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1. Yo, Emilio FERRERO, obrando como apoderado del solicitante

en el asunto antes identificado, me refiero al Oficio No. 2739

notificado por fijacién en lista del 22 de febrero de 2008.

2. Mediante mi memorial de fecha 21 de mayo de 2008 solicité un

plazo de 30 dias para atender el Oficio No. 2739.

3. Mediante el Oficio No. 2739 se puso en conocimiento del
solicitante el informe que contiene las observaciones hechas por
su Despacho sobre la presente solicitud de patente.

Atiendo a las observaciones de la manera siguiente:

3.1 CLARIDAD DE LA SOLICITUD Y NIVEL INVENTIVO

Para subsanar las objeciones que sobre claridad y nivel inventivo
hizo su Despacho, presento nuevo capitulo reivindicatorio con 6

reivindicaciones en el cual se han hecho los cambios respectivos,
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sugeridos por su Despacho que permiten apreciar con claridad la
materia objeto de proteccién. Asi, el nuevo pliego reivindicatorio
define la molécula de ADN recombinante por su secuencia especifica
de aminoadcidos segin el numero de identificacién de su secuencia y
su producto proteico, y elimina la referencia a las
reivindicaciones 1, 2, 6 y 7 relacionadas con el método de

producciébn.

De esta manera es claro que con las anteriores modificaciones del
capitulo reivindicatorio queda subsanada 1la objecién que por
claridad hizo su Despacho, toda vez que debido al cédigo genético,
un técnico versado en la materia estaria en capacidad de definir
una secuencia de ADN con base en la secuencia de proteina, por lo
cual, el alcance de la proteccién solicitada es facilmente
determinable y comparable frente al estado del arte, de acuerdo

con las disposiciones del articulo 30 de la Decisibén 486.

Por otra parte, ese despacho afirma que la presente invencidn
carece de nivel inventivo dadas las ensefiazas de D1, toda vez que
(1) el proceso para la obtencién de tPA o K2S recombinante y los
productos relacionados con el mismo corresponden con 1los
habitualmente usados en el estado de la técnica y las moléculas de
ADN reclamadas equivalen a secuencias de moléculas naturales o
fracciones de las mismas y no a una construccién especifica de
clonacién; (2) que le documento D1 es el estado de la técnica mas
cercano ya que busca solucionar el mismo problema técnico e indica
el mismo procedimiento de obtencién de tPA, e inclusive muestra
secuencias de clonacién especificas para tal fin; (3) que la dnica
diferencia que se presenta con D1 se refiere a las secuencias
especificas clonadas; (4) y que con los datos presentados no se
asocia un efecto técnico sorprendente en la K2S obtenida o una

ventaja conferida al proceso reclamado debido a la introduccién de
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una construccién génica especifica de K2S, que ademds puedan
reconocerse como un aporte cualitativo al estado del arte, los
desarrollos reclamados solo pueden solo pueden considerarse como
una alternativa a los presentes al momento de su reclamacidén y por
ende no puede reconocerse como procedente de 1la actividad
inventiva, con lo cual no estamos de acuerdo por los argumentos

expuestos a continuacidén. Veamos:

A este respecto, respetuosamente ponemos de presente que las
enseflanzas del estado del arte revelaban que la molécula K28
fusionada a OmPA al ser expresa en E.coli era secretada lnicamente
en bajas cantidades dentro del medio de cultivo. . -~
e~ O

Sin embargo, la presente invencién fgguélve este problema mediante
la construccién de un nuéGG/EEEEéagjne expresién recombinante, por
medio del cual se esta;T;:Ig»de manera sorprendente que el indice
de secrecién de K2S en el medio de cultivo agggg§§~g£§@§§iqgmgggg

debido al uso de la construccién de expresién que se define en el

nuevo pliego reivindicatorio.

