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ABSTRACT. A series of 54 fluorogenic substrates have been synthesized and evaluated for tissue-type
plasminogen activator (tPA) hydrolysis in an attempt to create efficient sensitive substrates for tPA and
to investigate substrate structurefficiency correlations. All substrates contain the 6-amino-1-
naphthalenesulfonamide (ANSN) leaving group, Arg in th@®sition, various amino acids in the &nd

P; positions, and various substituents in the sulfonamide moiety of the leaving groppsiBon). The
majority of substrates have relatively ldy values 100uM), reaching as low as 24\, and reasonably

high keat values (up to 3.6 ). These substrates have higher affinity, higher hydrolysis rates, and higher
efficiency for two-chain tPA than for the single-chain form of this enzyme. Analysis of thetrécture
influence on substrate efficiency demonstrates that compounds which corsmers of N-blocked

bulky amino acids, such as Phe, Leu, and Val, in this position are more efficient for tPA than substrates
with N-unblocked small amino acids (Ser or Pro) in thgBsition. The second-order rate constants and
keat Values for substrate hydrolysis increase with decreases in tlenfo acid hydrophobicity in the
following manner: Leu< Val and Gly < Ser< Pro. Substrates which contain an ANSN leaving group
had a higher affinity for tPA than substrates wignitroaniline or 7-amino-4-methylcoumarin leaving
groups. Analyses of substrate hydrolysis dependence on the substsatecRire show that thie.,; and

the second-order rate constants increased with an increase in the size of monoalkyl substituent in the
sulfonamide moiety, whereas substrates which contain either glycine methyl ester or a dialkyl group
displayed the lowest efficiency for tPA. The substrate Bpé(Phe-Pro-Arg-ANSNHegHs allowed
guantitation of tPA at a concentration as low as 1 pM, a concentration significantly lower than the plasma
concentration of this protein. Evaluation of the activation of single-chain tPA by factor Xa demonstrates
that prothrombinases approximately 3-fold more efficient in activating sc-tPA than factor Xa alone,
increasing the initial rate of activation from 0.0055 nM/s per 1 nM of factor Xa to 0.017 nM/s per 1 nM.

Tissue-type plasminogen activator (tPA) is a serine pro- this method can be enhanced by monitoring the assay in the
tease which is produced by many cell lines (Booyse et al., presence of fibrin fragments due to increased plasminogen
1981; Goldsmith et al., 1981; Dano et al., 1985) in a single- activation rate (Nieuwenhuizen et al., 1983; Yonekawa et
chain form (sc-tPA) (Rijken & Groeneveld, 1986) which can al., 1992). This method, however, has significant shortcom-
be converted rapidly to a two-chain form (tc-tPA) (Wallen ings, such as feedback conversion of sc-tPA to tc-tPA by
et al, 1983; Bachmann & Kruithof, 1984; Rijken &  plasmin, conversion of Glu-plasminogen to Lys-plasminogen,
Groeneveld, 1986; Andreasen et al.,, 1991). The amidolytic g (Gyzander et al., 1984; Verheijen et al., 1985; Andreasen
activity and efficiency t_oward various I!gan_ds by 'Fhese WO al.,, 1991). For the evaluation of tPA at concentrations
forms has been an object of substantial discussion (R”kensignificantly higher than physiological, rapid and simple

& Collen, 1981; Ranby, 1982; Rijken et al., 1982; Ichinose . . .
et al.,, 1984; Andreasen et al., 1984; Astedt et al., 1985; methods of direct ch_romogemc or quorogen!c assays ha_ve
been used, employing low molecular weight synthetic

