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ABSTRACT. Bovine tissue-type plasminogen activator (tPA) was heterologously expressed in the methylo-
trophic yeasPichia pastorisand characterized structurally and kinetically. The bovine single-chain tPA-
mediated activation of bovine plasminogen was studied in the presence and absence of fibrinogen fragments.
We have proposed a refined new method of kinetic analysis which allows examination of both stationary
and prestationary phases of this process. The investigation revealed the presence of two interconvertible
forms of the recombinant bovine tPA being in equilibriutaal to 50ratio. Only the minor form was

able to bind and activate plasminogen. Saturation of the whole pool of tPA required high plasminogen
concentration, = 5¢M) in order to reverse the equilibrium between the two forms. Fibrinogen fragments
activated the single-chain tPA due to preferential binding and stabilization of the minor “active” form of
the enzyme until all the molecules of tPA were converted. The same mechanism could be applied to
human tPA as well. Th&,, values, obtained for recombinant bovine and human tPA in the presence of
fibrinogen fragments, were found to be simil&h(= 0.1 «M) while ke of human tPA was 510 times

higher.

The activation of plasminogen is an important process components have been identified and characterized. In
associated with degradation of an extracellular matrix such contrast much less is known about plasminogen activation
as dissolving of blood clots, tissue remodeling, and invasive in other species. Bovine mastitis is an inflammatory disease
growth of cancer cells. Tissue-type plasminogen activator of the mammary gland induced by various microorganisms,
(tPA)! and urokinase-type plasminogen activator (UPA) are and a 20-fold increase in tPA activity has been reported in
the two major proteins responsible for conversion of plas- the milk of cows infected wittStaphylococcus aureyg).
minogen to plasmin. Although both tPA and uPA are related The activation of plasminogen by tPA is greatly increased
enzymes and activate plasminogen by cleavage of the samey theos-casein dimerZ), and in order to study this system
peptide bond, they have their own physiological features. in more detail it is necessary to obtain bovine tPA. As this
The tPA-induced process is stimulated significantly on the protein is only present in very small amounts in natural
surface of fibrin, and tPA is regarded as the fibrinolytic tissues and fluids and to our knowledge never has been
activator. On the other hand, the pericellular uPA-mediated purified, we have made recombinant expression of the
activation of plasminogen is supposed to be engaged in tissugrotein.

remodellng a_nd cancer m_etasta5|s developmen_t. _ ~ tPAis a mosaic protein with five domains consisting of a
The activation of plasminogen has been studied in detail finger domain, an epidermal growth factor domain, two
in the human system from where the involved protein kringle domains, and a serine proteinase domain. The finger

and the second kringle are believed to be responsible for

" This work is part of the FGTEK program supported by the Danish the interaction with fibrin —5). tPA is synthesized as a
Dairy Research Foundation (Danish Dairy Board) and the Danish single-chain polypeptide and can be converted into its more

Gﬂ"‘ggﬁggbn ding author active two-chain form by plasmin scission of an Arg-lle bond
s University of Aarhus. S|tuat.ed in the strand connecting kringle 2 with the serine
'"MD Foods Research and Development Centre. proteinase domainbj.

U Present address: Biotechnological Institute, Kogle" AJeDK- P : :
2970 Harsholm, Denmark. Kinetic analysis of the human tPA catalysis was rendered

 Abbreviations: [Asp]plasminogen, native form of bovine plas- in a number of papers7(-9) and resulted in several
minogen with an aspartic acid at the N-terminus; EA€&Aminocaproic conclusions concerning its mechanism. The single-chain

acid; Fb, fibrinogen; [Glfjplasminogen, native form of human plas- — anzyme was considered as a poor catalyst when compared
minogen with a glutamic acid at the N-terminus; PAI, plasminogen

activator inhibitor; Pg, plasminogen; Pn, plasmin; tPA, tissue-type O the double-chain for_m- It was CharaCterizedW: 1-2
plasminogen activator; uPA, urokinase plasminogen activator. uM toward [Glu]plasminogen ané.s= 0.3—0.6 min* (9).
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At the same time, the double-chain tPA had a considerably KEX2 STEI3

higher affinity to the substraté, = 0.1-0.5uM as well as | |

higher ability for plasminogen transformatidg, = 4—5

min~t (8). All catalytic characteristics of the single-chain Moo EKR EAEA SYKVTC.....
tPA improved when fibrin (or fibrinogen fragments) was -89 +1

added to the medium, showing tKg andk. values at the F_IGUR:Ele Pdartialhamino acid Nseque_nceI 01; tr;)i p_PlCr?K/tPA secre”tion
same level as those of the double-chain enzyme)( The  Signalfused to the mature N-terminal of tPA Is shown, as well as
double-chain tPA also demonstrated sensitivity to fibrin the expected two endoproteolytic split sites (KEX2, STE13).
which was manifested in -510-fold increase ofk.a but
without any changes iKn, (8). The existence of an active
ternary complex plasminogeifibrin—tPA, converting bound
plasminogen to plasmin, was proposed to be more favorable
than the action of a fibrintPA complex toward free
plasminogenq). Previous publications about tPA kinetics
mainly concerned the tPA-catalyzed reaction being in steady
state. This is, in part, due to mathematical difficulties in
the approximation of the complex reaction when the tPA-
catalyzed conversion of plasminogen to plasmin was fol-
lowed by cleavage of a measurable substrate by plasmin.
The human tPA might be an inconvenient object for such
investigations as well. Therefore, application of tPA from
another source, provided with an adapted mathematical
mechanism, could shed some light on “hidden” stages of
the process. An appropriate candidate for this inquiry is
bovine tPA, promising to be useful in several aspects.

