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INTRODUCTION

In parallel with the increased interest during the past decade in plasminogen
activator involvement in fibrinolysis, tumorigenesis, inflammatory responses, and

the expression of hormonal regulation, there has been a rising interest in sensitive
1

and precise methods for the specific assay of plasminogen activator. Several assays
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for plasminogen activator employ a direct assay method . These are remarkably

sensitive mgthods, yet they suffer in comparison to the sensitivity of coupled
nethcdss_ . Coupling the assay with plaéminagen not only amplifies the sensiéivity
by the multiplicative effect of plasmin, but insureé that only those proteases specific
for plasminogen are assayed. The choice of substrate for plasmin is critical. In
genaral, esters are superior to amides in 5§th Km and kcat’ but they suffer a major
deficiency in that they are frequently unstable at pH 7-9, thé optimum range for

| .
plasmiﬁ. Green and Shaw8 synthesize@ a thiol ester substrate, thiobgnzyl benzyloxy—
carbonyl-L-lysinate (Z-Lys—-SBzl), which cogbines high kcat with alkaline stability
relative to the dommonly used esters.

In an effort to characterize the plasminogen activator.from hepatoma tissue
culture (HTC) and its hormonally:controlled inhibi;or séveral of the known direct and
coupled methods were found inadequate by reason of either low sensitivity or imprecision.
Using Z-Lys-SBzl in a coupled approach we have developed an assay which is superior
to the 125I—fibrinolytic assay. It is also extremely sensitive to plasminogen activator
(Gs2iex 10_17 moles of urokinase) and can be used for routine analysis of purification

as well as kinetic and binding studies.

EXPERIMENTAL

Methods. Plasminogen was prepared from fresh frozen plasma by the method of
Deutsch and Mertzg. Purified plasminogen was exhaustively dialyzed against 1 mM HC1,

lyophilized, and stored at -20°. Concentration was routinely determined by absorbance

at 280 nM; E;EOnm = 17.010. Plasmir, the gift of Dr. David Aronson, was

subsequently exhaustively dialyzed against 1 mM HCl and stored at -20°. Plasmin

concentration was determined by active site titrations using p-nitrophenyl-p-guanidino-
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banzoate . Urokinase concentratlon was determined by active site titrations with

methylumbelliferyl p~guanidinobenzoatel ! 3, using a ratio fluorometer built by
Dr. D. Ballou (Pept. of Biological Chemistry).

Fibrinogen was'enzymically iodinated6 using Tris (60 mM)-KCl (300 m) buffer,
pH 7.d. Unbound iodide was separated by chromatography on Dowex 1 (c1). Specific
radioactivity was 9 x lOll cpm/gy. Fibrin plates were prepared and fibrinolysis
continuous assays Qere perfofmed.as éreviously described6. Discontinuohs fibrinolysis
assays were also performed, whereln plasminogen and urokinase were incubated in the .
absence of the fibrin, then.added to the 125I—flbrln well.

Plasmlnogen activator and lnhlbltor were prepared from HTC cells as prev1ously
Adescribedl4 except that serum—free conditioned medium additionally contained bovine
serum album;n (1 mg/ml) and cell lysates. were dialyzed agalnst lOO mM. sodlum phosphate,
-pH 7.4, plus 0 1% Trlton x-loo to renove_free thlols. _HeLa cell plasmlnogen actlvator
was obtalned as setum—free ccnditioned‘mediumst |

-Assay. The plasmlnogen activator assay is a two-step procedule. In the flrst

‘step plasminogen is activated to plesmin._ The plasmln-catalyzed hydroly51s of Z-Lys- Sle

-

in the presence of 5,5'-dithiobis (Zenitrobenzoic acid) (DTNB) occurslin the second
step. All reactlons are typically pefformed in e 24-well tissue cultufe dish (each
15 mm diameter). This is not'necessary, but convenient when hdndling many assays
simultaneously. |