Adicionalmente, deseamos poner de presente que dicho hallazgo se
encuentra debidamente soportado en la descripcién de la presente

solicitud. En donde se establece lo siguiente:

“Expresién y purificacién de K2S. La expresién de K25 en
XM[K2S] se indujo mediante IPTG. La r-K2S era detectable
usando un ELISA tanto en el espacio peripldsmico como en el
material sobrenadante de cultivo. La cantidad de la proteina
heteréloga en cada preparacién se determiné usando un ELISA
en emparedado y se puso en relacién con el tPA patrén. A
. partir--de—100--ml —del—cultivo bacteriano en un matraz con

sacudimiento con una D.O.}[a 600 nm] de 50, la fraccién
)
(
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%%



i

CAVELIER

ABOGADOS

peripldsmica proporcioné 1,38 ug de r-K2S (aproximadamente

32%) mientras que se obtuvieron 2,96 ug de r-K2S

(aproximadamente 68%) en el material sobrenadante de cultivo

precipitado con amonio. Se usé un ELISA en emparedado para

comprobar el fago precipitado por PEG procedente del XM[K2S]
infectado con VCSM13. No se detecté r-K2S capturada por el
anticuerpo monoclonal anti-kringle 2 mediante la HRP

conjugada con anti-M13, indicando que la K2S no es presentada

en las particulas de fago si falta la gp3.”

Por consiguiente, a partir de los hallazgos evidenciados, se puede
concluir que la presente invencién comprende un efecto superior al
del estado del arte (Dl) y por lo tanto goza de nivel inventivo,
Z"W toda vez que dicho documento describe niveles de secrecidn de
moléculas de ADN que codifican las proteinas K2S nulos o en un

porcentaje bajo en el cultivo del sobrenadante.

Por consiguiente, toda vez que (i) las moléculas reivindicadas en
la presente solicitud de patente son diferentes a aquellas
descritas en el estado del arte (D1l); (ii) que dichas diferencias
no son sugeridas en tal documento; y (iii) que adicionalmente son
estas diferencias las que permiten obtener una efecto superior
evidenciado en los niveles de secrecibén, lo cual estd soportado en
el pliego descriptivo de la solicitud, se puede concluir que la

anterioridad citada (Pl1) no afectan el nivel inventivo de 1la

{0 invencién de mi representada.

4, Puesto que se han atendido a cabalidad las observaciones
hechas por su Despacho sobre la presente solicitud de patente,

atentamente solicito que se continide su tramitacién.

5. ANEXOS:

2%
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Reivindicaciones

Una molécula de ADN recombinante caracterizada porque es

el cédigo de una proteina de fusién K2S que comprende:

a) la secuencia del SEQ ID NO:3 cédigo de la proteina

OmpA, unida operativamente secuencia arriba con

-

b) la molécula de ADN que tiene la secuencia de SEQ ID
NO:20 cédigo para un polipéptido que contiene los
aminodcidos SEGN o una molécula de ADN que tiene la
secuencia de SEQ ID NO:1 cédigo para un polipéptido
que contiene los aminodcidos SEGNSD, la cual estéi

unida ella misma operativamente secuencia arriba a

c) la molécula de ADN que codifica un polipéptido que
contiene el dominio kringle 2 y el dominio de
proteasa de serina de la proteina del activador de
plasmindgeno tisular que tiene la secuencia de
aminodcido seleccionada del grupo compuesto por SEQ
ID NO: 11; SEQ ID NO: 12; SEQ ID NO: 13; SEQ ID NO:
14; SEQ ID NO: 15; SEQ ID NO: 16; SEQ ID NO: 17;

SEQ ID NO: 18; y SEQ ID NO: 19.

Un vector que comprende la secuencia de ADN recombinante

de la reivindicacién 1.

Una célula huésped procariética que comprende una

molécula de ADN recombinante de la reivindicacién 1.
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Expression of Active Human Tissue-Type Plasminogen
Activator in Escherichia coli
JI QIU,* JAMES R. SWARTZ,? ano GEORGE GEORGIOU'*

Molecular Bi ! and 7 ineering,® University of Texas, Austin, Texas 78712, and
Received 25 June 1998/Accepted 1 September 1998
The formation of native disulfide bonds in complex eukaryotic proteins expressed in Escherichia cofi is
extremely inefficient. Tissue plasminogen activator ((PA) is a very important thrombolytic agent with 17
disulfides, and despite numercus attempts, its expression in an active form in bacteria has not been reported.
To achieve the production of active tPA in E. cofi, we have investigated the effect of native