We have expressed bovine tPA in the methylotrophic yeast
Pichia pastoris and characterized the product from a i i i
structural and kinetical point of view. Comparison between  Construction of the P. pastoris tPA Expression Vectors.
human and bovine tPA required standardization of the PHIL-D2/tPA was derived from the. pastorisintegration
experimental conditions, therefore activation of both enzymes V€Ctor pPHIL-D2. The tPA encoding region, including the
was induced by bovine fibrinogen fragments. The bovine Native signal peptide, was inserted into BRI restriction
tPA was characterized by a slower equilibration with the Sit€ in pHIL-D2, yielding pHIL-D2/tPA. Due to the presence
components of the reaction medium when compared to of an internalEcaRlI restriction site in the_tPA cDNA, this
human tPA. This allowed a detailed analysis of prestationary /&S performed by PCR on pBtPA42) with the forward
kinetics, impossible under the same conditions for the 2 ATGATGAGCGCAATGAAG-3 and reverse 'SGGT-
catalytic reaction performed with human tPA. GTCCCTGGTCATGG-3 primers.  TheEcdRI restriction

site in the resulting amplified tPA encoding region was then
MATERIALS AND METHODS methylated byEcoRI methylase and ligated tBcaRl linker

Chemicals and Reagents. P. pasta@S115 (his4) 10), oligonucleotides 5GGAATTCC-3. Following digestion by

the protease deficient strain SMD1168 (his4, pep4), and theEC(RI’ the amplified fragment was ligated into pHIL-D2.
expression vectors pPICIK and pHIL-D2 were purchased PPICIK/PA was derived from the. pastorisintegration
from Invitrogen Corp. Super Taq polymerase was from HT Vector pPICIK. Using PCR,"@nd 3 Not restriction sites
Biotechnology, nucleotide triphosphates were from Pharma- Were introduced into the bovine tPA cDNA using the plasmid
cia, Chameleon mutagenesis kit was from Stratagene, oligo-PBtPA4 as template and the following forward and reverse
nucleotides were from DNA technology (Science park, Primers, respectively, ££TCAGGAGAGCGGCCGCATCG-
Aarhus, Denmark), and all other enzymes were from New TAC-3" and 3-GAGGAAAGCGGGCGGCCGCCCTGGG-
England Biolabs. PCR was performed in a Hybaid ABA- 3. The resulting PCR product was cloned into tKet
CUS thermal cycler. Sequencing was performed either with restriction site in pPIC9K. To generate the native N-terminus
a Sequenase kit version 2.0 from United States Biochemicalof tPA after cleavage by the signal peptidases (Figure 1),

Corporation or with a dye terminator cycle sequencing kit Site specific mutagenesis was performed on pPICIK/tPA,
from Perkin-Elmer. $S]dATP was from Amersham Inter-  Using the primer SCTCGAGAAAAGAGAGGCTGAAGCT-

national. Sequencing, ligation, transformatiorestherichia ~ TCGTACAAAGTGACCTGCAGAGAT-3. To ensure that
coli, DNA preparation, PCR, and other DNA modifying the T4 polymerase replicated the entire plasmid, two non-
processes were performed according to the manufacturersmutagenic primers, situated in the Col E1 region (7961
recommendations or standard laboratory procedures. Yeast 980) and HIS4 region (48014821) of pPICOK/tPA, were
media were Composed as follows: YPD (1% yeast extract, included in the mUtageneSiS reaction. The tPA enCOding
2% peptone, 2% dextrose), BMGY (1% yeast extract, 2% region of pPIC9K/MPA was finally sequenced as a control
peptone, 100 mM potassium phosphate pH 6.0, 1.34% YNB, for PCR-introduced mutations.

1% glycerol), BMMY (1% yeast extract, 2% peptone, 100  Transformation of P. pastoris with pPICOK/tPA and pHIL-
mM potassium phosphate pH 6.0, 1.34% YNB, 1% metha- D2/tPA and Multicopy Colony Selection. P. pastaisins
nol), MM (1.34% YNB, 0.00004% biotin, 1% methanol), GS115 (his4) and SMD1168 (his4, pep4) were transformed
and MD (1.34% YNB, 0.00004% biotin, 1% dextrose). with the expression plasmids using the spheroblasting and

Yeast extract, peptone, YNB, and casamino acids were from
DIFCO, and G418 was from Life Technologies. Recombi-
nant human tPA (Actilyse) and chromozym tPA (€80,-
D-Phe-Gly-Arg-pNA) were from Boehringer Mannheim.
S-2251 (Hp-Val-Leu-Lys-pNA) was from Chromogenix.
Bovine [Asp]plasminogen and PAI-1 were from American
Diagnostica. PAI-2 was of the low molecular weight form
and generously provided by Dr. I. Lecander (Lund, Sweden).
CNBr—fibrinogen fragments were made by incubation of 100
mg fibrinogen with 130 mg CNBr in 70% formic acid at
room temperature for 16 h. The resulting fibrinogen
fragments were dialyzed against water for removal of low
molecular weight fragments (membrane cut off12—14
kDa) and stored at-80 °C at a concentration of 2.8 mg/
mL. The bovine plasminogen used for zymography was
purified as described in refl, and plasminogen depleted
bovine fibrinogen was obtained from Enzyme Research
Laboratories.



