVMVE JVAKTEQEKKDG

cock gene produbt 1 MVDGN....... .usv}\sdm GPVPVLLV
‘ : - ,

acylasg 49 FPTLVFRTPYN VVVQDTR SEGEWNFV

cocE gene product a1 RN?wmcuvx_Aws AVVIQDTRALFASEGEFVPH

acylasé 97 eye m SKpP V
cocl gene producf‘ 88 DIABITY _JSM LE lV|

] fm—
acylase 145 TMiSLEGMSNPAEE PG MQLDRYEJSWTLGQAVDTARRLDEKNGN
cocE gene product. 136 AIAPSMASADLYRAPWYGPGGALS WEALIGTGLITSRSDARY
I
acylase! 193 TVNQD AL DDYEKWINEMPR SKVAPLNOMIDWWK . . .}
. |
cocl gene product 184 ED AAILNDVAGAASVTPLAEQPLLGRLIPWVIDO

acviase
cock gene product

238 “fE,P {TYEva LLNGTs;r?«YJjGL%ﬁGPTE
232 gL LGGLATFAL I TAGRDGFVGESLRTFVAVKDNADA .
286 RYLPALEKTVNIQDTOKILE ;cYPQTAVG'rr LSD
279 ..iiiiiiiae s RIVVGRESESNLTGRNAD TYP‘I

334 GNGADNWRLE
311 TTMHKAFFD

acylase
cocE gene product

acylase |

1‘» GIDNGIMDED LYIMKGENDG
cock gene product |

GVPI'@LWM IDE. . .ouo. ..

acylase | 382 TAR Yﬁiﬂsﬂu C?TIDSLND.,IILSTEKPKSGKH'A—‘D‘S
cock gene product . 345 'QHYﬁl'uY' . JGGE &M\!TSTG@TLSTSISGTE ALY s}

ETDA

acylase | 430 [ -- GTTPNDRGPQDQQGIii N TTEVINEDTEVT
cocE gene product | 395 [FADGVESLEQTLL.FENGDNGPADQRP IHDF VI.)’CHST LTDPVEV'
\ ot~ bR bA, e

acylase
cocl gene product

) 443 TDETA] DVE (AT TL"_J" LV
526 KETLL ; TIDLGS M IFKKGLR IRVDVSSS N
491 NPPLIEAGEI}EVAIDI SINVELPGIR VIOV S SNF:

. 574 QHKFG . T
, 539 BGVI LE &

FI1G. 2. Alignment of protein encoded by cocFZ with glutary 7-aminocep halcsporania acid acyjase. The deduced amino acid sequence of the putative cocaine esterase
encoded by cock was aligned with the amino nc1d\sequence of the glutaryl 7-aminocephalosporanic acid acylase from B. larerosporus 11 (3). The alignment was
constructed using the software package MACAW (version 2.05: National Center for Biotechnojogy Information, National Library of Medicine) and the BLOSUMG?
matrix. Doig indicate gaps introduced o maximize the alignment. Pairwise seores {rom 0 1o 33% are not shaded. scores from 33 10 67% are hoxed. and scores [rom
67 to 100% are shaded black. where 100% is the maximum score for the BLOSUM62 matris,

acylase |
cocE gene product '

acylase
cocE gene product

|
93 8% sequence similarity. On the basis ot the phylogenetic
analysis, organism MB1 was identificd as a Spk,(,lus of the genus
Rhodococcus.

Cocaine esterase. Extracts from cells gmwn on 5 mM co-
caine were found to possess a cytosolic cooame esterase with a
specific activity of 0.15 U/mg that hvcholyzed cocaine (o ben-
zoate and ecgonine methyl ester (Fig. 1) This activity was
found to be inducible in Rhodococeus sp. strain MB1, since no
cocaine esterase activity was observed in cells grown on 15 mM encoding ja polvpeptide of 574 amino acxds trom which the
succinate as a sole source of carbon. : theoretical molecular mass of the protein was caleulated to be

Cloning and sequencing of cocE. In mdéx to «“Wtam signifi- 62,128 D, Cell extracts of R emvithropolis CW25 ax well as
cant quantitics of biomass for cnzyme purification and char- extracts prepared from £ cr)lz IMI109 harboring the construct
acterization studics, prohibitive quantitics of cocaine were re- p(“‘(")( dil pl wed ]mv fevels of cocame esterase activity (4.8 X
quired as a growth substrate: therefore, it was decided to clone 107% and 1.3 % 107 Ujma. respectively). This evidence. taken
the gene encoding the cocaine esterase activity and express it together with rhe sequence analvsis (see below). supports the
in E. coli. The cloning strategy was to construct genemic ki- suggestion |that cocly 1 "uded the cocaine ester
braries of MBI using the E. coli-Rhodococcus shuttle vector The low|rate of growth on cocaine of R, ey mmpum CW2
pDAT71. The libraries were then transformed into a rhodococ- transformalits h xrhovmsc pCOCT can. certainly in part. be ex-
cal host strain. R. envilropolis CW25, which is capable of plained by the fact that onlv 23 bp of the native Rliodococcus

strains of R ervthropolis CW2S for growth on cocaine as the
sole carbon source. This procedure viclded cight clones that
were cafjable of slowly hydrolyzing cocaine to benzoate and
ecgonine| methy! ester; the benzoate was further metabolized
as a growth substrate h_v the clones. All the cocaine-degrading
Ioncs contained an identical 2.7-kb [ragment in the recombi-
nant plaspnid designated pCOCI. Sequencing of the inserted
fragment {indicated the presence of an open reading frame

1senb AQ 2102 ‘g Ainr uo /810 wise wae// diy WoL PIPEOIUMO]

growth on benzoate but not on cocaine. Expression of a co-
caine esterase gene was selected for by screening recombinant

sp.ostrain NIBL DNA upstream of the cocll start codon was
cloned. The regions controlling transcription and protein
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COCAINE ESTERASE FROM RIHODOCOCCUS SP. STRAIN MBr  an?

cock 87 WDDEAD LSWILEQAJCDGNVGHF GVSEILGVITQWQA; VSGV‘G'GLECA‘&IAP@—ASADL 147

P40G334 333 wcenn aw RRFETRASICSGNVGUTGRIVLGTLOIAIAT TGVKG SEAATSS 393

Q59485 333 GDRV YT.D‘R{I‘RTVQTT JCNGNIGMT SMLGTLQIAIATTG GL T SEAAISS 383

Q48571 333 RGDRVAVTDRTRTVQTT CNGNIGMTGRSYLGTLOTATIATTGVRGLEK AEAAISS 393

P22093 318 tN RAR Y KTHEIKAS S LGTEMAYGAIATTG EGLEVILAEAGISS 378

P22346 318 RARAY KTHEIKAS ML, CTMAYGAATTGVEGLELIILAEAGI SEWY 378
foYxG

FIG. 3. Alignment of cocaine esterase with X-prolvl dipeptidvl aminopeptidases from lactic acid bacteria. The amino acid sequence of a region of the cocaine
esterase encoded by cocE (cocE) was aligned with the homologous regions of five cloned X« )vnI\I dipeptids] aminopeptidases from Lactobacillus and Lactococcis spp.