grel:grsogne,tf Ietlgl%l;al'g(t)e Eitjr? én 1e?il7 F{g;ezr)s egs\t/:rl.él ggsiig,substrates (Rijken et al., 1982; Wallen et al., 1982; Ichinose
methods have been described for tPA evaluation at its €t &l-» 1984; Astedt et al., 1985; Tate et al., 1987; Petersen
physiological concentration, including fibrinolytic, immu- €t &l., 1988; Petersen, L., et al,, 1990; Boose et al., 1989;
noradiometric, zymographic, ariéfi-fibrin microtiter well Andreasen et al., 1991; Husain, 1991; Lijnen et al., 1992;
assays (Astrup & Stage’ 1952; Astrup & Mu”erIZ, 1952; RydzeWSki & Castellino, 1993; Nieuwenhuizen et al., 1977,
Albrechtsen, 1957; Bachmann, 1987). The most popular 1978; Petersen & Swenson, 1986). Substrate S-2888 (
appears to be the indirect chromogenic assay based orlle—Pro—Arg—pNA) is the most commonly used in such
plasminogen activation and subsequpstitroanilide sub- assays. However, there are no systematic studies reported
strate hydrolysis by plasmin (Collen, 1980; Shimada et al., analyzing the correlation between synthetic substrate structure
1981; Ranby et al., 1982; Gyzander et al., 1984; Andreasenand substrate efficiency for tPA.

et al., 1991; Krishnamurti et al., 1996). The sensitivity of In previous publications we have described synthetic

substrates for serine proteases containing fluorescent 6-amino-
T This work was supported by a grant from the National Institute of 1-naphthalenesulfonamide (ANSN) detecting groups. We
Health, HL46703. . ..
*To whom correspondence should be addressed. have also established substrate strueteféiciency correla-
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Table 1: Physicochemical Constants for Peptidyl-ANSN

%

no. substrate MW yield R@ [a]22P

9 Boci-FPR-ANSNHGHs 7509 78 0.79 -394
10 L-FPR-ANSNHGHSs, 2HCI 723.7 95 0.51-49.7
17 Boci-FLR-ANSNHGH7 781.1 79 0.62-12.8
19 Bocb-VGR-ANSNHGHg 690.8 84 0.57 —20.3
20 D-VGR-ANSNHGHg, 2HCI 663.6 87 0.33-—39.2
21 Boct-VGR-ANSNHGHg 690.8 74 0.77 —33.3
22 L-VGR-ANSNHCHg, 2HCI 663.6 91 0.51 —-9.0
29 Bocb-PGR-ANSNH(-C3H7) 674.7 81 0.59-11.9
30 bp-PGR-ANSNH{-C3H;), 2HCI 6476 78 0.53 —6.2
31 Boco-PPR-ANSNH{-CzH7) 715.0 72 0.63-35.0
32 D-PPR-ANSNH{-C3zH7), 2HCI 687.8 92 0.53-37.8
33 Bocd-SPR-ANSNHCHCgHs 7529 73 0.52-31.9
34 D-SPR-ANSNHCHCgHs, 2CRCOOH 880.8 65 0.40—28.4
35 Boct-SPR-ANSNHCHCgHs 7529 86 0.55-32.7
36 L-SPR-ANSNHCHCgHSs, 2HCI 7257 59 0.33-31.8
37 Boct-(OBz)SPR-ANSNHCHCsHs 8431 71 0.72-43.9
38 L-(OBz)SPR-ANSNHCHCgHSs, 971.0 82 0.45-474

2CRCOOH

39 (@)-L-(Boc)EGR-ANSNHGH; 7969 85 0.68 —17.6
40 (2)-L-EGR-ANSNHGHy7, HCI 7332 93 0.75-15.0
41 L-EGR-ANSNHGH7, 2HBr 7246 89 041 —-97
42 (2)-L-(Boc)EPR-ANSNHGH- 837.0 88 0.79-25.1
43 (2)-.-EPR-ANSNHGHg7, HCI 7734 97 0.65-29.8
44 -EPR-ANSNHGH?7, 2HBr 7647 73 0.23—-20.9

2Ry indicates the mobility of compounds in thin layer chromatog-
raphy using a selected mixture of solvents (1-Butaizaletic acid-
water 4:1:2) P [a]?? indicates specific optical activity in a given solvent
and at a defined % concentration of a given compound (c1; DMSO).