Two Interconvertible Forms of Bovine tPA Biochemistry, Vol. 37, No. 36, 19982633

electroporation techniques. Muand Mut phenotypes were  ug fibrinogen fragments, and 0.5 mM S-2251. The reaction
determined by screening for fast and slow growth on was initiated by addition of bovine tPA to the final
methanol-containing plates (MM plates) and, as a control, concentration of 0.0uM in the absence of fibrinogen
evaluating the growth of the same colonies on dextrose- fragments or 0.00kM tPA in their presence. The concen-
containing plates (MD plates). Multicopy colonies were tration of human tPA was 3.% 104 uM in both cases.
selected by their ability to grow on YPD plates containing The reactions were carried out at 3Z in microtiter plates
increasing concentrations of G418 (0-:26 mg/mL). The and were followed at 405 nm over a periofiloh in the
transformation, phenotype determination, and selection weresame spectrometer as the tPA activity assay. For each assay,
done essentially as described by the supplier. at least two independent experiments were made, with double
Fermentation of pPIC9K/tPA Transformed P. pastoris determination in each experiment.
Strains. Cells were restreaked from freeze cultures on YPD  Mass Spectroscopy and Amino Acid Sequence Analysis.
or MD plates and a single colony was used for inoculation Automated Edman degradation was carried out on an ABI
of 10 mL of BMGY medium. Cells were grown to log 477A/120A protein sequencer (Applied Biosystems) using
phase, and a suitable volume was used to inoculate 100 mLstandard programs. Mass spectra were acquired using a
of BMGY medium, after which cells were grown until an matrix-assisted laser desorption ionization (MALDI) mass
ODsggo Of 2—6 was reached. Subsequently, the cells were spectrometer (Bruker BIFLEX, Bruker-Franzen, Bremen,
centrifuged at 100§ at room temperature, the BMGY Germany) equipped with a nitrogen ultraviolet laser at 337
medium was discarded, and the cells were resuspended intam. Samples (L) dissolved in 0.1% trifluoroacetic acid
200 mL of BMMY medium (with or without 1% casamino  were mixed with 2:L a-cyano-4-hydroxycinnamic acid (15
acids) n 2 L baffled shake flasks to an Q= 1. Cells g/L).
were grown aerobically (shake flask covered with gaze) and  Kinetic Analysis of the Coupled Peptidyl Anilide Plasmi-
supplemented with 1% methanol every 24 h. Cells were nogen Actiation Assay.Three kinetic models were designed
removed by centrifugation, and the supernatant was storedin order to fit the experimental data. The basic model 1
at—80°C. Cells were always grown in a rotary shaker at implies the existence of two reactions: (i) transformation
30 °C, 300 rpm. When the expression levels of different of plasminogen to plasmin catalyzed by tPA, and (i)
strains were compared, fermentation was performed in a 12utilization of a chromogenic substrate by plasmin. A new
mL reagent glass essentially as described above. method of linearization of the initial coordinates (product
Purification of tPA All steps were carried out at 4C. versus time) is proposed. A more complex scheme, de-
Two hundred milliliters of the supernatant was thawed, scribed in model 2, considers the existence of a prestationary
centrifuged (10 min, 100@), dialyzed against 20 mM NaH step before the above reactions which distorts linearity of
POy, pH 7.0, 100 mM NacCl, 0.05% Tween 80, and applied the plot in its initial part. Model 3 describes the behavior
to a column of 40 mL of lysine-Sepharose (prepared by of the system in the presence of fibrinogen fragments.
reaction of CNBtactivated Sepharose 4B with lysine). After Model 1. The dependence of tPA activity on the plasmi-
the column was loaded, it was washed with 400 mL of 20 nogen concentration was investigated in the coupled reaction
mM NaHPQ;, 200 mM NaCl, and 0.05% Tween 80 and assay according to the following schemes
eluted with the same buffer containing 200 mMrginine.

Fractions were screened for tPA activity, pooled, and K1 K

concentrated on an Amicon-30 membrane uAgi}, was tPA+ Pg= tPA-Pg— tPA + Pn (Sla)
approximately 1. The purified protein was stored-e80 K, Ky

°C for later use. Pn+ S< Pn-S—Pn+P (S1b)

tPA Actiity Assay and ZymographytPA activity in
international units (U) was determined by use of the where Pgrepresents plasminogen, Pn represents plasmin,
chromogenic substrate chromozym t-PA according to the andK; are the Michaelis constanti4) of the corresponding
assay described by the manufacturer. The assay wasenzymes, and; andk, are catalytic constantkg). The
performed in a total volume of 0.2 mL at 3T in microtiter process was followed by conversion of the substrate S-2251
plates by the addition of the tPA sample to 0.1 M Tris pH (S) to the colored product (P).
8.5, 0.15% Tween 80, and 0.4 mM chromozym t-PA. The  The usual analysis implies transformation of the coordi-
reaction was followed at 405 nm over a periddloh in a nates ([P] versus time) and plotting of [P] versag14).
thermostatically controlled Bio-Tek EL 340 BioKinetics The curves after transformation are supposed to be linear in
Reader (Bio-Tek Instruments Inc., Winooski, VT). The the initial part of the chart where concentrations of both Pg
amount of U/mL was calculated as follows: (measured and S may be considered as constants and are equal to their
absorbancex min~t x mL~* tPA sample)x (1 cm/ 0.6 cm, initial values [Pgj and [S}. The slopes of these lines are
correction for light path in microtiter wellsx (1/9.75, U proportional to Michaelis equation for the first reaction which
conversion factor). The zymography was performed as allows one to calculati; andk; at knownK; andk,. This
described in refl3. method has two major limitations: (i) the linear part can be