(labeled by accession no.) (6. 18. 19, 23, 27, 29

3. 30). The d\wnmem was constructed using the software package MACAW (version 2.03:

Nationai Center tar

Biotechnology Information, National Library of Medicine) and the BLOSUMb2 matrix. Mean scares from 0 to 33% . are not shaded, mean scores 1.nm 330 679 are

boxed. and mean scores from 67 10 100¢%
surrounding the active-site serine (*) in the three known X-proly
acid).

translation in Rhodococcus arc not well characterized, and the
position at which transcription is initiated in Rhodococcus
genes whose promoter regions have been identified varies con-
siderably. For example, the mRNA transcript of the nitd (ni-
trilase ) gene {rom Rhodococcus riodochrous J1 is initiated oniv
26 bases upstream of the ATG start site (13). while the tran-
scription initiation site of the cmr (chloramphenicol resistance)
cene from Rhodococcus [ascians NCPPB 1675 was determined
to be 279 bases upstream of the start codon (8), In the other
rhodococcal genes whoese transcriptional regulation has been
investigated, ranscription was shown to he initated at dis-
tances of 46 bases (16), 78 bascs (22), and 168 bases (1)
upstream of the translational start site, and promoter regions
further upstream of these sites were shawn to be essential for
gene expression.

A region to which ribosomes are capable of binding to ini-
tiate translation in the rhodococcal host harboring cocFE ap-
pears to be located within a few bases upstream of the ATG
start codon (5'GGGAGAR"): however. it 1s Likely that transcrip-
tion is initiated from fortuitous regions of the EcoRI endonu-
clease gene in pCOC! that the Rhedococcus transeription ma-
chinery is capable of recognizing. Since there appears to be
little homology between the Rhodococcus promoter regions
identified to date, such regions could not he identified with
confidence. However, regions of the EcoRI sequence upstream
of cocE in pCOCIT with homology to known E. coli ~10 and
-35 promoter regions were detected in the upstream FeoRI
DNA (dam not shown) that may be rusponsxblu for the low
levels of expression in L. coft JM109.

Sequence comparisons of CocE with other related se-
quences. The deduced amino acid scquence was used for ho-
mology scarches with a range of biological databascs, and it
was found that CocE was related to a number of prokaryotic
enzymes. The closest match was to a glutaryl 7-aminocepha-
losporanic acid acvlase enzyme from Bacillus /m('rmym/m' J1.
which converts glutarvl 7-aminocepha:osporanic acid to 7-ami-
nacephalosporanic acid through the cleavage of an acvl linkage
(3). The two proteins exhibit 37.2% sequence identity and
46.7% sequence similarity. Their similarity is illustrated by an
alignment of the amino acid sequences (Fig. 2). The other
high-scoring matches on the protein level were three hypothet-
ical proteins of unknown function from Mycobacteritenm and five
matches to X-prolyl dipeptidyl aminopeptidase cnzymes from
Lactococeus luctis and Lactobacilius spp. (Fig. 33, but the he-
mology to these protein sequences was over a significantly
smaller region (approaimately 60 residues {18, 19. 23, 27, 3(7;.
On average. a sequence identity of 399 and a sequence sim-
itarity of 30% with the dipeptidvi aminopeptidases were dis-
playved over this region. The X-prolvl dipepuidy!l aminopepti-
dases have amidase and esterase activities in additen to
peptidase activities (29). These enzymes are serine proteases,

are shaded black. where 100% is the maximum mean score for the BLOSUMAZ matrix.”

Ihe G-X-$-Y-X-G consensus sequence

vl dipeptidyl aminopeptidases (mammalian, yeast, and bacterial) is indicated (X is a nonconserved amino

and the consensus sequence surrounding the active-site serine
has been identified as G-X-S-Y-X-G. where X is a noncon-
served ammo acid (6). The sequence of CocE shows conser-
vation ot sequence with the X-proly! dipeptidyl aminopepti-
dases from 1. lactis and Lactobacillus spp. around the active-site
serine. suggesting that ¢ocl7 encades a <erine esterase (Fig. 3),
T\pw\\mn of unl in E. coli. High levels of expression of
cock, were achieved by subeloning the cocE coding region.
abtained by POR.ito pCENG teovield pCOC2. Celi extracts of
recoryntinam ILocodr were found 1o contain cocaine esterase
activity with @ spectiiy aetivity of 0013 Umig of prorein
In order 1o choracterize the recombinant cocaine esterase.
the enzyvime was purified 350-fold to homogeneity. as fudged
by sodium dodeoyl sulfate-polvacrvlamide gel electrophoresis
(SDS-PAGE) (Fig. 41 it possessed a specific activity of 44
Urag (Table 1), The native molecular mass of the purified
e<1e"me was determined by gel filtration to be aj pm\mmtciv
000 Da. This value is consistent with the quhumt miofecular
welght ot the cocaine esterase. as determined by SDS-PAGE
and through translation of cocE. which suggests thar active
cocainne esterase crists as a mononier. The apparent K,
(mean = standard deviation) of the enzyme was found 1o be
1.33 = 0.085 mM. The cocaine esterase displaved low xc\'elﬁ of
activity (2.1 Umng) with 20 mM atropine, a structurally refated
trepane atkalold. Interestingly, bacierial atropine esterases do
not display any activity agatnst cocaine (28). while an estero-
Iytic activity from a strain of P maltophilia that was isolated
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TABLE 1. Purification of cocaine csterase activity

Purification Amt of Sp act Tm?“, Pm:m- Recovery
B protemn ‘s activity cation P
step (my) {Limg) U {lold (%)
Cell extract 4,884 0.124 605.6 L0 oy
Ammenium sulfare 4091 (.144 380 116 973
Phenyi-Sepharose 1.034 329 340.7 2.06 56.3
Q Sepharose 80.4 : 2045 0.8 338
Hvdroaviapatite 129 156.7 97.9 25.9
Resource Q 2,75 4392 3 384 20,0

from industrial waste liquors was shown to display activity

against cocaine bul not atropine (4). The N-terminal sequence
of the first 11 amino acid residues of the purified protein was
determined. and it was found to match the deduced amino acid

sequence of cocaine esterase {(Cock).

Finally. the discovery of this soluble cocaine esterase is of

particular interest for its use n a potential illicit-drug sensor.
Enzymatic detection of illicit heroin has alrcady been de-

sSC

ribed (12). In conjuncrion with a suitable NADP ~-dependent

dehydrogenase active against ecgonine methyl ester, the co-
caine esterase could enable simultaneous detection of heroin
and cocaine. using established bioluminescence technology (12).
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Hexe we report the first structure of a cocaine-degrading
enzyme. The bacterial esterase, cocE, hydrolyzes pharmaco-
logically active (-)-cocaine to a nonpsychoactive metabolite
with a rate faster than any other reported cocaine esterase
(k. = 7.8 51 and Ky, = 640 nM). Because of the high catalytic
proficiency of cocE, it is an attractive carididate for novel 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 «/p hydrolase fold (ii)
an «-helical domain that caps the active site and (iii) a jelly-
roll-like 3-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 at 1.58 A and 1.63 A resolution, respec-
tively. These structural studies suggest that substrate recog-
nition arises partly from interactions between the benzoyl
moiety of cocaine and a highly evolved specificity pocket.