Butenas et al.

urokinase-type plasminogen activator, and activated protein
C (Butenas et al., 1992, 1993, 1995). In the present study
we evaluate the efficiency of 54 fluorogenic substrates for
tPA. The dependence of substrate efficiency for sc-tPA and
tc-tPA on substituents in substrate P arid $chechter &
Berger; 1967) positions was also established.

EXPERIMENTAL PROCEDURES

Materials. Fluorogenic substrates were synthesized and
characterized as described previously (Butenas et al., 1992,
1993, 1995). The physicochemical constants of new sub-
strates are provided in Table 1. Phosphatidylserine (PS) and
phosphatidylcholine (PC) were purchased from Sigma.
Phospholipid vesicles (PCPS) composed of 75% PC and 25%
PS were prepared as described (Higgins & Mann, 1983).

Recombinant tPA was purchased from Genentech and
contained 80% sc-tPA and 20% tc-tPA. Human factor Xa
was provided as a gift from Haematologic Technologies Inc.
Human factor V was isolated and activated to factor Va by
the methods described previously (Katzmann et al., 1981;
Nesheim & Mann, 1979). The plasmin inhibitor trasylol was
purchased from Boehringer Mannheim. The factor Xa
inhibitor TAP (tick anticoagulant protein) was provided as
a gift from Sriram Krishnaswamy.

Methods. The separation of two-chain and single-chain
tPA was accomplished as described previously (Husain,

Table 2: Substrate Hydrolysis by tPA

no. substrate Knm (uM) Keat(s™) kealKm (M~1s71) initial rate of hydrolysis (M/s/Mx 1073)
1 BocD-LGR-ANSNHGsH11 15 0.097 6300 3.2
2 D-LGR-ANSNHGsH11 41 0.057 1400 1.1
3 BocD-LSR-ANSNHGH7 360 0.53 1500 4.3
4 D-LSR-ANSNHGH? 69 0.089 1300 4.2
5 BocD-LPR-ANSNHGH? 66 0.54 8200 18.5
6 D-LPR-ANSNHGH7 98 0.31 3200 7.1
7 BocD-FPR-ANSNHGH11 47 0.15 3200 9.0
8 D-FPR-ANSNHGH:11 36 0.074 2100 5.3
9 Boc+-FPR-ANSNHGHs 47 0.011 240 SH