Coupled Peptidyl Anilide Plasminogen Agttion Assay. manifested only at [S]> K, and (ii) any prestationary
The plasminogen activation potential of tPA was evaluated kinetics would interfere with the accuracy of determination
in a coupled peptidyl anilide assay, where the formation of (like a lag phase or initial “jump”). Another model has been
plasmin was measured by its hydrolysis of the chromogenic developed which includes correction for the decrease in S
substrate S-2251. The plasminogen activation reaction wasconcentration 15).
performed in a total of 0.2 mL containing 0.1 M Tris pH We propose a simple kind of analysis which makes it
7.4, 0.02% Tween 80, 0.63L.08 uM plasminogen+8.4 possible to use any convenient concentration of S and fit
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Ficure 2: (A) Zymography (lane 1) and SBFAGE (lane 2) of
one-chain tPA. (B) SDSPAGE of one- and two-chain tPA.
Lanes: (1) one-chain tPA unreduced, (2) two-chain tPA unreduced,
(3) one-chain tPA reduced, (4) two-chain tPA reduced.

Johnsen et al.

ABS 405 - 1074/ min?

0 control PAI-1 PAI-2 EACA -tPA

Ficure 3: Inhibition of the bovine tPA-mediated plasminogen
activation by PAI-1, PAI-2, and EACA in the presence of fibrinogen
fragments. In the case of inhibition by PAI-1 and PAI-2, 2 pmol
of tPA was incubated at room temperature for 20 min with 9 pmol
PAI-1lor PAI-2 before addition to the reaction mixture consisting

the curve in the whole range of [P]. Reaction schemes Slaof 0.1 M Tris pH 7.4, 0.02% Tween 80, 0.2 Plg, 8.4 ug

and S1b can be described by the corresponding system o
differential equations:

diPn] _  K[tPA][Pg]
Tdt 2T K+ [Pg] (1)
dp _ kelPnl(&—p) o
t K+ (=P (16)

The tPA-reaction (S1a) under the chosen conditions was
slow compared to the one catalyzed by Pn (S1b). It satisfied
the requirement [Pgik [Pgl (va =~ const) in the working
time range and allowed a simple integration of eq la to [Pn]
= ud. After substitution of [Pn] in eq 1b bws and
integration, the system was expressed as one equation:

K, In(sy/(s, — P) + p = Yokovt® )

A simple transformation resulted in the linear dependence
of y ont?

y=Yot v (3)
wherey = 2Ku/k, In(so €”%2/(sy — p)) andyy is the error in
determination of the zero poinyg~ 0).

The initial coordinatep versust were transformed ty
versust? using the known values df, = 250uM andk, =
1000 mint (16), as well as the value of from the
experiment (50«M). The slope of an individual line was
equal tou, at the corresponding [Pg], and the experiments
carried out at different [Pg] gave a set of lines with different
slopes (a1, vaz -..), See Figure 4. The dependenceobn
[Pg] can be fitted according to eq 1a in order to calculate
parameters of the tPA-catalyzed reactighy andk,).

The presence of any prestationary kinetics would disturb
the linearity of the chary versust? in its initial part. It
might be possible to evaluate the slope of the final linear

fibrinogen fragments, and 0.5 mM S-2251 in a total volume of 0.2
mL. EACA was added to the reaction mixture just before initiation
of the reaction. The reaction velocity was calculated as the slope
of the line in a plot of the absorbance verdéis
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FIGURE 4: Release op-nitroaniline after cleavage of the chro-
mogenic plasmin substrate S-2251 in the reaction medium with tPA
and Pg presented in the transformed coordingtesrsust? (see

egs 3 and 6). Solid lines show the best fit according to eq 6 and
model 2. (A) The dependence was obtained for bovine tPA. The
symbols O, A, O, ¢, v, @, and + correspond to the Pg
concentrations 0.084, 0.19, 0.30, 0.41, 0.52, 0.63, and A\84
respectively. (B) The dependence was obtained for human tPA.
The symbolsO, A, O, ¢, v, @, and + correspond to the Pg
concentrations 0.084, 0.19, 0.30, 0.41, 0.52, 0.63, and &W,3
respectively.

Model 2. A more sophisticated approach allowed us to

component (reached at the stationary conditions) disregardingderive some information from prestationary kinetics as well.

the initial shape of the curve if the prestationary step is From Figure 4A one can see a well defined lag phase in the
relatively quick. One should be careful nominating the linear reaction with bovine tPA. Its expression increased propor-
part of a curved dependence, as underestimation of the slopeionally to the added Pg, and no linear component could be
can be quite dramatic due to inappropriate choice. found at highest [Pg] in the used time scale. This observation
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pointed to a longer time of the prestationary reaction at high 0.80
[Pg] when compared to that at low [Pg].
The simplest explanation of the observed phenomenon 0.60
implied the existence of two interconvertible tPA conforma- £
tions being in equilibrium according to reaction scheme S2 < 040
N
K, = I
tPA* == tPA (S2) 0.20
The form tPA cannot bind Pg and is referred to as the 0.00
“inactive” enzyme while the “active” tPA is involved in the
reaction with Pg, see reaction schemes Sla and S1b. Alag
phase in the dependeng&ersust? will be visible when the 1.00
initial equilibrium tPA = tPA is shifted to tPA (k- > k4 "
, [(PAJ/[tPA*] < 1) and the conversion between these forms 080
is relatively slow. The concentration of tPA at the beginning £ 60 I
of the reaction was assumed to be approximately zero in = T
order to minimize the number of parameters in the equations. 2 040
The appearance of Pn in time depends now not only on -
the velocity of the tPA reaction itselfvf but also on 0.20
equilibration between tPAand tPA: I