The cocaine esterase cocE was identified in the bacteria
Rhodococcus sp. strain MBI that thrives in the rhizosphere soil
of the cocaine-producing plant EI:yih}m:ylum coca'. This
Rhodococcal strain is capable of using cocaine as a 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 metabolite, ecgonine methyl ester (Fig. 1)'. Although other
natural enzymes (serum butyrylcholinesterase (BchE)2 and
human liver carboxylesterase (CE) enzym‘es hCE-1 (ref. 3) and
hCE-2 (ref. 4) accept cocaine as part of a wEide 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 ‘overdose®, An alternative approach to the development of
antagonists, agonists and antidepressants pr:‘ psychotherapeutic
intervention is an antibody-based strategy, in which actively
derived or passively administered antibodies bind cocaine before
it reaches the brain. thus blunting its effect’. Although the long

Fig. 1 Cocaine hydrolysis. Both the benzoyl ester and the methyl ester of
cocaine (1) can be hydrolyzed by different enzymes to give nonpsychoac-
tive metabolites ecgonine methyl ester (2) and benzoyl ecgonine (3)
Human liver esterases hCE-1 and hCE-2, and the|serum esterase butyryl-
cholinesterase BehE account for the ~30 min in vivo half-life of cocaine
Cock hydrolyzes the benzoyl ester of cocaine td form ecgonine methyl
ester (2) and benzoic acid.
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plasma lifetime of actively or passively derived antibodies is suit-
able for the extended periods of time required for rchabilitation
and yecovely from addiction, a cocaine-degrading catalyst
waould be more effective for rapid detoxification in an emergency
setting. Asswming that no adverse affects occur upon adminis-
tration of cack, the kinetic parameters of cocE (k. = 7.8 s and
Ky = 640 qM) are commensurate with such a detoxification
strategy®.
Considergble interest has arisen in generating tatlor-made cat-
alytic antibgdies as therapeutics for cocaine addiction®. A thor-
ough understanding of cocE will provide substantial insight for
the generatlon of more efficient cocaine antibody catalysts.
Because of |the therapeutic potential of cocE and cocaine
catalytic antibodies. we initiated these crystallographic studies
of the cocE|enzyme to determine the structural basis for the
specificity and catalytic mechanism for cocaine degradation,

Overview of cock structure

The cocE enpyme is a 574-amino acid protein with a molecular
weight of ~65,000 Da (GenBank AF173165)'. The overall sec-
ondary strupture is a mixture of B-sheet (30%) and o-helix
(23%) (Fig. £). The globular structure (~80 Ax 60 A x~404)
can be subdivided into three domains'®, DOMI (residues 1-144
and 241-354), DOM2 (145-240), and DOM3 (355-574), whose
structures afe a three-layered oo/ sandwich, o-helical domain
and jelly-rol] B-barrel. respectively. (Fig. 2).

Domain striucture and association

DOM1 is gssembled from two linear sequence segments,
residues 1-144 and 241-354, due to insertion of a helical
domain, DOM2 (Fig. 2a,h). DOMI has the canonical hydrolase
fold, which s composed of repeating B-o-B motifs that form a
central 10-stranded B-sheet flanked on either side by o-helices
(Fig. 2a,h)1'f% The central B-sheet is predominantly parallel,
with topologly +1. +2, =13, +2x. (+1x); (strand order B1, 2. p4,
B3, B5. B6. 7. 8. P9 and B10) and is capped on the C-terminal
edge by DOM2, which is inserted between strands 6 and B7
(Fig. 2b). Sttands B9 and 10 are C-terminal additions to the
canonical eight-stranded /B hydrolase central sheet, which is
similar to Clterminal additions observed in members of the
large esterase family of the o/ hydrolase superfamily'®.

For membgrs of the o/p hydrolase superfamily, insertions ave
common at {the junction between p6 and 7. The length of
DOM2 (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
at-helical strgicture composed of seven helices. Helices H1 and
H7 pack together at the base of the domain, while helices H2-H6
pack togethejr to form a five-helix core (Fig. 2¢). The longest
helices are H2 and H3 (Fig. 2¢), which pack antiparallel to each
other with the helical axes offset by -25°.
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Fig. 2 Cock structure and topology a, Ribbon diagram of the cock structure. The enzyme is composed of three domains: DOM1 (red sheet, orange
helices and gray loops), DOMZ2 (green) and DOM3 (blue). Note that this coloring scheme will be used in all subsequent figures, The active site islocat-
ed at the interface of all three domains, and the residues of the catalytic triad are shown A molecule of benzoic acid was located in the specificity
pocket of the enzyme. The figure was generated in BOBSCRIPT and rendered in RASTER3ID. b. Topolagy diagram for DOM1. DOMT has the canon-
ical a/pf hydrolase fold. The B-sheet and B-a-f motifs are all right handed, except for the crossover between sirand 38 and 39 which is left handed
and contains the active site His, consistent with other hydrolase structures’. S, H and () denote the relative position of the catalytic triad Ser 117,
His 287 and Asp 259, respectively. DOM?2 is inserted between strands 6 and B7 (greer stars). DOM3 iy located at the G terminal end of DOM1 (blue
star). ¢, Stereo view of the structure of DOM2. The orientation of DOMZ2 has been altared relative to {4) 1o show the relative grientation of the seven
helices comprising this domain. The core is composed of five helices, H2-H6 d. Topology diagram for DOM3 The overall fold has a jelly-roli-like
topology. Strands in the two sheets are connected by crossover loops. several of wnich form additionallsecondary elements, including an additional
three-stranded B-sheet that caps the Jelly-roll core. The long loops form extensive intersctions with DOMT and DOM2 The 17, 17 and 7' strands are

labeled to maintain the topological homology with strands 1-8 of other jelly-roll proteins

DOM3 is mostly a B-structure, with a p-barrel-like core
formed by two antiparallel B-sheets (32. B7, $4 and B5) and
(B1". B1, B8, p3 and B6) that pack against each other with an
overall jelly-roll topology (Fig. 2a.d). The edge strand Bl” is
inserted after strand B1 in this fold, and two hydrogen bonds
are formed between edge strands Bl” and 2. The jelly-roll
fold, however, is compressed into a f-sandwich like structure;
the lack of curvature in the sheets prevents hydrogen bonding
between B5 and 36 despite their spatial proximity. The strands
between the shects are connected by six crossover loops, sever-
al of which form additional secondary elements that surround
the 3-barrel-like core, including an additional three stranded
antiparallel B-sheet (B1”, B7" and $3) that caps the core
(Fig. 2d).

The association of DOMI and DOM2 buries a total surface
area'* of 1.342 AZ whercas the DOMS interaction with DOMI
and DOM2 buries 3,940 A2 A total of 377 contacts’ (27 hydro-
gen bonds, 10 salt bridges and 340 van der Waals) are formad
between DOM3 and DOM1/2, of which 195 are with DOM| and
182 with DOMZ2. All of the contacts between DOM1 and DOM3
oceur after the DOMZ2 insertion. The crossover loops and short
helices in DOM3 account for 271 (~72%) of the total contacts,
with most of the remaining contacts (94) derived from the -
barrel like core (strands #3, B5 and B6). Ilence, DOMS3 appears

18

to play an important role as a scaffold governing the arrange-
ment of the overall tertiary structure.

Architecture of the active site

Two ligand structures (Table 1) were obtained: crystals soaked in
cocaine or pheny! boranic acid yielded the product (benzoic
acid) and tetrahedral-analog adduct complexes, respectively
(Fig. 3}. The active site is located in a cleft forined at the interface
of the three domains. The catalytic triad, located towards the
bottom of this cleft in DOMI. comprises residues Ser 117,
Asp 259 and His 287 at the C-terminal end of strands B3. 7 and
[38. respectively (Fig. 3). The sequence surrounding Ser 117 is
GVSYLG. u slight variant of the canonical GX;SX,G motif
(where X is any amino acid) found in most members of the o/3
hydrolase superfamily. Ser 117 is focated in the strained nucleo-
philic elbow {bg,7 = 55" and @5y, = -112°), which is a hallmark
of this fold!?