The incubation mixture for the first step typically contains: plasminogen,'
1.0 ﬁM; glycine, pH 8.50, 120 m¥M; bovine.serum albumin, 0.5 mg/ml; ntokinase,‘
2.7 x 10~12M;' Total volume is 50 yl. The activity equivalent in ?lasminogen activator
from HTC or HeLa cells mey be substituted for urokinase. The reaction is sterted by
the addition of plasminogen.to the otherwise complete incubation mixture equilibrated
at 37°. Normelly this incubation is allowed to react for 45 min.
lhe second step is initiated hy dllutlon of the 1ncubatlon mixture w1th 950 u1l

of the plasmin substrate solutlon: Z- Lys Sle 200 uM; DTNB 220 uM; Trlton X-100

0.01%; sodium phosphate (pﬁ'7.50) 200 mM; sodiwn chloride, 200 mM. Normally the



second step is.quenched after 60 min by the addition of 100 ul of soybean trypsin
inhibitor (1 mg/ml in Y mM HC1). The absorbance at 412 nm may be read immadiately
or up to 4 hr later. The extinction coefficient of .14,150 cmfl—M- was assumed for
the thiophenoléte product of the reaction of benzyl.mercaptan with DTNBIS.
Inhiﬁitors were tested by incubation with the first step incubation mixture

app
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were determined as previously described ~. Plasmin standaxrd curves were obtained by -

prior to the addition of plasminogen. Pseudo-first order rate constants, k /111,

substituting plasmiﬁ.for plasminogen and urokinase in step one.

Other Qariations-from~£he standérd-procedure wefe tested. Z-Lys-=SBzl was
substituted by D—Val'Leu:Lis ﬁ—nitfoanilide:, 2,2'—dithiodipyridine and 4,4'-dithio-
dipvridine, dissﬁlved in dimethylﬁormamidé,‘weré substituted on an equimolar'basig.

) S . . -1 . : :
for DTNB. All absorbance measurements were performed on a Gilford spectrophotometer

model 2400-2. - )

Materials. AFibrindgen (plasminogen-free), urokinaseA(évgrade).and'DTNB wefe the
products of Calbiochem—Behfing (LaJplla, CA). 2,2'- aqd 4,4'-dithiodipyridine were
.obtained from Aldrich Chemical Co. {(Milwaukee). Carrier—free %ZSI (sodium salt) was
purchased from Amersham-Searle .{Chicago). D—§al'Leu'Lys é—nitroanilidé was purchased
from Kabi Grouﬁ (Greenwich, CT): Z-ﬁys—Sle was synthesized by Peninsula-Laboratories
(San Carlos, CA) accdraing to the.proceduré of Green and Shawa. Methylumbelliferyl
p-guanidinobenzoate and soybean trypsin inhibitor (B grade) were obtained from Sigﬁa
Chemical Co. (St. Louis). Phe‘Ala’ArgCHZCl wa§ éhe gift of Dr. Elliott Shaw. All
other chemicals were of reaéent gradé; 24-well culture platés were.purchased from.
Linbro Co.. (Bridgeport, CT). | |
RESULTS | o

The sensitivity of the‘assay depends on tﬁe combination of a low "quntapeous"
rate qf'Z—LysfSle ﬁydrolysis.with'a high enzyme.rate. Table 1 presents results of
a buffer survey in.which sodium phosphate yielded both the higﬁest plasmin-=catalyzed
rate and the lowg;t "spontaneoué" rate. The effect of Triton X-~100 (0.001%-2%) on

plasmin activity was determined (data not shown). Optimal activity was broadly



centéred on 0.01% Triton X-100, which was 150% of the rate of theldetergént-free
‘controlL There was no effect on the "spontaneous"” rate. Sodium chloride has-an
inhibitory effect on urcokinase and HelLa and HTC'plasminogen activators, but below
250 m4 no effectAwa§‘observed on plasmin activity (data not shown). Thus 200 mi4
NaCl gas added to the pla§min as#ay solution which depressed plasminogen écﬁivafion
78%. Figuré 1 presents £he time- and plasmin concentration—dependencelof the reaction.
The rates are 1inear‘at~1§as£ twd héﬁfs if the substrate is not depletéd. Uﬁder these‘
conditicns K is 19:ﬁM, X . is 45 s_l.-
: m . cat

Several modifications of the'standagd procedure were attempted in search of
inéreased sensitivity (Tablé Z)i AThe rate with 4,4'-dithiodipyridine was comparable
to that with DTNB but thé control (zero plaémin) absorbance'waé four-fold higher, thﬁ;
;limiting its utility at loQ enzyme levels. ‘Doubling the subétratés éroduqed a 10%
sengitiviﬁé Qain, but with almos£ doubie the blaﬁk'vaiﬁe; :ﬁ

'Optimizatioﬂs of the first step in the reactioﬁ (plasnminogen activation) were
perforred by counling these experiments to 6ptima1 plasmin assay conditions. Sodium
glycinate‘gave theAhigheét urokigése écfivity (Table l)a,‘There was no effect of
glycineconcentration (26—1600 mM) on urokinase rate nor any effect of Tritbn X-100
.abovevfhat attributéble to its effect on plasmin (data not shown). 'Figﬁre 2 preSehts"
the time- and u?okinase.concentrétidh—dependence of the reaction. ' UroKinase dctivity
is not reproducibly linear beyond 45 min, even in the absence of'substrate depletion.