0 50 100 150 200 250

d[Pn _ .
[d_t] = Ua(l —e k*t) (4) t2, min?
Ficure 5. Release op-nitroaniline after cleavage of the chro-
k,[tPA][Pg] K mogenic plasmin substrate S-2251 in the reaction medium with tPA,
where ». = 1 "9 =k + ~ Pg, and fibrinogen fragments presented in the transformed coor-
a k_ ! + [Po] dinatesy versust? (see egs 3 and 6). Solid lines show the best fit
K1+ —|+ [Pd] 1+—— according to eq 6 and the model 3. (A) The dependence was
k+ Kl obtained for bovine tPA. The symbdls A, O, ¢, and® correspond

to the Pg concentrations 0.05, 0.14, 0.27, 0.41, and QM3
The rate coefficienk- is responsible for the expression of a fehSPeCtiveWI- (B) The dependence was obtained for huhman tPA.
ag phase (PA-1PA equilbratior) and depends on the Toe SITEOSC, & B 1 7, a0 ® coeshand o e Po
plasminogen concentration. Increase in [Pg] promotes a Sh'ﬂtively.
in favor of tPA+ tPA-Pg which prolongs the equilibration
and decreases the rate coefficient of the prestationary phase Model 3. The presence of fibrinogen fragments in the
from k- = k; + k- at [Pg]— O tok- = k. at [Pg]— . The reaction medium somewhat complicated the analysis by
dependence df- on [Pg] has a Michaelis-like nature with  adding another component to the system. The lag phase was
the half saturation parameter equalke (tPA—Michaelis already visible both for bovine tPA and human tPA (Figure
constant). Another parameter in eq#4)(is a counterpart 5 A,B), and it was expressed at low [Pg] as well as at high
of v, in eq la with the exception of the affinity to [Pg]. Several models, analogous to reaction scheme S2,

plasminogen reduced here by the factor{k-/k). could have caused the appearance of the prestationary stage
Integration of eq 4 gives a complex formula for [Pn] as a with one or another formula fok- in eq 6. The scheme
function of time: discussed below demands some limits for the valud:of

which makes it easy to accept or reject this model on the
Ug  Ua _ basis of appropriate or inappropriate fit.
k. ke ‘
tPA* ==tPA + Fb< Fb-tPA (S3)
Substitution of [Pn] in eq 1b and integration provide the -

following expression of as a function of: At high concentration of Fb, reaction scheme S3 is reduced

2 to the following description:
Ua

2v e
y=Yo+ vt~ k*t+k*—;(1—e'“) (6)

k+
tPA* — Fb-tPA (S3a)

where the notation foy andy, is the same as before in eq The above model should be supplemented to reaction
3 andu,, k- are given in eq 4. The chaytversust? has a schemes Sla and S1b with Fb-tPA written instead of tPA.
tendency to be linear at the sufficiently long time of the  The fitting can be performed on the basis of eq 6, where
reaction, i.e.y ~ yp + vt? att > 1/k.. The curves from k- = k¢ and the half-maximal value af, is reached at [Pg]
Figure 4 were fitted by a nonlinear regression program using = K;. Our attempt to apply reaction scheme S3a for human
eq 6 to calculate parametargsandk- at different [Pg]. Their tPA (Figure 5B) was quite successful, see the Results. On
values were plotted against [Pg] and analyzed according tothe other hand, the fitting curves for bovine tPA (Figure 5A)
the corresponding formulas in eq 4. The relevant constantsshowed lower accordance with the experimental data, which
for the tPA reactionk, k-, ki, K;) were estimated. could imply existence of a more complex mechanism than
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the one discussed above. Nevertheless, the correlation

coefficient of the generated curves was quite accepta®ie: 40 2
> 0.99. e 80

The validity of calculations rendered on the basis of s 20
models 1, 2, and 3 and the corresponding equations was g
checked by a computer simulation. The theoretical curves .10
were created by a program for modeling of a chemical 04 !
reactions network using the nominated rate coefficients and

the appropriate differential equationk7( 18). The results 900 Tod0 o8 120
were reproduced by the program Gepasi available on the
Internet L9) as well. The simulations showed the expected o ]

Ficure 6: Dependence of the activity of bovine tPAy) on [Pg].

behavior of_ the system Iin response to the added reagents(l) The reaction was performed with 4 10-2 zM tPA in the
Data of statistical analysis are presented as meatandard absence of fibrinogen fragments. The solid cusve= 0.0015Pg/

(Pg}, uM

deviation. (5+ Pg) represents the best fit; segformula in eq 4. The dashed
line v, = 0.00033Pg is shown as an example of alternative fit. (2)
RESULTS The reaction was performed with a decreased concentration of tPA