A binding pocker is tocated at the very base of the cleft just
below the catalytic triad. In the product complex, excellent den-
sity is visible in this bm(mg rocket for benzoic acid (Fig. 3a).
The benzoic acid is 95% bm!(d within this pocket (124 AZ out of
130 A)Hand fonm van der Waals (sdw) contacts with residues
fronvall three domains (Fig. 3a). The benzoic acid interacts pre-
dominantly with HOM] (,25 vdw conlacts and two hydrogen

nature structural brology * volume 9 number 1« january 2002
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bonds) and DOM2 (18 vdw contacts). with fewer contacts to
DOMS3 (four vdw contacts)!®. One face of the benzoate forms a
m-stacking interaction with the five-membered pyrrole ring of
Trp 166. The DOMS residues contacling benzoate are Leu 407
and Phe 408 (Fig. 3a), which belong to f long loop that connects
strand 817 and 2. This loop inserts between DOMI and DOM2
in the quaternary structure to form| part of the active site
(Fig. 2a).

In addition to the specificity pocket. we have identified a two-
component oxyaniou hole, The backbone amide of Tyr 118 and
the hydroxyl group of Tyr 44 both form hydrogen bonds to the
benzoate carboxyl (Fig. 3a). These hydrogen bonds are precisely
positioned to 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 a¢yl enzyme for hydrolysis.
Because the oxyanion hole is also located at the N-terminus of
helix aC, the partial positive charge from the helix dipole may
play a subtle role in stabilizing the oxyanion transition state.

Structural changes along the reaction coordinate
Crystals soaked with an inhibitor, phel{yl boronic acid, gave rise
to a covalently bound tetrahedral-intermediate analog (Table 1;
Fig. 3). The pro-S hydroxy! 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 3b. 4). The Ser residue binds covalently to
boron 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 o/f hydrolase superfamily!®,
The protonated NHe of His 287 forms a bifurcated hydrogen
bond to the Ser 117 Oy and the pro- R hydroxyl (Figs 3b, 4). In
this structure, the pro- R hydroxyl is positioned where the attack-
ing water molecule would be during nucleophilic attack of the
acyl intermediate (Fig. 4). The bifurcated hydrogen bond in this
stable complex probably resembles that which is formed during
the transition state of this reaction. Hence, this structure cap-

vy, 48117
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tures the ¢atalytic triad in a productive configuration that repro-
duces thq classic geometry scen in other esterase and protease
structures. Comparison of the adduct and product structures
shows that hydrolysis of the acyl enzyme causes Ser 117 to rotate
110° abopt y, to face away from the benzoic acid specificity
pocket. Additionally, His 287 swivels 57° about y;. leading to an
unprodugtive configuration of the triad in which the interaction
between Asp 259 and His 287 is mediated by a water molecule
(Figs 3a. 4).

Modeling cocaine in the active site by superimposing the ben-
zoyl esterjof cocaine on the pro-R oxygen of the phenyl boronic
acid addict shows that recognition of the tropane ring would
occur primarily in a putative secondary specificity pocket com-
posed of residues from DOMI. Recognition of the tropane
nitrogen [may occur via cation-n interaction with Tyr 44 or a
hydrogen bond with Gln 55.

Comparison to other hydrolase structures
In generdl. members of the hydrolase family of enzymes have
very low [sequence homology and are thought to represent the
prototypic example of divergent evolution'®. Indeed, DALIY
identified Streptomycesiipase (PDB 1JFR)' as having the highest
structural homelogy to DOM1 (Z-score = 19.1) but with only
17% sequence identity. Prolyl oligopeptidase from porcine mus-
cle (PDB| 1QFS)* also has high structural homology to cocE.
Remarkably, prolyl oligopeptidase and cocE use a Tyr hydroxyl
to stabilize the oxyanion, differing from the chymotrypsin-type
and o/B hydrolase enzymes, which invoke two main chain NH
hydrogen bonds', and subtilisin-type enzymes that use a side
chain Asp residue. Superposition of this structure onto cocE
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 evolution in the formation of the oxyanion hole.
Compgrison to other c/B-hydrolase structures reveals that a
wide varipty of domains are typically inserted at the N- or C- ter-
minus, and/or the junction between strands 6 and 7 (DOM2).
These additional domains are genevally belisved
to tailor the specificity of the enzymes'®'#2, This
apparent structural diversity prompted us to
search for structural homology to DOM2 and
DOM3 alone. DOM2 proved to be quite novel:
the highest DALI 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
DALI Z-score of only 6.

Fig. 3 Stereo views of the active site of cocE. The color
scheme and secondary structure is the same as in Fig 2a
The side chains that contact the bound ligands are
shown in brown with red oxygens and blue nitrogens.
a, The product complex. Hydrolysis of the acyl enzyme
gives the product complex with benzoic acid. After
hydrolysis, Ser 117 swings away from the specificity
pocket, and His 287 rotates towards DOM3, obliterating
the productive catalytic triad configuration. Hydrogen
honds within the triad are mediated by a water male-
cule. The a,-weighted™ 2F, - F. electron density map
contoured at 2.0 ¢ is shown around the Ser residue and
benzaic acid. b, The tetrahedral analog adduct complex.
This complex was formed by soaking crystals with phenyl
boronic acid. The compound forms a covalent adduct
with Ser 117, and the residues of the catalytic triad align
themselves in a productive configuration. The ca-
weighted? 2F, - F. electron density map contoured at
15 o is shown around the Sar adduct.
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Fig. 4 Proposed mechanism for acyl intermediate
hydrolysis. The hydrogens have been assigned according
to the hydrogen bond donar-acceptars in the active site
The covalent acyl intermediate (top left) is proposed to
go through a tetrahedral transition state (top right) on
its way to product (bottom left). The boron inhibitor
(bottom right) mimics the tetrahedral transition-state of
the acyl enzyme. The pra-R hydroxy! of the boron-
adduct is probably positioned where the attacking

water would be in the tetrahedral intermediate. In the H'sm i
product complex, whether the water molecule HOH  aspase o
donates or accepts a hydrogen from Ser 117 is unclear \—(f
Conclusions

We have structurally characterized an efficient N
cocaine-degrading enzyrue. which is a novel vari- LY
ant of the o/f hiydrolase fold. and obtained snap- .1 L
shots at two positions along the reaction N
coordinate.  Structure-based mutagenesis s “’”{’_94%
underway to characterize the relative contribu- ¢

tions of active site residues towards the overall
mechanism of the enzyine,

The structural and biochemical characterization of cocE also
has important ramifications for further development of catalytic
antibodies against cocaine. Specifically, catalytic antibodies 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 {or a reactive immunization-like strate-
gy". Hence, the enzyme structure provides a basis for further
antibody engineering,
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The cock enzyme itself has therapeutic potential as aun
enzyn e-based treatment for cocaine overdase, Intravenous
admi ‘istration of this enzyme into a patient experiencing
cocal ¢ overdose could result in cocaine clearance within sec-
onds. The precedent for bacterial enzymes as therapeutics has
alreatiy been established — for example, in the antibody-direct-
ed evzyme prodrug therapy (ADEPT). where use of foreign
enzyrses is requisite for specific prodrug activation at the target-
ed tumor location?. Two of the most important in vivo parame-
ters t::at need to be addressed are toxicity and ptasma lifetime of
the eazyme. Short plasma lifetimes would suffice to clear
cocai e [rom the system of a patient experiencing an overdose
while avoiding adverse humoral and cellular immune response.