10 L-FPR-ANSNHGHs 970 0.040 40 SH

11 Boc-f-F)FPR-ANSNHGHs 71 1.03 14 600 103

12 (p-F)FPR-ANSNHGHs 390 1.47 3800 9.0

13 Boco-FVR-ANSNHGHs 91 0.49 5400 5.8

14 D-FVR-ANSNHGHs 16 0.044 2700 1.7

15 BocbH-FLR-ANSNHGH-; 30 0.10 3300 3.1

16 D-FLR-ANSNHGH7 7.4 0.021 2900 1.6

17 Boct-FLR-ANSNHGH? NDP ND ND SH

18 L-FLR-ANSNHGH7 ND ND ND SH

19 BocH-VGR-ANSNHCHg 140 0.34 2400 8.4

20 D-VGR-ANSNHGC4Hq 58 0.082 1400 54

21 Boct-VGR-ANSNHCGHg 100 0.084 830 1.0

22 L-VGR-ANSNHGCHg 460 0.080 180 0.6

23 Boco-VSR-ANSNH(i-GH7) ND ND ND 25

24 D-VSR-ANSNH(i-GH>) ND ND ND 1.5

25 Bocb-VPR-ANSNHGHg 26 0.25 9500 12.1

26 D-VPR-ANSNHGHg 110 0.71 6400 7.5

27 Bocb-VLR-ANSNHCHg ND ND ND 1.0

28 D-VLR-ANSNHCsHg ND ND ND 1.0

29 Boco-PGR-ANSNH(i-GH?7) ND ND ND 0.3

30 D-PGR-ANSNH(i-GH>) ND ND ND 0.3

31 Boco-PPR-ANSNH(i-GH7) ND ND ND 0.2

32 D-PPR-ANSNH(i-GH7) ND ND ND 0.3

33 BocH-SPR-ANSNHCHCgHs ND ND ND 2.5

34 D-SPR-ANSNHCHCgHs ND ND ND 0.7

35 Boct-SPR-ANSNHCHCgHs ND ND ND 0.3

36 L-SPR-ANSNHCHCsHs ND ND ND 0.3

37 Boct-(OBz)SPR-ANSNHCHCgHs ND ND ND 0.6

38 L-(OBz)SPR-ANSNHCHCgH5 ND ND ND 0.8

39 @)-L-(Boc)EGR-ANSNHGH; ND ND ND 1.0

40 (©)-L-EGR-ANSNHGH7 ND ND ND SH

41 L-EGR-ANSNHGH; ND ND ND 21

42 @)-L-(Boc)EPR-ANSNHGH- ND ND ND 0.6

43 (2)-L-EPR-ANSNHGH7 ND ND ND 0.4

44 L-EPR-ANSNHGH? ND ND ND 1.2

aSlow hydrolysis.” Not detected.
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Table 3: Substrate Hydrolysis by Two-Chain (tc) and Single-Chain (sc) tPA

tc-tPA sc-tPA ratio (tc/sc)
KM kcat kca{KM KM kcat kca{KM KM kcat kca{KM

no. substrate (uM) (s (M~ts) (uM) (s M~1s) (uMm) (s M~1s)

1 BocD-LGR-ANSNHGH1; 8.5 0.040 4700 23 0.012 510 0.4 3.3 9.2

2 D-LGR-ANSNHGH;; 11 0.034 3000 11 0.0084 710 1.0 4.0 4.2

3 BocD-LSR-ANSNHGH; 13 0.097 7300 20 0.022 1100 0.6 4.4 6.6

4 D-LSR-ANSNHGH? 17 0.10 6200 14 0.019 1300 1.2 53 4.8

5 BocD-LPR-ANSNHGH? 8.8 0.20 23200 15 0.038 2500 0.6 5.3 9.3

6 D-LPR-ANSNHGH? 12 0.17 14 200 40 0.061 1500 0.3 2.8 9.5

7 Boc-D-FPR-ANSNHGH1; 2.6 0.017 6400 NB ND ND

8 D-FPR-ANSNHGH11 77 0.51 6600 5.7 0.016 2800 13 32 24
11 Boc-p-F)FPR-ANSNHGHs 6.6 0.44 66 500 16 0.11 7100 0.4 4.0 94
12 (p-F)FPR-ANSNHGHs 11 0.37 32800 26 0.099 3700 0.4 3.7 8.9
13 Bocb-FVR-ANSNHGHs 32 0.15 4800 12 0.019 1700 2.7 7.9 2.8
14 D-FVR-ANSNHGHs 7.8 0.025 3200 7.3 0.011 1500 1.1 2.3 2.1
15 Boco-FLR-ANSNHGH? 13 0.047 3600 17 0.010 600 0.8 4.7 6.0
16 D-FLR-ANSNHGH- 10 0.018 1900 ND ND ND
19 Boco-VGR-ANSNHCHg 14 0.18 12 800 19 0.036 1900 0.7 5.0 6.7
20 D-VGR-ANSNHCHq 33 0.19 5800 22 0.021 950 15 9.0 6.1
25 Boco-VPR-ANSNHCHg 15 0.25 16 500 29 0.065 2300 0.5 3.8 7.2
26 D-VPR-ANSNHCH, 8.1 0.16 20 200 25 0.059 2300 0.3 2.7 8.8

aNot determined.