(DsbA and DsbC) or heterologous (rat and yeast protein disalfide isomerases) cysteine oxidoreductases in the
bacterial periplasm. Coexpression of DsbC, an enzyme which catalyzes disulfide bond isomerization In the
periplasm, was found to dramatically increase the formation of active tPA both in shake flasks and in
mmmmmmwmmmmdmwmmmmymm
sequence, immobilized Erythrina cafra inhibitor, and Zn-Scpharose resins. After purifica-
MMMMMWAMammmmedﬁeMMM
be obtained per liter of culture in a fermentation. Thus, heterologons proteins as complex as
tPA may be produced in an active form in bacteria in amounts suitable for structure-fanction studies. In
addition, these results suggest the feasibility of commercial production of extremely complex proteins in E. coli

Vol. 64, No. 12 |

without the need for in vitro refolding.

In Escherichia coli and other gram-negative bacteria, disal-
fide bonds form in the periplasmic space, a compartment to-

enzymes
cytoplasmic proteins (3, 20, 24, 25, 30, 38, 39). In vitro, DsbA
is a potent catalyst of protein cysteine oxidation, whereas DsbC
exhibitsdimlﬁdeisomcraseacﬁvily(w,”).'l'hemembmpe

proteins DsbB and DsbD appear to be responsible for main-
taining DsbA and DsbC, respectively, in the proper axidative
state for optimal function.

Extensive studies over the last 15 years have demonstrated
that multidisulfide proteins generally do not fold comrectly in
bacteria and accumulate largely in a misfolded form. Examples
of commercially important proteins that cannot be produced in
active form when secreted in the periplasm include enzymes
such as tissue plasminogen activator (tPA) and kallikreins, the
protease inhibitors, and various growth factors (3, 8, 10, 14, 18,
22, 26, 29, 32, 37). The production of these and other proteins
with three or more disulfides is complicated and has to rely on
environment for the formation of disulfide bonds or refolding
from inclusion bodies (8, 14).

Human {PA best exemplifies the challenges associated with
the production of complex proteins in E. cofi. It is a 527-amino-
acid serine protease with 35 cysteine residues that participate
in the formation of 17 disulfide bonds. tPA is comprised of five
distinct structural domains: a finger region, an epidermal
growth factor-like subdomain, two kringle domains, and finally,

* Corresponding author. Mailing address: Department of Chemical
Engineering, University of Texas at Austin, College of Engincering,
Austin, TX 78712-1062, Phone: (512) 471-6975. Fax: (512) 471-7963.
E-mail: gg@che.utexas.edn.

4891

> proteolytic activity are by
domain and the kringle 2 domain, respectively (21).

tPA secreted in the periplasm of E. coli is misfolded and
completely inactive. Attempts to produce active tPA in Sac-
dxammmviw‘aeorinimeeteellshavebeenﬁmmw
problems due to hyperglycosylation, poor export, and im-
proper folding (7, 27). Here we demonstrate that engineering

180 pg of protein per liter with speaﬁcacnvnyneaﬂyxdeu—
8 per a ¥

tical to the authentic tPA can be obtained, with a yield corre-
sponding to 25% of the active material in cell lysates. To the
best of our knowledge this is the first time full-length tPA has
been ap;:;sed in mf::: in bacteria in signi
amounts, and it bodes well production of other complex
multidisulfide proteins in bacteria.

TGITGTCA-%".
The PCR product was with EcoRV and HindIlI and subcioned into
PBADS3 (11) (kindly provided by Jon Beckwith, Harvard Medical School).
pwwwsammwgawmgémAmﬁmm
”lmA peptide ﬂawddwmm). strong o promoter pTre-
PEppsOmpArPDI i

/wt?
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mmwpmmmmuwxmnesmumuf
Gent. pSE380dsbA and pSE4A20dshC are derivatives of pSE38D and pSE420
mcmm)mmmmmmmw
and were provided by Satich Raina, Centre Medical Univessitaire, Geneva,
Switzeriand. The vector was canstructed as follows. pSEA20dshC
mwmmlmmwmmmmmm
digested with Hindlll. Subsequently, the fragment the dsdC gene
downstream from the &r promoter was isolated and ligated with Seul/
HindIll-treated pSE380dsbA to yield