Data collection

Pt 21 (1) Pt12{f) Pt #3 Produét Adduct
Wavelength (A) 1.07167 1.07198 0.8609¢ 11 0965
Resolution range (A)" 20.0-2.1(2.14-2.10) 20.0-2.18 (2.22-2.18)  20.0-2 "3 (2.22-2.18)  20.0-1,63 (1.66 - 1.63) 20 0-1 58(1.61-1.58)
Number of unique refs. 75,311 77,884 82,174 95,669 90.349 )
Completeness (%)f 91.7 (55.8) 94.3 (77.3) 99.8 (9¢ 1) 97.9 (90.7} 90.0 (71.2)
Redundancy 3.3 34 3.6 43 5.4
Renerge” 6.4 {38.7) 65(46.0) 8.0 {51 5 4 (40.6) 6.4 (51.4)
I/oi 17.2(1.9) 17.9(1.9) 149 (2" 20.7 (2.0) 245(2.2)
Refinement statistics
Product Adduct Product Adduct
Refined residues 570 570 Ramachandran ¢ atistics (%)
Refined waters 436 544 Most favoreds 88.2 27.8
Reryst® (%) 19.0 19.9 Additional allc red 101 105
Reee® (%) 21.9 21.4 Generously allc ved 1.0 0.4
Average B-values (A9 Disallowead 0.6 1.2
Enzyme 21.6 20.6 R.ms deviationy romiceal geometry
Waters 30.1 30.8 Bond lengths (. 00038 0.011
Ligand 19.2 19.4 Bond angles (7 21 16
Dihedrals angle . () 264 25.7
Improper angle: (%) 1.4 1.6

Numbers in paromhesu refer to the highest resotution shell.

Rmrqe < (EnE | KCh hy> 1/ Ea8

(h)) = 100, where <1{h)> is the average intensity of i« nmetry-related obsarvations of reflections with Bragg index b
Rerys: = (Sri[Fo - FCI /m..x”FuI) x 1OO where £, and F, are the observed and calculated st

cture factors, raspoctively, for all data

R Was calculated as for R,y but on 5% of data PXC|Ude before refinement

A significant fraction of tho residues are focated within 5

* of the most favored reginas of ely space. We fplt that 'na\sagmg these parameters to

increase the number of residucs in the most favored region would be inappropriate w0 to the exceptional quality of the electron density
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The plasma lifetime can be lengthened, if necessary. by covalent
modification of the enzyme with polyethylene glycol (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 crystaliization. The cocE enzyme was
subcioned Into pET-22b(+) (Novagen) and transformed into BL21-
Gold (DE3) cells (Stratagene). Soluble enzyme (20 mg I} was
obtained hy overnight induction with 1 mM isopropyl-8-o-thic-
galactopyranoside (IPTG) at ~23 °C. CocE was ~99% pure after two
consecutive rounds of Ni-NTA agarose chromatography (Qiagen).
The purified enzyme was assayed for cocaine hydrolysis by monitor-
ing a decrease in absorbance at 240 nm (ref. 24), which is more sen-
sitive than the HPLC method'. The HPLC method failed to measure
the initial rates, leading to an artificially inflated measurement for
Kw (ref. 1). Therefore, the kinetic parameters reported here super-
sede the previous values'. Subsequently, cocE was dialyzed into 10
mM Tris, pH 7.5, 25 mM NaCl and 10 mM dithiothreitol (DTT) and
then concentrated to 40 mg mi-' for crystallization triais. High qual-
ity crystals were grown in 1.5-1.8 M ammonium sulfate in hexago-
nal space group P6,22, with a = b = 106 A and ¢ = 221 A, one
molecule per asymmetric unit and a Matthew’s coefficient of
2.63 A3 Da-' (solvent content of 53%).

Data collection, structure sclution and refinement. A three-
wavelength platinum multiple anamolous dispersion (MAD} data
set was collected at SSRL beamnline 9-2 from crystals soaked in
0.5 mM platinum (i1} (2,2":6'.2"-terpyridine). The data were integrat-
ed and scated with HKL2000 (ref. 25), and five platinum sites were
identified. using SOLVE#, that were sufficient to phase the entire
motecule at 2.5 A (figure of merit (FOM) = 0.42 for all reflections).
Density madification was performed using RESOLVE? (FOM = 0.69
for all reflections), and the platinum derivative phases were extend-
ed to 2.1 A using DM, The phases were further extended to 1.63 A
using a data set obtained from a crystal soaked in 1 mM cocaine.
ARPIWARP? then successfully traced and built 97% of the structure.
The remaining model was built manually in 0%, and the refinement
was started in CNS¥ and finished using SHELXL®, with final Ry, =
19.0% and Ry, = 21.9% for all data (Rurye = 17.2% and Rire, = 20.0%
forF, > 4 0). '

Crystals soaked for 5 min in 1 mM phenyl boronic acid 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 sering phenyl-boronic-acid adduct was built in Insight2000
(ACCELRYS). We subsequently modified the protein parameter and

topology files in CNS3' to include our Ser adduct as a new type of

residue, This modification gave stable refinement and maintained
acceptable geometry with final Ryy = 19.9% and Ry, = 21.4%.

nature structurai biclogy * volume 9 number 1« january 2002

Coordinates. The atomic coordinates and structure factors for the
tetrahedral intermediate analog adduct and product complexes
have been deposited in the Protein Data Bank {accession codes
1JU3 and 1JU4, respectively).
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Engineering proteins for thermosta

ility: the use of sequence

alignments versus rational design a d directed evolution

Martin Lehmann* and Markus Wysst

With the advent of directed evolution téchniques. protein
engineering has received a fresh impetus. Engineering proteins
for thermostability is a particularly exciting and challenging
field, as it is crucial for broadening the industrial use of
recombinant proteins. In addition to directed evolution, a
variety of partially successful rational concepts for engineering
thermostability have been developed in the past. Recent
results suggest that amino acid sequence comparisons of
mesophilic proteins alone can be used &fficiently to engineer
thermostable proteins. The potential benefits of the underlying,
semirational ‘consensus concept’ are compared with those of
rational design and directed evolution abproaches.
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Introduction
Becausc natural cnzymes arc adapted to their particular
funcrion in a living cell, in most instahces thev are poorly
suited for industrial applications that often encounter
extremes of pH, temperature and/or salinity. Both
for broadening the industrial applidability of enzymes
and for furchcring our understapnding of protein
structure/function relationships, ptutun engincering is
currently a very active area of research. Interest in this
subject area has further increased fédllowing the emer-
gence of high-throughput directed evplution techniques,
which can be seen as test tube models of natural evolu-
tion. This strong interest in protcﬁin engineering is
reflected in two recent publications dedicated entirely to
this topic [1,2]. The present review foFtlscs on engineer-
ing proteins for thermostability and compares the
advantages and bencfits of classical rational design prin-
ciples. directed evolution. and a ‘consensus approach’
that extracts valuable information from sequence

. . L .
comparisons of homologous (mesophilic) proteins alone.

l
Rational design principles |
The stability of a protein is determined by a multitude of
both focal and long-range interactions. In order to achieve
pronounced thermostabilisation, scvéral substitutions
cach.with a relauvely small effect usually need to be com-
bined in a multiple mutant. This endeavour is facilitated
by the fact that in many cases the thermostabilisation
effects of individual mutations are independent and nearly

additive (e.g., [3-8]). 1

One [strategy for dentifving thermostabilising mutations
involt-es the comparison of more stable proteins with less
stable oncs. with che goal of identifving amina acid
sequence patterns that correlate with thermostability [9].
In a dystematic study. Perl ¢ a/. [10°°] compared the cold
shockl proteins from the thermophile Bariflus caldofytivus
and the mesophile Racillus subti/is. which differ in only 12
out off 67 residues bur display a considerable difference in
stabiliry (15,8 k]/mol ar 70°C). Site-dircered mutagencsis
of alll 12 residues in the Barillus raldolyticus cnzyime
revealed that the difference in thermostabilicy can be fully
accounted for by only two amino acid substitutions
(GlulArg, GlubbLiew) on the surface of the molecule, In
this illustrative example. wich small proteins that exhibit
high hbmology and a pronounced difference in thermosta-
bility, e 1s nored chat less than 20% of the amino acid
substitutions actualby contribute to the difference in stbil-
ity. This obscrvation highlights the problem of identifving
the relevant thermostabilising mutations in larger and less
homologous sets of proteins.