1991) with several modifications. After the benzamidine
Sepharose column was elutedtwit M NH,HCO; containing ~ HEPES, 150 mM NacCl, pH 7.4 (HBS) containing:g/mL
0.1 M arginine (pH 8), the column was washed with 300 Of trasylol. The activation mixture was kept at 3Z. Six
mL of 1 M NaCl to remove ammonium bicarbonate from microliter aliquots of activation mixture were removed at 0,
the column. The elution of tc-tPA with 0.1 M sodium acetate 5, 15, 30, 60, 120, 180, and 240 min time points and added
(pH 4.0) was started only after this procedure. All separation to 1194uL of HBS which contained %g/mL of trasylol,
procedures were accomplished atG 20 nM TAP, and 10Q«M substrate 20 (Table 3). The rate
Fluorogenic substrate assays were conducted in 20 mMof substrate hydrolysis was evaluated as described above.
Tris, 150 mM NaCl, pH 7.4 (TBS) at 2%C. For all assays,  Similar activation experiments were accomplished in the
substrates were initially dissolved in dimethyl sulfoxide presence of 26M PCPS and 5 mM Caghs well as in the
(DMSO) to a stock concentration of 10 mM. This stock presence of 2&M PCPS, 5 mM CaGJ| and 80 nM factor
solution was then diluted in TBS to a working concentration Va.
prior to all assays. tPA at 1 nM final concentration for tc-
tPA and at 10 nM final concentration for sc-tPA or for the RESULTS
initial mixture was added to the solution of substrate for the
analysis of kinetic constants. The initial rates of substrate
hydrolyses were evaluated at 10 nM final tPA concentration
and at 1uM substrate concentration. The reactions were
continued until 0.1uM detecting group concentration was
reached. The final volume for all reactions was 1.2 mL.
The rate of substrate hydrolysis was evaluated as reporte
previously (Butenas et al., 1992) using a Perkin-Elmer
fluorescence spectrophotometer, Model MPF-44A, equipped
with a chart recorder. Kinetic constants for substrate

Separation of sc-tPA and tc-tPAAttempts to separate
sc-tPA and tc-tPA from the commercial mixture of these two
forms by a previously described method (Husain, 1991) were
unsuccessful. Sodium bicarbonate decomposed spontane-
ously on the benzamidireSepharose column at pH 8.0 and

Joom temperature. This caused the evolution of gaseous
ammonia and carbon dioxide, and the resin bed became
heterogeneous. This process was significantly exacerbated
when the acidic sodium acetate solution was added to the

hydrolysis were determined using the nonlinear least-squared €SI containing ammonium bicarbonate. To overcome this

fitting program ENZFITTER (Elsevier-BIOSOFT, Cam- complication the separation procedure was modified. All
bridge, U.K.) ' the procedures were performed &t@ and after the elution

of sc-tPA, the column was extensively washed with 1 M
NaCl to remove the ammonium bicarbonate. The sodium
é'acetate solution was then added. These modifications
allowed for the effective separation of sc-tPA and tc-tPA.

For tPA quantitative evaluation, varying concentrations of
tc-tPA (0—200 pM) were added to TBS containing M
substrate 11 (Table 3), and enzyme/substrate solutions wer
incubated in polyethylene MiniSorb tubes for 60 min at 25 . P
°C. Ina contfol %:Jbe?/enzyme was absent. After incubation, The final products are shown in Figure 1, lanes 3 (sc-tPA)
solutions were transferred into cuvettes and the relative and 4 (tc-tPA).
fluorescence was estimated at 470 nm emission wavelength Utility of Substrates for the &luation of tPA Amidolytic
and 352 nm excitation wavelength using an SLM 8000 Activity. The initial rates for the hydrolysis of 39 substrates
spectrophotometer. Relative fluorescence of the control by tPA are presented in Table 2. All substrates tested in
sample was subtracted from the fluorescence of samplesthis study were hydrolyzed by both forms of tPA at detectable
containing the enzyme, and the standard line was plottedrates. The kinetic constants for the hydrolysis of 22
using the least-squares fitting program ENZFITTER (Elsevier- substrates by tPA are listed in this table as well. The kinetic
BIOSOFT). constants for the hydrolysis of 27 substrates by tc-tPA and