A direct compafisoh was maae to a sensitive 125I—fibrin lysis assay using either
a continuous or'discontinuous'procedure'(Figuret3). In the discontinuous assays,
whether spectrophotoretric or radiome£fic, ﬁhe rate is directly proportional to the
ufokinase concentration; thué ﬁpward curvature would'be'exéected on semi-lcg graph

paper. In the continuous assays, both proteases are acting simultaneously (two . .

amplifying mechanismg), thus, based on an analysis of the kinetic equations the

’

response presented on semi—lqg paperlshould be linear. It is obvious that'the
spectrophotometric;assay is significantly more sensitive than the radiometric assay.
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The standard assay was used to evaluate Kn and k at for the urokinase—catalyzed
U C

activation of plasminogen. Km and kcat values were 1.7 UM and 44 min—l, respectively.

hese compare favorably with 1.7 UM and 50 min-l reported by Wohl, 32.31,17 for

H

the'high molecular Velght form of urokinase at pH 7.40, 37°. The Km of the Hela
plasminogen activator was 1.8 uM; Vmax was 0.16 ng plasminogen activated/min/ng
HeLa protein.

Inhlbltlon of uroklnase act1v1ty by Phe‘Ala-ArgCHZCl (Figure 4) and the
dexamethasone-~induced inhibitor from HTC cells (Flgure 5) was also analyzed The

b.\! ""‘x.\\.{\_f CCf\>‘—C\"\ .‘\‘rl" "«—':.j"‘
o £33

/[I]) for the inhidsbisen of urokinase by the

chloromethylketone, whether determined by the coupled plasminogen activation assay

or by the direct uroklnase-catalyzed hydrolysls of Z-Lys-SBzl (26 x lO3 and 24 x lO3

min ~-M 1, respectlvely),|are in close agreement. These results dlffer 51gn1flcantly
from. those of Kettner5andShawl§f2fgwxM103~min:%—M—%;fhowever the pH used here was
1.5 unitslmore basic, which could account for a higher rate. Scatchatd analysis of
the inhibition of urokinase by the dexamethasone-induced inhibitor from HTC cells
yields Ki ~ 10—12M, but the stp%fhiometry cannot be calenlated because the concentration
of inhibitor is unknown. A Ki in this range has been previously reportea by Green18
for the association of Kunitz pancreatic inhibiter (apgotinin) with boVine trypsin,
however most protease—innibitor complexes have lower affinities.
DISCUSSION

In general base-eatalyzedireactions such as the "spontaneous" hyd;olysis of
Z—Lys—Sle the choice of“buffering agent is often critical if the assay is te be used
near its limit of sen51t1v1ty. 'The small list of buffers tested here includes a‘nide
range of "spontaneous" rates and suggests the utility of buffer surveys as a general
procedure in assay development.

The stanaard assay employs 1.0 UM plasminogen wnich is close to the Km concen-
tratien. An approxlmately two—fold increasevin«sensitivity would be realized if a

en—fold hlgher plasmlnogen concentratlon were used, but in mest cases the higher

sensitivity is not needed, and the use of 10 UM or hlgher substrate would consume



from dexamethasone-induced HTC cells inhibits 90% of the activity present in 7 x 10

moles of urokinase.

larg=s arounts of plasminogen.