In other studies published last vear higher thermostability
was supgested to corrclate with more proline and less
asparaginc and glutamare residues [11], more arginines and
rvrosings but less cysteine and serine residues, and with
increas¢d numbers of satt bridges and sidechain-sidechain
hyvdrogdn bonds [12]. Tn addition, higher thermostability
correlated with a larger fraction of residues in o helices and
with mqre arginine and less proline, eysteine and histidine
residuey in those o heliees [12). The informarion accumu-
lated to date indicates thar nature relies on no single
strategy|for stabilisation (see [13]), and as a result many
publications in this area arrive at different and even con-
flicting ronclusions. The availability of more complete
genome sequences may cause the reliability of the correla-
tions to mprove, but sequence statistics of this kind, when
taken algne, are stll unlikelv to provide useful information
for the accurate prediction of thermostabilising mutations.

Thermostabilising mutations either
namic stabilicy of a protein (i.e., thev increase the free-enerey
difference

increase the thermody-

berween the unfolded and the folded state) or
they deciense the rate of unfolding by increasing the free-
energy difference berween the folded state and the transition
state of ynfolding (see [14]). To achicve cither of thesc.
various raional concepts have been proposed: to decrease
the entopy of the unfolded state by introducing additional
disulfide bridges or by X—=Pro mutations: to increase a-helix
propensity by Glv—Ala substitutions or by stabilisation of
o-helix mierodipoles: o improve clectrostatic interactions
berween dharged surface residues by introducing additional
salt bridgas or even salt-bridge newworks, or by predicting

o
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thermostabilising mutations on the basis of calculanons of
clecrmstaric potentals. Again, because the predictive power
of these rational concepts is racher limited [15]. the supposed
thermostabilising mutations need to be tested individually
bv site-directed murtagenesis. This reduces speed and
throughput and thereby limits the sequence space amenable
o testing,

Directed evolution

The rerm ‘directed evolution’ encompasses a series of
experimental techniques that reproduce, on an accelerated
timescale in the test tube. the evolution of natural diversi-
ty and environmental adaptation. This is achieved through
mutation and reccombination and by giving the process a
‘dircetion” rowards the optimisation of one or more proper-
tics of interest. Bither a selective pressure is applied, or in
each round of mutagenesis and/or recombination the
library of variants obtained is screened for the desired trait.

One frequentdy applicd strategy comprises repeated
rounds of random mutagenesis, starting with a given par-
ent gene of interest. After cach round, the best mutane(s)
15 {are) selected and used as parent sequence(s) in the
following round of random mutagenesis. Typically. rather
low muration frequencies are emploved to suppress accu-
mulation of neutral or even deleterious mutations [13,14].
In a recent example of this type, two cycles of random
mutagenesis and screening yielded two mutants of phos-
pholipase Al with six and seven amino acid substtutions
cach; the mutants displayed inereases in their temperature
of half-inactivation of 7 and 11°C. respectivelv [16].

Since the introduction of DNA shuffling in 1994 [17,18],
most directed evolution experiments encompass one or
more cyeles of recombination berween a set of homologous
sequences. These experiments mav use a sct of improved
vanants of a given enzyme. obtained by random mutagene-
sis. ora setof naturally occurring, homologous genes isolated
from wild-type organisms. DNA shuffling was shown to be
very powerful in recombining favourable mutations and in
climinating deleterious or ncutral mutations.

Combinations of random mutagenesis and/or DNA (family)
shuffling have been used successtully to engincer protein
thermostabilivy [19--21.22°.23-27]. In these cxamples,
increases in ‘thermostability” of 14-20"C were attained with
7-19 amino acid substitutions (relative to the parent
protein), which were accumulated over up to eight genera-
nons of dirceted evolution. Two important conclusions
can be drawn {rom these resules. Firstly, the increases in
thermostability obtained by directed cvolution have. as vet,
been no more impressive than the best examples of rational
design (e.g., [28,29]), although thev may have required less
time and/or less cffort. Sccondly, despite improved cquip-
ment that allows higher throughput and increased
automation, the sequence space amenable to testing is still
rather limired. Kev prerequisites for larger steps and longer
walks 1 sequence space include the efficient climination

of neutral and delétenous mutatiens, higher frequencies of
recombination benween homologous genes, recombination
events In strerches of fow amino acid sequence identity
(e.g.. [30**]). and powerful selection tools for improved
traits. Although longer walks in sequence space might not
actually be required for increases in thermostability of
20-307C. they may be desirable for more dramatic increases
i stabilivy and will definitely be advantageous for optimis-
ing other enzyme propertics, such as reaction mechanism or
substrate specificity,

The consensus concept

A third, semirational approach for engineering thermosta-
bility is based on the hivpothesis that ata given position in
an amino acid sequence alignment of homologous pro-
temns. the respective consensus amino acid contributes
more than average to the stability of the protein than the
nonconsensus aming acids. Consequentdy, substitution of
nonconsensits by cansensus amine acids mav b a feasible
approach for improving the thermostability of a procein,

Although Pantoliano # 2/ [3] were the first ro applv the
‘cansensus copcepr’, showing that the consensus-tvpe
mutation McrS0Phe increased the unfolding temperature
(T,) of subtilisin BPN' by 1.8"C. it was five vears larer that
Steipe ¢f al. [31] offered a possible theoretical explanation,
based on statstical thermodynamics, for the feasibility of
this approach. Stcipe o 4/, [31] predicted ten individual.,
stabilising mutatonps for the immunoglobulin variable Vy,
domain, of which six were indeed stabilising. Furcher
experiments on the immunoglobulin Vi and Vi domuins

as well as on u catalvoe single-chain Fv fragment con-
firmed these results and showed that the combinanon of a
set of stabilising mucations in a multiple variant provided
additive thermostabilising cffeets [3,32-34].

In addiuon to applving the consensus concept o sets of
homologous amine acid sequences. Steipe and coworkers
also med to apply the conceprt to struccural motifs. The
hypothesis that the most frequendy occurring residues
in specific positians of B-turn motifs increase the folding
stabilitv of a protein was experimentallv confirmed for
an immunoglobulin VY domain {32]. In contrasc. when
the concepr was apphed to surface-exposed loaps and
turns, which were assumed to be swabilised primarily
by Incal intcractions. only less stable variants were
observed. suggesting that this parcicular application of
the consensus-concept does not allow relinble prediction
of thermostabilising mutations.

A sct of svsrematie studics of the conscnsus concept has
also heen provided by Fersht's group. In one studv {33],
pd3 homologues from 23 species were aligned, and 20
nonconsensus residues of humuan pd3 were mutared
individualty to the respective consensus residue. The
changes 1 stabilicy ranged from +1.27 to --1.49 keal/mol,
and the theoretical sum of the stabiliey changes of the 20
individual mutations was no more than —0.48 keal/mol.




Four stabilising mutations were combined in a quadruple
mutant (Met133Ecu, Val203Ala, Asn239Tyr, Asn268Asp).
which was stabilised by 2.65 keal/mol and displaved an
increasc in 7, of 5.6°C.