(1 x 1073 uM) in the presence of fibrinogen fragments. The solid
Optimization of Expression.The expression level of  curvevs = 0.0038Pg/(0.1- Pg) represents the best fit; see model
bovine tPA was optimized by a 3-fold strategy: (1) improving

the secretion, (2) increasing the transcription of the tPA gene, 4. sequence analysis of the recombinant tPA. One
and (3) minimizing the proteolytic breakdown of tPAin the 4 responded to the N-terminus of tPA, while the two others

expression media. First, expression levels were found to becqntained one or two copies of the Glu-Ala dipeptide situated
~20 times higher in pPICOK/tPA recombinant strains, where 5 mino terminal to the N-terminus of tPA (Figure 1).

secretion is driven by the signal peptide from thenating Bovine tPA was converted from its single-chain form into
factor, compared to expression levels from pHIL-D2/tPA i t\yo-chain form by incubation with bovine plasmin, and
strains, where secretion is driven by tPA's native signal sequencing of the three resulting chains separated by-SDS
peptide. Second;-10 000 colonies were screened on YPD  pAGE (Figure 2) established that bovine tPA is cleaved by
plates containing different concentrations of G418 for plasmin at the expected Arg278e279 bond. The band at
multicopy colony selection. After incubation at 3G for approximately 50 kDa turned out to be the proteinase domain,
4—5 days, colonies had appeared on all plates, with as few gy en though it was 1620 kDa higher than the calculated
as two colonies on the YPD plates containing the highest ;55 (29 kDa). The higher mass and blurry appearance of

G418 concentrations, demonstrating the stringency of the i hang indicated a heavy and heterogeneous glycosylation
screening. The colonies scored from the plates with the ot Asn451. N-terminal amino acid sequencing further

highest concentration of G418, and thus presumably pPICOK/ gyq\wed that the two narrowly spaced bands at about 36 kDa
tPA multicopy strains, also exhibited the highest expression represented the same polypeptide, constituting the finger,
levels (-2-fold increase when compared to a single copy G, kringle 1, and kringle 2 domains. The mass difference
strain). Third, tPA activity was raised3-fold by inclusion 4|4 indicate that the second potential glycosylation site
of 1% casamino acids in the expression media. The use 0f(agn117) was partially occupied. As expected from a yeast
the protease deficient strain (SMD1168, pep4) did not elevateexpression system, onl-acetylglucosamine and mannose
the expression level further, compared to fermentation of g4y residues could be detected when the produced tPA was
GS115 strains with casamino acids included in the expressionsubjected to carbohydrate analysis (performed by high pH

media. The various tPA expression levels during optimiza- nion exchange chromatography with electrochemical detec-
tion were assessed by monitoring cell free supernatants byiion gata not shown).

use of the tPA activity assay and found to reach maximum  The recombinant bovine tPA could be inhibited by the
at~72 h. plasminogen activator inhibitors PAI-1 and PAI-2. As seen
Purification and Structural CharacterizationOne pPIC9K/ in Figure 3, the inhibition of 2 pmol of bovine tPA by PAI-1
tPA recombinant GS11B. pastorisstrain (no. 33, phenotype  was efficient, with complete inhibition of plasminogen
HIS4, G418, Mut"), scored from a YPD plate containing activation by 9 pmol PAI-1. In contrast, bovine tPA was
4.0 mg/mL G418 and showing the highest expression level only 50% inhibited by addition of 9 pmol PAI-2 as judged
of the tested colonies, was chosen for further fermentation.from reduction of the p|asminogen activation. As also seen
The yield of purified recombinant bovine tPA frol L of in Figure 3, the addition of 10 mM-aminocaproic acid
supernatant from this strain was 1.1 mg of protein as (EACA), a lysine analogue, reduced the plasminogen activa-
determined by amino acid analysis or 0.63 U as determinedtion velocity by 93%.
by the tPA activity assay. Kinetic Characterization.Dependence of the tPA-activity
SDS-PAGE of tPA, under reducing as well as unreducing (v,) and the prestationary rate coefficiekt)(on plasminogen
conditions, showed a heterogeneous band at 80 kDa (Figureconcentration were obtained from the chaytwversust?
2), demonstrating that the purified tPA was present in its (Figure 4, 5) on the basis of models 1, 2, and 3 presented in
single-chain form. In the zymography a single lysis zone the Methods section.
was seen at 80 kDa (Figure 2). This molecular mass Bovine tPA showed a relatively low affinity to Pg in the
correlates with mass spectrometric data, where a broad masabsence of fibrinogenKm ~ 5 uM, Vimax~ 1.5 x 1073 uM
peak was observed at 80 kDa (results not shown). Threemin™! (k.o =~ 0.15 mir?), see Figure 6, curve 1, solid line.
equally abundant N-termini were seen by N-terminal amino The v, chart was almost linear which could correspond
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Ficure 8: Dependence of the activity of human tPA)(on [Pg].
FiGURE 7: Dependence of the prestationary phase rate coefficient (1) The reaction was performed with 3:3 104 uM tPA in the
(k<) on [Pg] obtained for bovine tPA without fibrinogen fragments. absence of fibrinogen fragments. The solid curye= 0.0005Pg/
The chart was approximated according to the appropriate formula (4.5 + Pg) represents the best fit; see model 2. The dashed{ine
in eq 4. The solid curve represents the beskfit= 0.3Pg/(1+ = 0.0001Pg is shown as an example of an alternative fit. (2) The
Pg/0.1)+ 0.006 which corresponds to the ratio/k, = 50; see reaction was performed under the same conditions but in the
model 2. The dashed cunke = 0.3Pg/(1+ Pg/0.1)+ 0.0003 is presence of fibrinogen fragments. The solid curye= 0.0085Pg/
shown as an example of alternative fit which corresponds to the (0.1 + Pg) represents the best fit; see model 3.
ratio k_/ky = 1000; see model 2.