Since tﬁere are no pure inhibitors available which are completely selective for
plaéminogén activators in the présence of plasmin several other methods were used to
depress the activation during the Z-Lys-SBzl step.'.Primarily, plasminogen activation
was inhibited'by dilution (20-fold), but the pH shift (1 unit off the optimum)»and
the addition of chloride yielded substantial additioﬁal inhibition_(twp— and three-
fold, respectively)."Tﬁe net activator activity in.the second step was less than 1% -
of its initial valué. |

The sensitivity with the thiol ester compares favorably with the other substrates
tested. .As an esﬁer, Z—Lys—Sle has the adyantage of the lowest Kﬁ, and highes?
k;at' Most of'thé-amide substrates have high Km and low kéattyalues. Their chief:
advantage is their chemiéal stability. Fluorogenic amide suﬁstratés might yiela
a more éen;itive aéééy‘baSed'qﬁ'thé greater sensitivity of detection. VWere a
flvorogenic thiol reagent substituted for DTINB the limit of detection qf the hyarolysis
of Z-Lys-SBzl mijht be lowered. ‘

The spectrophotometric assay is considerably more sensitive than the radiometric
assay. In the direct;compaiison (Figﬁre 3) there is no difference between 2.7 apd

-— 7 . » . ' . .
13.5 x 10 1 moles by the radiometric assay, whereas AA4 is 0.50 between 5.4 and

12

13.5 i4i0-17 moles. Typically in Ehe7Z=Lys—Sle assay the measured difference between

2.7 x 10_l7 molesvurbkinaée and the zero urokinase control is >0.100 A The aésay

412"

is also sensitive to other plasminogen activators.. 1 ng of protein from Hela serum-

free conditioned medium yields net AA412 = 0.190. For 1l ug of protein from HTC whole
cell extractAthe ﬁét AA4lé-= 0.04. . 20 ng‘df serUmereé conditioned medium protein
' ' ‘ | ) 16

i

The wide versatility of the method is demonstrated by the ease of determination

of K_ and v 1y Values for plasminogen activation and of. inhibition constants for the
LI m ]



interaction of the gnéyme with natural or synthéetic inhibitors. Since the assay is rmore
rapid and sensitive to iow levels of enzyme it is more readily adaptable to monitoring
enzyme purificatinn than 125I—fibrinolysis.

In summary,\th; procedure is a sensitive, preciée, and rapid method for the
analysis and character{zation of plasminogen activators. All reagents and materials
are inexpensiye and comme;ically available, the colored products are stgble, and
the me2asurement is éerformed on_the standard quality spectrophotometer available
in élm&st all laboratories. It is superior to existing methods 5oth in its simplicity

and ease of manipulation and in the quality of the resultant data--kinetic constants

rather than arbitray units.

o
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FICGURE LEGENDS

Figure 1. The time- and ‘plasmin concentration-dependence of Z—Lys—SBzi hydrolysis.

A. ﬁeacti;ns'were stoppea ét tﬁe-timevinaicated bg'adAition of §o§beaq £;Yp§ih:A
inhi?itor. Reaction volumé was 1.0 ml. [Z-Lys-SBzl] = 200 ﬁﬁ, [DTNB] = 220 uM.

Piasmin concentrations were 0.1 ( @ ), 0.3 k O0), 0.5 (8 ), and 0.8 (O ) nM;

B. Conditions were as stated in Figure 1A. The reactions were stopped at 20 ( &,

40 (Q), 60 (B ), 90 (3), and 120 (&) min. The lines were determined by linear
regression fit of the data aﬁd are drawn to encompass only the liﬁear portion of

the data. A;i daté points represent thé average'of dupiicates.

Figure 2. The time- and urokinase conCéntratidn—dependeﬁce of thelplasminogeh
activation reaction coupled to the hydrolysis of Z—Lys-Sle'by plasmin. The conditions
for.thethiol estefhydrolysis are describéd in‘the Experiméntal section. A. The
reaction was terminéted at the'indicated time by addition of 950 il of the plasmin
reaction solution as“described in the text. Urokinase concentrations were 1.08 ( & ),
2.7 (G), 5.4 (&), and 10.8 (Y3 ) pM. B. Condifions were as described in Figure 2A.
The ggtivations were quenched at 15 (e ), 30 (O.), and 45 (&) min. Data at 60 and
75 min are not presentéd‘since the response ié not‘a'linear function beyond 45 min‘(see
.Figure 27A). All times ana:concehtrations‘rélate to tﬁé 50 ui actibatiqnvreaction. .fhe

lines represent a linhear regression fit of the ‘data and are drawn to encompass only the



linear portion of the data. ~All dgta points represent the average of duplicates.
Figure 3. A comparison of spectrophotometric and radiometric coupled assays for
urokinase. The spectrophotometric assay ( ¢ ) was performed according to the standard
procedures outlined. in the text. The volume of continuous radiometric assay is 1.0 ml
in 100 m sodiumlglyciﬂate, pH 8.50 with 50 nM plasminogen. Total CPM released at

60 (0 ) and 105 (& )~miﬁ_of incubation are presentéd. The latter time is the total

time required by the discontinuous assays. In the discontinuous radiometric assay (Q )

. plasminogen (1.0 UM) was activated by urokinase in the glycine buffer for 45 min then a

125I—fibr_in—coated well'containing 950 Ul of 200 mM sodium

50 pl aliquot was added to the

phosphate and 200'mﬁ NaCl. Total CPM released after'60 min in the presence of fibrin.

are presented. All reactions were performed at 37°. All raﬁiometric points are avefages
: L

of triplicgtes. All speéﬁrophotometric points are éverages 6f duplicates.