In two other studies [36%,37]. the consensus concept was
applicd to GroEL minichaperones (ie.. fragmenrts of
GroEEL capablc of facilitating protcin folding). A sequence
alignment of 130 sequences of homologous chaperonin 60
proteins revealed that 31 (out of approximately 150)
amino acids of the FEscherichia coli minichaperonc
GroEL(193-345) occur with a frequency of <35% at their
respective positions in the alignment. Each of these
residucs was replaced individuatly with the most fre-
quently occurring residue(s), yielding a total of 34 single
mutants which displayed differences in stability relative
to wild type ranging from +1.35 to -1.78 keal/mol.
Summing up the stability effects of all the individual
mutations viclds a theoretical overall difference in stabili-
ty of =0.30 kealfmol. which is unlikely 1o be significantly
different from zero. Among the 34 amino acid substitu-
tions analysed, 13 were stabilising (38% success rate), five
were neutral, and 16 were destabilising. However, when
considering for substitution only those residuces that occur
with a frequeney of <20% (rather than <353%) at the
respective position in the alignment, 13 out of 18 muta-
tions were stabilising (72% success rate), two were neutral,
and only three were destabilising. Two multiple variants
cach combining a set of six stabilising mutations were sta-
bitiscd by 6.99 and 6.15 keal/mol, and displayed 7,
increases of 18.6 and 14.2°C relative o wild-tvpe
Grok L (193-345).

No attempt has been made by either Steipe’s or Fersht's
group to apply the consensus concept over the entire
sequence of a protein. In fact, on the basis of the data of
Nikolova e a/. [33] and Wang e al. [36*] (sce above). one
might be inclined to assume that such an attempt will fail,
because stabilising and destabilising mutations mav coun-
rerbalance cach other. Very much to the contrary are the
results of Lehmann ez af. [38°*] describing the design of a
consensus phytase. In this study an appropriate computer
program was used to calculate an entire consensus
sequence from 13 homologous amino acid sequences of
wild-type phytases from mesophilic fungi. A synchetic
gene was constructed from the consensus sequence. and
recombinant expression of this gene gave rise to a consen-
sus phytase (consensus phvtase-1) that was 15-26°C more
thermostable than all of its parents [38°°]. Subsequently,
incorporation of addidonal wild-type sequences in the
alignment viclded conscnsus phytasc-10, which displaved
32 amino acid differences relative to consensus phytase-1
and a further 7.4°C increase in 1), (M Lehmann o af,
unpublished data). Both consensus phytases differ in at
teast 80 amino acids from any of their parents. This clearly
shows that the consensus concept allows multiple amino
acid exchanges to be combincd in a single step in order 1o
provide a significandy improved varant of the enzyme.
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Remarkablv, the overall correlation often observed
berween increases in thermostability and decreases in
catalytic turnover rare 4t ambient temperature does not
apply o the consensus phytases: instead. the opposite 1s
trie (M Lehmann o a/., unpubhished dara).

In summary, the consensus approach allows much larger
steps in scquence space than most direcred evolution rech-
niques reported to dace. Tn additon, at present. increases in
thermostability of up to 30°C seem possible in a single shoc.

Conclusions

In the case of cngincering proteins for thermostability,
rescarchers are in the enviable situation of being able w
choose between three different, apparently cqually
successfull strategies: ratonal design, dirceted evolution,
and the construction of (semirational) synthete consensus
genes. Rather thap playing off onc approach againse the
others, future effores sheuld focus on how to best combine
these alternative approaches in order to access a larger frac-
tion of the total sequence space and o approach the global
optimum for a given trait in a consistent and dircer way, A
first successtul study of this type has been reported by
Cherry er wf. [39%]. In their endeavour o improve the
stability of a haem peroxidase for laundryapplicanons, four
mutations were rationally designed: one o increase the
cnzvme’s thermostabilioy and three o increase resistance
o oxidative damage. The combination of these mutatons
with favourable amino acid exchanges identified in direet-
ed evolution experiments vielded a final mutanc with 174
times the thermal stabilitv and 100 times the oxidative
stability of the wild-type hacm peroxidasc.

We expect that the consensus concept will prove to be, and
will thus be generally recognised as, an additional valuable
instrument 1 our tool box for designing mere  ther-
mostable enzymes for all types of industial applications.
Construction of a single consensus protein has the poren-
tial to provide a similar increase in thermostability as many
months or vears of rational design or as directed evolution
campaigns involving multiple generations 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 englneered protein therapeutics are currently

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

these proteins arose out of hit-and-miss efforts to discover specific
mutations. fusion pariners or chemical modifications that confer desired
properties. Through these offorts, several useful strategies have
emerged for rational optimization of therapeutic candidates. The
centrolled manipulation of the physical. chemical and biological
properties of proteins enabled by structure-based simulation is now
being used to refine established rational engineering approaches and
to advance new strategies. These methods provide clear. hypotbesis-
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 existing products and enabling the 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. Marshall
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Xenear
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as medicines, despite competition from smal!
molecule drugs. Several engineered protein
therapeutics are currently being marketed
(Table 1), and the annual sales of protein
therapeutics are projected to exceed USS59
hillion in 2010, which is twice the revenue
generated in 2001 (http://www.pharmafile.
com/Pharmafocus/Features/feature.asp?fID=
281} {1]. For well-validated targets, naturally
occurring protein interaction partners consti-
tute 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
therapeutic, Modifications can influence the

212 www.drugdiscoveryloday.cem

mechanism of action, side cffects and ofti-
cacy. and satisfy practical constraints such as
production costs, inteflectual property and
dosing frequency.

A variety of strategies have emerged for
modulating protein properties, such as effi-
cacy, stability. specificity, immunogenicity
and pharmacokinetics (PK). Mcchanisms for
altering these properties include manipula-
tion of primary structure, incorporation of
chemical and post-translation modifications
and utilization of fusion partners. The most
comnon route to optitmization is site-directed
mutagenesis, which is often performed in a
brute force or trial-and-error manner. A smaller
number of examples exist whereby semira-
tional application of diversity methods. such
as phage display, has been used to optimize
a therapeutic candidate, Important recent deve-
lopments 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 hypothesis-

driven 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 important
subset of rational engineering methods consists
of approaches that utilize high-resolution,
3D structure information. The maost sophis-
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 beyond
natural diversity, and the ability to couple
multiple constraints algorithmically for

1389-6446/03/5 - see front matter ©2003 Elsevier Sciencs Lid. All rigats resarved  PlII- $1350-6446{03)02616-2
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Table 1. Engineered protein therapeutics on the market’

Name Family Company Indication Modification Property

Proleukin® -2 Chiron Cancer Mutated free cysteine Decreased aggregation
(aldesleukin) improved bioavailability

Betascron” IFN-3 Berlex/Chiron Multiple Mutated free cysteine  Decreased aggregation
(interferon beta-1b) sclerosis

Humalog® Insulin Eli Lilly Diabetes Monomer not Fast acting
{insulin lispro) hexamer

Novolog” Insulin Novo Nordisk Diabetes Monomer not Fast acting
(insulin aspart) hexamer

Lantus® Insulin Aventis Diabetes Precipitates in dermis  Sustained refease
{insulin giargine)

Enbrel® TNF receptor  Immunex/ Rheumatoid  Fc fusion Longer serum half-life:
(etanercept) Amgen/Wyeth arthritis increased avidity

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

PEG-Intron® IFN- Schering-Plough  Hepatitis PEGylation Increased serum half-life;
(peginterferon alfa-2b) weaker receptor binding