Expression of tPA In shaker fissks. To evaluate tPA expression in shaker
Ms.EanﬁSFlmm‘MlﬂEgﬂwmwdqﬂlhlﬂ)(Z)
cells transformed with the appropriate plasmids in Lusia-Bertani
mumwmmm(mmaw(m

(ODgy) reached between 0.8 and 1.0. Synthesis of rPD1 in cells transformed with

1 was induced by the addition of IPTG to 0.5 mM at a culture
0Dy of ca. 0.6. Expression of tPA from the Py o5, promoter was induced 30 min
after the addition of IPTG by adding arahinose to a final concentration of 02%
(Aﬁumdnunnwnhmbmne.mllnIQmmﬁumdﬂnnﬂhm
harvested by centrifugation. The cells were then resospended in 0.1 M Tris-HQ
(pﬂﬂS)aﬂwwnhaFtaﬂmdlwdamW Subse-
quently, dnaﬂlymmmﬁﬁpanXgmrmmnfCto
separate the soluble and insoiuble fractions.

Expression of (A In fermentors. For inocalum preparation, 1.0 mi of frozen
SF110(pBAD-stiI-PA/pSEA20dsbC) cells was added to 500 m of Loria-Bextani
medium containing 40 ug of ampicillin and 30 pg of chioramphenicol per mL
mmmmmaz-limrmtnﬂonmﬂmmwmnfalo.

mentor was operated at 37°C and 1,000 rpm, with 10 standard fiters per min of
mmaﬂao}hhukmmﬂnammmmd

MmmgmhaﬁngmmdmminEmam,dm Atan
OD;s5 of 25, a feed consisting of 13.5% digested casein and 6.5% yeast extact
was added at 0.5 ml/min. When the ODy, reached 80, IPTG was added at a
concentration of 005 mM, and 30 min later arabinose was added to 0.1%
(wifvol). When respiration poisoning caused the DO, to rise, the glucose feed
rate was lowered to avoid excessive acetate accumulation.
wAmﬂAmmMﬁmenmbqunﬂﬁalHym-
Sepharose and Erythrina inhibitor-Sepharose affinity
described below. Cell paste was inlnhA(mmM'lh-BCl.pﬂ
7.5; 5mM EDTA; 0.1% Tween 80). The cells were lysed by sonication on ice. The
cell lysates were centrifaged at 12,000 X g for 15 min at 4°C, and the supematant
was loaded onto an colunmn (Pharmacia) preequilibrated with
buffer A. The column was washed with 8 columm volomes of buffer A, followed
by 8 volumes of buffer A containing 0.1 M NaCL tPA was eluted with buffer A
muummuummmmuw
column was loaded onto an Erythring cafa inhibitor-Sepharose column pre-
mdwmﬁmzmﬁumhﬁmmmmm
Conn.) to cyanogen bromide-activated Sepharase 4B ia). The column
was washed with 4 column volnmes of buffer B (0.5 M NH HCO;, 0.1% Triton
X-100), 4 volumes of buffer C (005 M NaH,PO,, pH 7.3), and 4 volumes of
buffer C with 0.1 M KSCN. The column was efuted with buffer C containing 0.9
M KSCN. Then, 1-ml aliquots of the eluant from the ETI-Sepharose columm
were incubated with 100 pl of iminodiacetic acid-Sepharose (Pharmacia) that
had been preequilibrated with ZaCl, at 4°C for 30 min. Incubation of the tPA
with Zn-Sepharose was carried out at 4°C for 2 h. The Sepharose was precipi-
tated by centrifugation, washed with baffer E (005 M NaH,PO,, 0.5 M NaQl,
0.05% Tween 80 [pH 73]), and eluted with buffer B conteining 0.05 M imidazole.