Sc-tPA Actiation by Factor Xa. Factor Xa at a final 40 ~ 0f 25 substrates by sc-tPA are presented in Tables 3 and 4.
nM concentration was added to M sc-tPA in 20 mM Michaelis—Menten constantK{y) for substrate hydrolysis
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Table 4: Kinetic Constants for the Hydrolysis ofFPR-ANSNRR;?

substrate tc-tPA sc-tPA ratio (tc-tPA/sc-tPA)
no. R R2 Kwm Keat KeafKm Kwm Keat KealKm Kwm Keat Keal K
45 H i-C3Hy 74 0.20 2700 330 0.29 880 0.22 0.69 31
46 H n-CsHo 48 0.47 9800 120 0.33 2800 0.40 1.4 35
47 H t-C4Ho 84 0.94 11200 79 0.25 3200 1.1 3.8 35
48 H Nn-CeHia 95 3.6 37900 99 1.1 11 100 0.96 3.3 3.4
49 H GsHsCH, 25 0.54 21600 63 0.45 7100 0.40 1.2 3.0
50 H GH,OCHs 140 0.66 4700 180 0.27 1500 0.78 2.4 3.1
51 H CH,COOCH; 29 0.15 5200 63 0.083 1300 0.46 1.8 4.0
8 H c-CeHi1 88 0.32 3600 150 0.15 1000 0.59 2.1 3.6
52 (CH)s 96 0.22 2300 250 0.13 520 0.38 1.7 4.4
53 GHs CoHs 120 0.14 1200 320 0.090 280 0.37 1.6 4.3
aKMq ﬂM; kcat: S_l; kca{KM, M-1s1,
M 10—3 that substrates which contairtert-butyloxycarbonyl (Boc)
rx 1 2 3 4 protecting group at the N-terminal {fPamino acid were
hydrolyzed with a higher efficiency than their analogs with
68— an unblocked amino acid in thes Position. N-blocked
- i - substrates have higher second-order rate constants and initial
rates of hydrolysis. These increaskd/Kv were mostly
43— associated with an elevatdd, for substrates with the
N-blocked amino acid in thesfposition. This observation
was not found for substrates which contain glutamic acid in
- the R position. In the latter case substrates with unblocked
29— both a-amino andy-carboxylic functions were hydrolyzed
by tPA at higher rates (compounds 41 and 44; initial rates
of hydrolysis= 0.0021 and 0.0012 M/s/M, respectively) than
18— substrates in which both functional groups were blocked

FIGURE 1. Separation of two-chain and single-chain tPA. Separation
was accomplished as described in Experimental Procedures. Th
samples were analyzed by a$5% (linear gradient) SDSPAGE

gel under reducing conditions. Proteins were visualized by Coo-
massie Blue staining. Lane 1, initial mixture of sc- and tc-tPA,;
lane 2, flow-through fractions; lane 3, sc-tPA; lane 4, tc-tPA.

by tc-tPA vary from 2.6uM (substrate 7) to 14Q«M
(substrate 50).Ky for sc-tPA vary from 7.3«M (substrate
14) to 330uM (substrate 45). Eighteen of 25 substrates
presented in Tables 3 and 4 display a higKegr for the
single-chain form of tPA than for the two-chain enzyme.
The values of catalytic constantg4) for two-chain tPA vary
from 0.017 s? (substrate 7) to 3.67$ (substrate 48). The
maximal rate of substrate hydrolysis by single-chain tPA is
lower than that by two-chain enzyme, and thg; for
substrate hydrolysis by this form varies from 0.0084 s
(substrate 2) to 1.1°$ (substrate 48). The second-order rate
constants for this group of fluorogenic substrates are of
moderate value and are-8-fold higher for tc-tPA than for