) . The reaction between human tPA and Pg was thoroughly
to any value of the Michaelis constantkf, = 5 «M and assayed only under stationary condition according to the
VinadKm 2 0.3 x 107 min™, see Figure 6, curve 1, dashed |inear slopes ofy versus 2 (Figure 4B) because the
line. prestationary kinetics was too quick to allow any reliable

At the same time, analysis of the prestationary kinetics calculations. Three curves with the highest [Pg] showed a
from the same experiment revealed the presence of a tPAsystematic deviation from linearity in the beginning of the
form with high affinity to Pg K, &~ 0.1uM, Figure 7) being chart. Approximation by model 2 gave a rate coefficient of
in equilibrium with a low affinity form, see model 2. The the prestationary phase decreasing-te: 0.2 min* at [Pg]

rate coefficient of the prestationary phaéalecreased from = 0.73uM. This value can be expected to be closekto
K =ki + k-~ 0.3mimtat [Pg]— 0tok” =k ~ 0.006 for human tPA. The stationary stage of the reaction revealed
min~! at [Pg] — « with the half-effect at [Pgk 0.1 uM. dependence af, on [Pg] withKp ~ 4.5uM andVmax~ 0.5

The resulting model, consistent both with prestationary and % 107° uM min™* (kear~ 1.7 mirr™). It showed almost no

stationary kinetics, can be written in the following form: ~ advantage when compared to the linear fif & 1 x
104Pg]), Figure 8, curve 1, solid and dashed lines,

<0.006 min-1 0.1uM >0.15 min1 respectively. It means that the reaction could be described
tPA* 0.3 mirr? tPA+Pg < tPA-Pg P by any values oK, andVmax provided byK,, = 5 M and

VinadKm ~ 1 x 1074 min~1,
The preparation of tPA under conditions of the assay Fibrinogen fragments activated human tPA with the
consisted of a mixture of tPAplus tPA, where the inactive  following change of the catalytic parametei§;, = 0.1uM
form tPA" was overabundantthe ratio [tPA]/[tPA] = 50. andVmax= 8.5 x 1073 uM min~? (keae= 25 min't). At the
The suggested model makes a clear prediction that anysame time, the prestationary phase became equally well
compound, able to promote conversion tPA tPA, would expressed at all [Pg], see Figure 5B. The rate coefficient of
increase the apparent affinity to Pg. The tPA reaction this process revealed no Pg dependence and was edual to
performed on the background of such a compound at tPA = 0.23+ 0.09 min. This value coincided with = k;
< tPA would be characterized by the valueskf ~ 0.1 obtained at high [Pg] without fibrinogen fragments.
uM. Fibrinogen fragments are candidates to cause the
behavior of such a kind, and the model was proven by this PDISCUSSION

test. We have produced recombinant bovine tissue-type plas-

The presence of fibrinogen fragments in the system minogen activator in the yeaskB. pastoris. The initial
significantly activated bovine tPA, and the concentration of expression levels were low from strains where secretion was
the enzyme was decreased 10-fold in order to simplify time- driven by tPA’s native signal peptide. However, expression
dependent measurements. It should be mentioned that théevels were improved 100-fold by optimizing secretion,
steady state has not been achieved in the used time scalgelecting for multicopy strains and minimizing proteolytic
and v, values could not be nominated by linearization of breakdown. After optimization of the expression, 0.63 U
the charty versust? in Figure 5A. Analysis of the curvesin  or 1.1 mg of tPA could be purified by affinity chromatog-
Figure 5A according to model 3, see Methods, could be doneraphy on lysine-Sepharose fmol L of expression superna-
equally well with different combinations of the parameters tant.

satisfying the following requirementk; < 0.02 mirr?, Ky, The molecular mass of the recombinant tPA was deter-
=0.1-0.3uM, kear= 1.5 mirr™. The presented dependence mined by SDS-PAGE, zymography, and mass spectroscopy
of v, on [Pg] (Figure 6, curve 2) with,, = 0.1 uM and to approximately 80 kDa. This molecular mass was con-

Vimax = 0.38 x 1072 uM min~! (ke = 3.8 min) had been  siderably higher than the molecular mass of the naked tPA
obtained for the rate coefficiett = k; = 0.005+ 0.001 amino acid chain (60 kDa) as well as that of natively
min—! assigned according to the value calculated above. glycosylated human tPA~68 kDa). The produced tPA
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Ficure 9: Two interconvertible forms of bovine tPA with high
and low affinity for Pg. The form tPA* possessing low affinity for
Pg exists in equilibrium (50:1) with the high affinity form, tPA. It
could be speculated that tPA* only is restricted in its ability to
bind Pg (binding interactions symbolized by the B site) while
remaining catalytically active (active site symbolized by A).

Johnsen et al.

the “active” tPA on fibrinogen: tPA=tPA + Fb= FbtPA.

The saturating concentration of Fb provides intensive shift
to the form FbtPA with the rate-limiting step ascribed to the
conversion tPA — tPA. This conversion was complete
under the experimental conditions disregarding the concen-
tration of added Pg. The produced complex FbtPA was then
involved in the process of Pg activation and characterized
by the same affinity to Pg as the free tPA. At the same
time, it showed a=25-fold increase ok.,, when compared

to the Fb-free tPA.