Geaeral methods. Sodiom gel electrophoresis
(SDS-PAGE) on 12% i and Westera blotting were performed
mmmmmm(l)ﬂAmmﬁmmmmdwm
Imubind total tPA assay (American

ica). single-chain tPA (Sigma Chemical Co., St. Lonis,
Mo.) was used as a

following modifications: SDS-12% polyacrylamide gels
were copolymerized with 0.1% (wt/vol) a-casein and 10 pg of plasminogen per

M(mumm)mmmmﬂng&m
washed with 2.5% Triton X-100 for 1 h to remove the SDS, washed with distilled

ArpL. ENVIRON. MICROBIOL. %

water exhaustively to remove the Triton X-100, incubated in 0.1 M glycine buffer
(pH 8.3) for § b, and then stained.

RESULTS

Optimization of tPA expression in shaker flasks. A cDNA
encoding the complete amino acid sequence (amino acids 1 to
527) of the human tPA was fosed in frame to the stil leader
peptide, which had been shown earlier to be useful for the
peuplmxcexpremonofavmetyofwom(S) The stil-
tPA gene was placed downstream from three different promot-
ers: the arabinose-inducible promoter Py 4p:1), the phoA pro-
moter under which the tPA gene is transcribed lyat
amoderate level in pkoT mutant cells grown in high-phosphate
medinm, and, finally, the IPTG-inducible ¢c promoter. The
respective €xpression vectors were Umsﬁmmedmto several
different E. coli strains. In every case, the level of
tPA was low and could not be visualized by SDS-PAGE; a
band corresponding to full-Jength tPA could only be detected

by Westem blotting, although, as might be expected, the in-
temofdletPAbandvaneddependmgonthepmmoterand
strain However, no ivity could be

dewcwdontheﬂ:mplaws.ltshonldbenotedthatlmtlmn
10 pg of purified tPA can be detected with this assay. Cell
fractionation demonstrated that the majority (>70%) of the
total tPA accummlates in a soluble yet inactive form.
Undercertameond:hons,d;eauprmonoftherl’Dlse—
creted in the space increased the expression of
bovine pancreatic trypsin inhibitor (BPTI), a small evkaryotic
protein with three disulfide bonds, by up to 15-fold (28). To
test the effect of rPDI coexpression on the formation of active
tPA, E. coli SF110 (ompT degP) was transformed-with-thee
plasmid p) PDI, which contains the rPDI fused to {
the OmpA leader peptide downstream from the strong lpp-lac f

: promoter. rPDI"is secreted efficiently into the periplasmic-

“space; and upon addition of IPTG it becomes the most abun-
dantpmtemmthe?hle_m@eeﬁg.@ A small yet
detectable fibrin clearance was observed when stlI-{PA was
expressed from the Py, after induction of rPDI
expression (Fig. 1A). However, active tPA was barely detect-
ablemaqnmuveasayﬂlatmmthemwofmm
of plasminogen with a chromogenic substrate (Fig. 1B). The
low levels of tPA activity were not due to poor expression of
the stiI-tPA. Even though coexpression of rPDI reduced the
aoamnlaﬁonofstll—tl’Awlativetomhnlcells(pBAD—stﬂ-
tPA plasmid alone), a band to mature tPA was
readily visible by Western blotting (Fig. 1D). In other experi-

ments, coexpression of yeast PDI as a secreted protein in E.
coli did not facilitate the formation of active tPA either, even
thonghitwasshowntobefmcuonalmpmtemm(data
not shown).

In contrast, the coexpression of high levels of DsbC in cells
grown in either rich or minimal medivm resulted in a dramatic
increase in plasminogen activation (Fig. 1). Zymography re-
vealed that this activity arose fmmabm“thaeleam-

phoretic mobility slightly less than that of the si tPA
standard (Fig. 1C). This is consistent with the fact that the t(PA

standard is glycosylated whereas the bacterially expressed pro-
temmnot.Nooﬂlerbandswmdetectablemqmogmyhygels
(Eg.lC),mdwanngthattheachvuyobsewedonﬁbnnplates
and with the assay arises from the full-length pro-
lzmandnotfmmdegmdanmpmduas.lntheseexpemnems,
DsbC expression was induced with 2 mM IPTG. However,
because the tre promoter is leaky, DsbC synthesis occusred
mmnmmiuwdmlﬂnes,wnﬂnngmlowhntdmlﬂetPA
activities. Manipulation of the redox environment through the