(compounds 39 and 42; initial rates of hydrolysi€).0010
and 0.0006 M/s/M, respectively) or which contain a blocked
@mino group in the Pglutamic acid (compounds 40 and
43; initial rates of hydrolysis undetectable and 0.0004 M/s/
M, respectively). Introduction of a Boc-blocking group into
the side-chain of glutamic acid increases the initial rate of
hydrolysis for substrates which contain a proteateamino
function (compare compounds 39 and 42 with compounds
40 and 43, respectively).

Analyses of the initial rates of substrate hydrolysis
demonstrate that substrates which containcttzenino acid
isomer in the P position are hydrolyzed by tPA faster than
compounds which contairrisomers in this position (Table
2). Infact, the relatively slow hydrolysis rates for substrates
with L-amino acids in the Pposition did not permit the
determination of kinetic constants for these compounds.

To compare the influence of thg 8mino acid on substrate
kinetic constants and/or the initial rates of hydrolysis, the
compounds were analyzed in groups containing substrates
with the same amino acids in thg Bnd B positions and

sc-tPA. Thus, substrate 11 which has the highest second-various amino acids in thesPosition. Thus, in one group,

order rate constant for tc-tPA (66 500 Ms™b) is 9.4-fold
less efficient for the single-chain form for which the second-
order rate constant is 7100 Ms 1. The lowest ratio of 2.1

substrates 1, 19, and 29 are analyzed which contain Gly in
the R position and the N-blockedsRamino acid; another
group contained substrates 2, 20, and 30 with Gly in the P

for the second-order rate constants is observed for substratgosition and the N-unblocked;Rmino acid. In the next

14.

The Influence of the £Structure on Substrate Efficiency.
The kinetic constants for substrates with N-blocked and
unblockedp-Val, b-Leu, andb-Phe in the R position were
evaluated (Tables 2 and 3). The initial rates of hydrolysis
for these compounds, theircounterparts and for substrates
with p-Pro, b- andL-Ser and_-Glu in the R position were
initially evaluated employing a mixture of sc- and tc-tPA

two groups substrates 5, 7, 25, 31, and 33 and 6, 8, 26, 32,
and 34 are presented which contain Pro in the®sition

and N-blocked or an N-unblocked amino acid in the P
position, respectively. The data of Table 2 suggest that
substrates with bulkier amino acids in theg®sition (Val,

Leu, Phe, Glu) have higher efficiency for tPA than analogs
which contain small amino acids (Ser or Pro) in this position.
The maximum efficiency was observed for substrates which

(Table 2). Data presented in Tables 2 and 3 demonstratecontain Val (compounds 25, 26) or Leu (compound 1) (Table
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2) at B. The efficiency of all substrates with Pro or Ser in
the R position is relatively low. The significance of Val or 3004 N
Leu in the R position is valid for tc-tPA as well as for sc-
tPA with the highest efficiency in the groups observed for 250t
substrates 19, 20, 26 (Val), and 5 (Leu) (Table 3); however, = ,401
the effect is less significant for sc-tPA. Substrates with Val
in the B position display elevateldy andk.s. The influence & 15071
of the R residue ork., is more significant than oKy and
is accompanied by increased second-order rate constants for
substrates with Val in thesPosition. 501
The importance of thef3tructure on substrate efficiency
is obvious for substrate 11 with-fluorine-substituted phe- 45
nylalanine in this position. This substrate was the most
efficient among all presented in this study, despite the
unfavorableL-isomer of the amino acid in thesP This 1 B
substitution increases the second-order rate constant over 60- o0t
fold (compare with substrate 9) due to significant increase
(almost by 2 orders of magnitude) ik (Table 2). n
Surprisingly, substitution of-(p-F)Phe in substrate 11 with
the p-isomer did not further influence the substrates ef- £ 154
ficiency for tPA (data not shown).