In an attempt to compare the produced single-chain bovine
tPA to commercial preparations of recombinant human
single-chain tPA, equivalent kinetic studies were carried out
for recombinant human tPA. The reaction kinetics with

therefore seemed to be heavily glycosylated. Bovine tPA human tPA was similar to that obtained for the bovine
contains two potential N-linked glycosylation sites, Asn117 enzyme, except for a very short prestationary phase, Figure
and Asn 451. As judged from the band pattern of reduced 4B. If the model designed for bovine tPA could be directly
two-chain tPA, a heterogeneous and heavy glycosylation of applied to the human enzyme, the conversiontPAtPA
Asn451 appeared to be responsible for the increased mas# the last case would occur relatively fast wkh~ k. ~
of approximately 16-20 kDa of the proteinase domain. The 0.2 mim* at high [Pg]. It made prestationary kinetics
same band pattern also indicated a partial glycosylation of invisible at low [Pg] wherek- ~ k; + k-, though the ratio
Asnl117. The occurrence of two forms of tPA has been tPA'/tPA can be estimated as45 from the comparison of
demonstrated in human tPA, where a partial glycosylation Ky values obtained with and without fibrinogen fragments.
of Asn184 results in type | and type Il tPA, which differ in  The presence of fibrinogen fragments together with human
their enzymatic turnover rate&(@). tPA caused some changes in characteristics of the lag phase,
The kinetic analysis revealed the presence of two inter- Figure 5B. It was seen at low [Pg] as well as at high [Pg]
convertible forms of the recombinant bovine P& tPA and its rate coefficient was Pg independént 0.23 mirr™).
where only tPA was able to bind Pg. The equilibrium 1his value was equal te- for the conversion tPA— tPA
between these forms in the preparation was shifted in favor 0tained for human tPA without fibrinogen fragments but
of tPA" (250:1). It required high [Pg] to reach saturation 0N the background of high [Pg]. The mechanism of
of the enzyme by reversion of the equilibrium. Therefore, activation of human tPA by fibrinogen fragments is presum-
the apparent Michaelis constant was expected to be high,@Ply the same as for bovine tPA according to the values of

K® = Kn(1 + k /k:) = 5uM. In reality, affinity of the  calculated rate constants.
active form to Pg could be characterized Ky = 0.1 uM,
according to the fitting of the prestationary lag phase, Figure

The values ok, obtained for human tPA in the absence
of fibrinogen fragmentsx 1.7 min?) and in their presence

7. It has earlier been suggested that occupation of the lysyl(25 min*) were higher than those for bovine tPA under

binding site in kringle 2 by plasminogen would result in an
“open” conformation of tPA (in contrast to a “closed”
conformation when the lysyl binding site is occupied by an
internal lysine residue) and that this “open” form would be
more active against plasminogeil). The “open” confor-
mation could correspond to the active form of tPA in our
model while the “closed” conformation matches the inactive
form of tPA". The possibility that the inactive and active
forms of tPA reflect a gradual conversion of single-chain
tPA into two-chain tPA during the assay can be neglected,

similar conditions. At the same time, th&, values (0.1
uM) were the same for both enzymes. This fact points to a
quick associationrdissociation between tPA and Pg, when
compared to the rate of catalysis (i.e., the distinctiok.in
does not influenc&,,). It is possible that the lower value
of kear Observed for the bovine tPA is the result of a partial
denaturation of the enzyme during fermentation and purifica-
tion, giving a ballast protein in the bovine tPA preparation,
but it could also simply be a consequence of native
differences in the catalytic efficiency of bovine and human

since the rate constant for this process would have remainedPA toward bovine plasminogen. Alternatively, the heavy

either constant or increased proportionally to Pg (Pn). This
is definitely not the case fde (Figure 7). One can speculate
that the form tPA is inactive solely due to its inability to
bind Pg while it still possesses the potential catalytic activity
(Figure 9).

Addition of fibrinogen fragments to the reaction medium
was accompanied by a 50-fold increase in the affinity of
bovine tPA to Pg, giving the samK, value as was
determined in the prestationary phase without fibrinogen

glycosylation of the proteinase domain could also influence
kear Observations in favor of this latter possibility show that
the nature of the oligosaccharide at Asn448 in the proteinase
domain of human tPA influences both fibrin binding and
clot lysis activity @2).

To characterize other properties of the produced tPA,
inhibition of bovine single-chain tPA by PAI-1 and PAI-2
was investigated. It was found that PAI-1 efficiently
inhibited bovine single-chain tPA, while PAI-2 was a poor

fragments. This fact points to involvement of fibrinogen in effector. These data are in agreement with observations for
stabilization of the active tPA by incorporation of the enzyme human tPA 23). In addition, EACA reduced the stimulation

in a multiprotein complex, presumably Fb-tPA and Fb-tPA- of the fibrinogen fragments upon the tPA-mediated plasmi-

Pg. The plausible mechanism of this process is describednogen activation, confirming the interaction between bovine

above in model 3, and it implies preferential adsorption of tPA and fibrin to be lysine dependent.
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In conclusion, we have produced recombinant bovine tPA.
The preparation was tested by different methods including

a physicochemical examination and a comprehensive kinetic 9

analysis of the tPA-catalyzed conversion of plasminogen to
plasmin. Advantages provided by the work with bovine tPA

allowed us to characterize the behavior of the system under

prestationary conditions of the enzymatic reaction both with

and without fibrinogen.

A new method of steady state

reaction analysis applied to the tPA-mediated plasminogen
activation was developed.
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