G pBAD-SHIIPA + pSE380dsbA; D, pBAD-stlI-{PA + pSE420dshC; E,
pBAD-stlI-tPA + (B) The specific rate of plasminogen activa-
tion in soluble fractions mwsbmwmw

stII4PA/pSE380dshA; D, pBAD-stII-{P,
pSE380dsbAC:; F, (D)Wesiunblotofﬂ'A
eapression in A, pBAD-stII-tPA alone; B, pBAD-atll-

addition of GSH (glutathione, reduced form) and/or GSSG
(glutathione, oxidized form) was not beneficial in cultures co-
expressing DsbC and stil-4tPA. In fact, the addition of as Little
a5 0.5 mM GSSG resulted in a more than 40-fold-lower specific

DsbA also stimulated the formation of active tPA, but the
specific activity obtained was 25-fold lower than that of cul-

EXPRESSION OF TISSUE PLASMINOGEN ACTIVATOR IN E COLI 4893 %

tures DsbC. The addition of 2 mM GSH, 2.0 mM
GSSG.orZ.OmMGSH—O.SmMGSSGattheumeofm
tion resulted in reduced tPA activities relative to control cul-
tures that received no additives (data not shown). In vitro,
DsbA and DsbC have been shown to act synergistically in the
axidative folding of BPTI (39). However, concomitant overex-

of DsbA and DsbC gave a lower specific activity of
tPAﬂ:and:stbCalone.'ﬂnsmaybebemeﬂwlevelof
DsbC accumnulation in cells coexpressing DsbA-DsbC is

slightly reduced (Fig. 2). 3}
DsbC exhibits di isomerase activity in vitro, and there
is strong evidence that it has a similar role in vivo (19, 24, 30).
Dstmfnnmonasanmmmxeoﬂ;gfnmmm
cysteine thiols are reduced, presumably membrane pro-
tein DsbD (DipZ) (25, 30). In vitro, DsbC is oxidized readily by
DsbA, the primary catalyst of cysteine oxidation in the peri-
plasmic space (39). Bardwell and coworkers showed that sub-
stitution of the residues within the Cys-X-X-Cys active-site
motif of DsbA modulates the redox potential of the protein
(9). Several DsbA active-site mutants with a range of redox
potentials were cocxpressed together with tPA in a dsbA null
motant strain background. However, no improvement in tPA
activity was observed relative to cells transformed with a
mmlplmndwnmiﬁngmewﬂd-typedsbdm.smly
coexpression of DsbC in a set of strains
somally i dsbAmumnmdtdmtremltmanyﬁuther
increase in active tPA (3a).
tPA expression in high-cell-density fermentations. SF110
(pBAD-stlI-tPA +pSE420dsbC) cells were grown in a 10-Jiter
fermentor in a synthetic medium supplemented with casein
amino acids. The growth rate was maintained at 032 h~* by
contmllmgﬂleaddmonofglnmnnﬁlanozlevelofm
reached. Preliminary experiments revealed that vigorous
mﬂm(wnﬂ:Zlil’l’G)ofDd:Cetprmn,ﬁoﬂowedlq
induction of tPA expression, led to a dramatic reduction in the
oxygen uptake rate after about 1.5 h (Fig. 3). Growth ceased,
andaslowdedmemﬂ:eODofﬂzecnlmresoonfollmd.
Therefore, a lower concentration of IPTG (0.05 mM) was used
to minimize the detrimental effects of DsbC overexpression.
IPTG was added when the culture reached an OD;5, of around
80; this was followed by a bolus of arabinose 30 min later.
Under these conditions, the oxygen uptake rate remained con-
mfnr35handdwnbegmtodechne The maximum spe-
aﬁctPAmtymmdﬁhaﬁermMon(ﬁg,S)md
then started to decrease, in part because the inducer, arabi-
nose, is catabolized by strain SF110. The peak specific activity

A B C D

“ §—PDI

- ovain—

s WSS <——DsC
. - )