Eigﬁre 4.  Th¢t£n;ctiVa£i6ﬂ df urockinase 5§'Phé:Alé°Af§dH£Cl. " Prior to écti&ity

determindtion by the standard assay, urokinase (1.08 x lO-IOM) was incﬁbéted with the

indicated concentration of the tripeptidylhinhibitor in 80 mM.sodium<glycinate, pH 8.50

with 1 mg/ml bovine serum albumin, 25°. At the indicated times 5 ul of the reaction

solutionwere diluted into 85 H1l of the same glycine buffer at 0°. At the completion of

the inactivation reaction (8 min) all activation reactions were initiated simultaneously

by addition of 10 ul of 10 uM plasminogen and removal to a 37° incubator. 900 H1l rather -

. S 3 - _
than 950 pl of plasmin reaction solution was used. kapp/[I] = 260 x 10 min l--M l.

Figure 5. Scatchard analysis of the inhibition of urokinase by the. plasminogen activator

~inhibitor from hepatéma tissue culture cells. The inhibitor test solution was the serum-

free conditioned mediumAffom dexamethasone—induced (10-7M, lé hr) . cells. 1-5 ul of
test golution were incubatéa with urokinase (2.7 x 10_16 moles) for 15 min at 25° in
45 il totél volume. The activation reaction was started by the addition of 5 Ul of
10 uM plasminogen and shift to 37°. E is.the concentration 6f‘active urokinése;

r is the concentraﬁién of inactive urokinase.




Table 1

Effects of Various Buffers on Plasmin -
and Urokinase Activity

Relative Rates of
Hydrolysis (% of Rate
in Sodium Phosphate)

Plasmin - Urokinase

Buffer A Enzymic Non-enzymic Enzymic
Phosphate (Na) 100 . 100 100
MopsP. - 92 100 118
Barb%tal .93 250 . -
Tris v ‘ 76 ‘ 420 102
Glycine b 79 220 143
.Trietha olamine- feec.ie s 87 L.=v iz 290 - : ‘.loo -
Tricine 86 - 290 104
Pyrophosphateb - 75 120 69
Phospgate (K)c .82 - 100
HEPES 84 - 126

TES® o T 92 - 116

a : ' ' .
All assays were performed at 37°. Plasmin activity

was determined by continuous recording of A435. Urokinase
activity was determined by the standard plasminogen acti-
vation assay described herein. In each case the pH profile
(6.5 - 10) for sodium phosphate was obtained for comparison.
The pH optima were: plasmin, 7.5; urokinase, 8.5 - 9.0.

_ There was no variation in the blank rate in the urokinase
assay. All buffers are 100 mM. pH was measured before

and after incubation, and these values agreed * 0.05.

b pH 8.50

¢ pH'7.50



Table 2

. Variations on the Standard Plasmin—catalyzeg
Hydrolysis of Z-Lys—-SBzl Coupled with DTNB

Substrate/Chromogen ' Sensitivity (A/nM)
Z—LyS—Sle/DTNB . ) v 2000
Z-Lys-SBz1l/DTNB (2X)b A QF 2260
Z-Lys-SBz1/2,2'-dithiodipyridine® . 700
'Z—Lys—Sleké;éizg&thiodipyriainéa = 't .Af030 )
~ D-Val* Leu* Lys p—nitroanilidee 600

ey .

Plasmin was varied 0-1 nM in 60 min assays which were
" terminated by addition of 100 Ml soybean trypsin inhib-
. itor as detailed in the Experimental section. DTNB
~reactions were measured at 412 nm. ’

b Both reagents were at twice the standard concentratiéns.
Measured at 270 nm, the wavelength of maximum AA.

Measured at 324 nm, the wavelength of maximum AA.’

Measured at 383 nm, the wavelength of maximum An.
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