PEGasys’ IFN-o Roche Hepatitis PEGylation Increased serum half-life:
(peginterferon alfa-2a) weaker receptor hinding

Neulasta™ G-CSF Amgen Leukopenia  PEGylation Increased serum haif-life
(pegfilgrastim)

Oncaspar® Asparaginase Enzon Cancer PEGylation Decreased
{pegaspargase) immunogenicity:

increased serum half-life

Aranesp® Epo Amgen Anemia Additional Increased serum half-life:
(darbepoetin alfa) glycosylation sites weaker receptor hinding

Somavert” Growth Genentech/ Acromegaly  PEGylation; Novel mode of action:
(pegvisomant) hormone Seragen/ binding site increased serum half-life

Pharmacia mutations

Chiron (http://www.chiron.com); Berlex (hitp://beriex.com); Eli Lilly (hitp://www lily. com); Nove Nordisk (hitpi//www.novonardisk.com);
Aventis (hitp://www aventis.com}; Immunex/Amgen (http://www.amgen.com) Wyeth (http://www wyeth.com)- Seragen/Ligand (http://www ligand comj
Schering-Plough (http://www.sch-plough.com}: Roche (http://www roche.com) Tnzon (htip://www.cnzon.com)- Genentech (hitp://www genenteeh comy:

Pharmacia (hitp://www.pharmacia.com).

*Abbreviations: G-CSF, granulocyte-colony stimulating factor; IFN-e, interferon o IL-2, Interfeukin 2; PEG, polyethylene glycol TNF, tumor necrosis factor.

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

Physicochemical 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 engineel"ing strategies. such as those highlighted
in Figue 1, have been developed to improve properties such
as solubility and stability while maintaining desired
biological activity.

Stability

Protein therapeutics are exposed to a variety of stresses
that can cause protein unfolding or degradation. Using ra-
tional optimization methods, proteins can be re-ernigineered

www.drugdiscoverytoday.com 213
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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 Shelf life  Intellectual
discovery of action kinetics genicity administration goods property
Stability X X X X
Solubility X ' X X X X X
Receptor binding affinity bt X
and specificity
MHC binding affinity X X
Oligomerization state X X X
Chemical modifications X X X X X X
Posttranslational X X X X X
modifications
Sequence diversity X

Conformational state X

"Abbreviation: MHC, major histocompatibility 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-
ditions. 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

Exposed g é"
hydrophobic

residues
- solubility

Loops
+ protease
susceptibility

Core

+ stability and
conformational
control

Binding site
+ interaction affinity
and specificity

——— Linear epitopes
« immunogenicity

Termini
+ attachment of
fusion partners
or PEG
Drug Discovery Today

Figure 1. Examples of rational design and engineering
strategies. Many design strategies farget specific residues or
regions of a protein structure for optimization. However, it is
important to note that modifications in any region of the
protein could potentially affect a wide range of protein
properties, emphasizing the importance of rational design
methods that can simultaneously consider and optimize
multiple parameters. Abbreviation: PEG, polyethylene glycol.

214 www. drugdiscoverytoday.com

colony-stimulating factor {G-CSF) and interferon (IFN})
Bib. 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 FCF mutations decreases the thermal
stability of the protein. probably because the introduced
serines are substantially desolvated and are not posi-
tioned to form intramolecular hydrogen bonds. Rational
approaches can identify the amino acids that are more
precisely compatible with the local structural environ-
ment.

Dramatic imprbvements in the global stability of a
protein can be obtained by optimizing intramolecular in-
teractions. Early examples used rational computational
design methods to optimize packing interactions and
hydrophobic burial in the protein core [7-9]. Optimizing
secondary structure propensity, hydrogen bonds and elec-
trostatic interactions can also improve protein stability
substantially {10-12]. More recently. these principles have
been applied to the clinically relevant proteins G-CSF and
human growth hormone (hGH) by using Protein Design
Automation® (PDA™) technology (Bex 1). The designed
hGH varfants ave active in cell proliferation studies and are
up to 16°C more thermostable than the wild type protein
[13]. Optimized G-CSF variants with 10-14 mutations
display enhanced thermal stability and five to tenfold in-
creases in shelf life while maintaining the desired biological
activity [14].

An additional stabilization strategy is reduction of proteo-
lytic susceptibility. If a specific site in the protein is known
to be especially prone to proteolysis. it can be modified

so that it no longer matches the substrate specificity of

the putative 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 at Caltech
{10,66,67] 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 level scoring
functions, side chain rotamer sampling and advanced
optimization methods to capture the relationships be-
tween protein sequence, structure and function accurately.
Calculations begin with the 3D structure of the protein and
a strategy to optimize one or more properties of the pro-
tein. PDA™ technology then explores the sequence space
comprising ail pertinent’ amino acids (including unnatural
amino acids, if desired) at the positions targeted for design,

located in flexible loops; therefore, another approach
is to introduce mutations that decrease flexibility.
Thrombolytics are a class of protein therapeutics for which
proteolytic susceptibility is especially important because
many clotting factors are both activated and inactivated
by specific proteases. For example, an engineered variant

of coagulation factor VIlIa with increased resistance to

proteclytic inactivation was generated by mutating two
arginines required for cleavage by thrombin, factor Xa and
activated protein C [15].

Solubility

Protein therapeutics are typically expressed. formulated
and administered at high concentrations. Under such
conditions many proteins form inclusion bodies during
expression or aggregates after formulation. Improving the
solubility of a protein can facilitate discovery cfforts,
whereas enabling soluble prokaryotic expression can re-
duce production costs dramatically and increase yields, It
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 intermolecular
disulfide bonds, as described above, Post-translational
and chemical maodifications, which are discussed in a later
section, can also help to prevent aggregation. Substituting
exposed nonpolar residues with polar vesidues can enable
soluble expression and improve the solubility of the puri-
fied protein. This strategy was applied successfully to the
Al domain of cholera toxin. a powerful adjuvant. Of the
six variants produced, one retained full biological activity

This is accomplished by sampling conformational states 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 constitute 0% 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 prioritized selection
of optimal single site substitutions. PDA™ technology has
been applied to numerous systems including important
pharmaceutical and industrial proteins and has a demon-
strated record of success in protein optimization.

and stability and also displayed a significant improve-
ment in solubility [16]. Altering the net charge and iso-
clectric point (pl) of a protein can also affect its solubility.
For example. a single chain antibody targeting renal cell
carcinoma was altered to increase solubility by adding five
glutamic acid residues to the C-terminus, thus lowering
the pI 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
mote or less considered to be formulation provblems that
can be surmounted with an exhaustive protein chemistry
effort. We anticipate that systematic structure-guided
optimization efforts will lead to the emergence of well-
defined strategies that consistently yield proteins with
improved solubility and mininially perturbed structure
and function.

Pharmacokinetics

The first generation of pxb(ein therapeutics frequently
suffered from poor PK. As our understanding of protein
clearance processes improves, it becomes possible to
rationally meodify proteins to tailor their PK profiles.
Properly controlling the serum concentration of a thera-
peutic protein over time can lead to improved efficacy
and decreased side effects. In fact. improvements in PK
properties can be so vital o the efficacy of a protein drug
that they are often made at the expense of specific activ-
ity. In addition to eliminating proteolytic susceptibility
(see above), several strategies have been developed to
alter PK, including polyethlylene glycol (PEG) attach-
ment (PEGylation). glycosylation. fusion to-proteins with
long serum half-lives. alteration of oligomerization
state and modulation of receptor-mediated uptake and
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