FIG. 2. SDS-PAGE of total cefl extracts from cultures coexpressing both tPA
and DsbA, DsbC, or DsbA-DsbC. Cells were harvested 3 h after indection and
tysed, and equal amounts of total protein from each sample were loaded on a
mmmymmmumummmm&m
SHI4PA + pLppsOmpArPDI; B, pBAD-SI-PA + pSE380dsbA; C, pBAD-stIl-
tPA + pSEA20dsbC; D, pRAD-stlI-tPA + pSE380dshAC.
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FIG. 3. Production of tPA in a high-cell-density fermentation. The cell den-
sity, reparted as ODx;, and the axygen uptake rate (QUR) are shown together
with the tPA specific activity data from samples taken 0.5 h before and 0.5, 1.5,
25, 35.45.and55hmm-dtthnofmthAuaivhywas

obtained in the fermentor was essentially identical to that in
shaker flasks. Approximately 25 g of cell protein was obtained
per liter of culture.
tPApurMon.atmﬁedeelllymteswereloadedomoan
L-lysine-Sepharose column. L~ binds tightly and specifi-
cally to the kringle 2 domain of tPA assuming, of course, that
it is correctly folded. About 50% of the total tPA activity that
was loaded onto the L-lysi column was retained
even after it was washed with 8 bed volumes of NaCl-contain-
ing buffer. The bound tPA was eluted with 0.2 M L-lysine. The
cluant from the L-] aﬁnnychmmam;mphy
step was loaded onto a second column containing immobilized
E. caffra inhibitor, a protein that binds to the tPA protease
domain with a very high affinity (13). Active (PA was eluted
with 0.9 M KSCN and was shown to have a specific activity of
373 1U/ug, a value nearly identical to that of the anthentic
glycosylated protein from mammalian cells (400 TU/ug). The
bacterial tPA became bound frreversibly to ultrafiltration
membranes and therefore could not be concentrated in this
manner from the ETI column eiuant. For this and also
to remove two E. coli proteins of 35 kDa, the
active fraction from the second column was mixed with Za-
Sepharose beads. tPA was bound to Zn-Sepharose quantita-
tively and could be eluted with buffer containing 50 mM imi-
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FIG. 4. tPA Shown s a silver-staived SDS-PAGE gel on which
wueloadedtPApmﬁedﬁmE.aﬂ(A).ﬂnmgb-dnthAmmﬁm
American Diagnostica (B), the total cell lysate from cells overproducing tPA and
DsbC (C), and molecular size markers (D [in kilodaltons}]).

ArrL. ENVIRON. MICROBIOL.

dazole. The protein was more than 90% pure, as
determined by SDS-PAGE and silver staining (Fig. 4).
'l‘heyleldofpnnﬁedtPAwasﬁ%ofthetotalacuvnym
startmg material. Interestingly, although the bacterial tPA
bound quantitatively to ETI, it conld be eluted from the resin
with a lower concentration of KSCN relative to the glycosy-
lated,two-chmnpmtem(osandl.ﬁMKSCN respectively).

phy, 14 pg of high-specific-activity tPA was obtained from 2 g
of cell protein. Thus, i 180 pg of purified {PA per
liter can be obtained on the basis of the amount of cell protein

ced per liter of culture by high-cell-density fermentation
(25 gfliter).

DISCUSSION

We have identified conditions that allow the production of
significant amounts of active, full-length tPA in E. cofi. Nor-
mally, the formation of disulfide bonds takes place in the
periplasmic space. In this study tPA was fused to the stil leader
peptide, which was efficient in directing the mature protein
into the peripasmic space. The sill leader peptide does not /.

mtobeumqm,andanmﬂarywldofpmteolyumﬂy !

'A was obtained when the tPA gene was fused to the/
Alwderpcphde(&a)/AsdimmedmRemltsandas
in-Fig.-1,-in the absence of cysteine oxidoreductase
overexpression, active tPA is virtually undetectable. However,
a >100-fold increase in the specific rate of fibrinolysis in cell
extracts is observed in cultures coexpressing DsbC. To the best
of our knowledge, this dramatic increase in the production of
active tPA represents by far the most striking improvement in
the folding of a foreign protein ever obtained via the coexpres-
sion of foldases (8).

The rate-limiting step in the oxidative folding of eukaryotic
proteins in the pesiplasmic space appears to be the isomeriza-
tion of mismatched disulfides (29). Reduced DsbC has been
shown to be an efficient catalyst of disulfide bond isomerization
mvm(G).Moreover,reaentandleshaveshmﬂmtDstm
maintained in a reduced state in vivo, suggesting that
its primary role in the cell is the catalysis of disulfide isomer-
ization (17, 31, 33). ‘l‘hedmmancmeasemthefoldmgoftPA
in cells coexpressing DsbC is consistent with this
We believe that the high level of DsbC increased the disulfide

space,
of incorrect disulfides in nascent tPA.
Indeed, Joly et al. (16) have shown that DsbC accumulated
mostly in its partially reduced form when coexpressed in a
fermentor together with insulin-like growth factor 1 (IGF-1).

In this case, ostmeeasedthetotalyieldof
IGF-1 but not the amount of soluble active However,
this resuit may be a of the very high level of

consequence
IGF-l)‘omqmonasgoﬂGF-lpeﬂneroffemenm
An alternative explanation for our results is that DsbC did

mtparuupatednectlymthefoldmgoftPA.lnstwd,maver

or GSSG had an effect similar to that of DsbC.

A low level of active tPA was detected in cells coexpressing
DsbA, but this effect could not be further enhanced by the
addition of reduced or oxidized glutathione. Chromosomally

@%



5

VoL. 64, 1998

expressed DsbA is found almost in the oxidized
formandlsapotentcnmlystofdmlﬁdebondfomanon(w)
Itmpom'blethatwhenDsbAlsoverexptesed,afmcuonofthe
protein fails to be oxidized by DsbB and, instead, is present in
the reduced form that can catalyze disulfide bond isomeriza-
tion (16, 18). This activity of the reduced DsbA may in turn be
for the small levels of active tPA.

of tPDI has been shown to increase the yield of small heter-
ologous proteins (15, 28), but it had a very minor effect on tPA.
This may be because rPDI functions as a protein thiol oxidase
in the bacterial periplasmic space but was shown to be rather
ineffective in the rate-li isomerization in BPTI
in the ic space of E. coli (28).

The highest level of active tPA was observed when the syn-
thesis of DsbC from a frc promoter was induced first, followed
by the induction of tPA expression 30 min later. Interestingly,
high-level induction of DsbC, but not DsbA, rPDI, or tPA
alone, was found to be toxic, resulting in cessation
ofgrowthwiﬂ:in3m4haﬂerhdncﬁnn.Thepreanmrfoun
of DsbC was found to accumnlate in the cell, raising the pos-
m’bﬂilythatthcobservedwxidlyislhkedmﬂnesamﬁonof
the protein translocation machinery. To obtain the maximom
tPAspeuﬁcacnvnymahlgh-eeﬂ-demtyfememnon,nwas
necessary to use a low concentration of IPTG, which allowed
the production phase to be prolonged. Also, maintaining a low
growth rate through the slow feeding of glucose was found to
beasenmlmordertoattamahghcelldensnymthefer-
.SFllOwasﬁnmdtobeapmhﬁcpmdnarofamme,
whwhaccnmnlatedmmhibmrylevelswhenglnm
was adjusted to control the growth rate above 0.65 h™".

The above observations suggest a number of ways in which
the expression of active, full-length tPA can be increased fur-
ther. First, in the present study the level of accumulation of
tPA was low regardless of the promoter used. A higher level of
tPAsynthwsmaybebeneﬁualandennldheobtmnedby
optimizing translation initiation and by substitution of rare
codons in the tPA gene (4). Second, since DsbC overexpres-
sion has been found to inhibit growth, conditions that inhibit
DsbC toxicity will have to be identified to prolong the produc-
tion phase and help achieve even higher cell densities. Finally,
it may be possible to further enhance the effect of DsbC by
manipulating its interaction with DsbD (DipZ) or perhaps by
isolating DsbC mutants with higher activity towards tPA.

The ability to produce substantial amounts of a heterologous
protein as complex as tPA in E. coli bodes well for the expres-
sion of other complex eukaryotic proteins both for commercial

advmmgwmmtamofbothcostandmplu:ty
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