27277 A

100+
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V2L L8822
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6 47 48 49 50 st 8 52 53

Influence of B Substitution on Substrate Efficienc¥he o1
hydrolysis data for substrates which contain the same amino 0.5t
acids in the lPand R positions and various substituents in
the R position clearly demonstrate that the highest catalytic 45 46 47 48 43 50 51 8 52 53
efficiency for both tc-tPA and sc-tPA was obtained for
substrates with proline in the,Position (compounds 5, 6, a4l
7, 8, 25, and 26) (Table 3). An increase in the second-order
rate constants of substrate hydrolysis caused by the amino ~ *T
acid substituent atHollows the pattern Lew Val and Gly 'o 3eaq
< Ser < Pro. A similar dependence on the &mino acid 's el
is observed fok., values. In contrast, any changesk =
values are independent of the Btructure. The above S 24t
observations are valid for both forms of tPA. S 141

Influence of the PStructure on Substrate Hydrolysis by 50001

tPA. Ten substrates containimyFPR tripeptide in the P
structure and various substituents in the sulfonamide moiety O S 46 47 48 49 50 51 B 52 53

of the leaving group (Pstructure) were synthesized and
. . Ficure 2: Influence of the Pstructure on substrate D-FPR-
evaluated for their hydrolysis by sc-tPA and tc-tPA (Table ANSNRR; hydrolysis by sc-tPA (striped bars) and tc-tPA (filled

4 and Figure 2). We did not _obser\_/e any significant pars). (A) Michaelis-Menten constants; (B) catalytic constants; (C)
dependence of thi§y on the substituent in the substrate P second-order rate constants.

structure. Compounds 49 and 51, which contain benzyl and
glycine methyl ester substituents, respectively, demonstratedsubstrates 51 and 53 with glycine methyl ester and dimethyl
the highest affinity (the lowed{y) for both forms of tPA. group in this position, respectively, display the lowkst
Substrates 52 and 53 which contain a completely substitutedvalues among the substrates of Table 4.
amino group in the sulfonamide moiety display relatively  The pattern of second-order rate constant dependence upon
high Ky (Figure 2, panel A). the substrate 'Pstructure follows, in general, that demon-
In contrast, the catalytic constant&.) of substrate strated by the catalytic constants (Figure 2, panels B and
hydrolysis demonstrate a distinct dependence upon theC). Thus, in the group of substrates with monoalkyl
structure of sulfonamide substituents, varying by over 20- sulfonamide substituents (compounds—+4®), the second-
fold (Figure 2, panel B). In the group of compounds which order rate constants for both forms of tPA increase with the
contain monoalkyl residues in this moiety (substrates 45 increased size of alkyl residue. This constant is barely
48), thek.orincreases with increases of substitutent size. Thus, influenced by the substitution of the linearbutyl group
the keat for compound 45 which contains a propyl group as (substrate 46) by its branched counterpart, tée-butyl
the sulfonamide substituent is significantly lower for sc-tPA group (substrate 47). The second-order rate constant is
as well as for tc-tPA (0.29 and 0.20%srespectively) than  relatively high for compound 49 due to the relatively low
that for substrate 48 which contains a hexyl group in the P Ky values of this substrate for the hydrolysis by both forms
position (1.1 and 3.6 3, respectively). Compound 48 of tPA. The lowest efficiency for tPA was displayed by
displays the highedt.,: among the all substrates evaluated substrates 52 and 53 which contain completely substituted
in this study; an observation valid for both forms of tPA. sulfonamide amino groups.
Substrates 49 and 50, which contain benzyl and methoxyethyl The data presented in Table 4 clearly demonstrate that
residues in the 'Pstructure, respectively, are hydrolyzed by relatively moderate changes in the substratgcture may
both forms of tPA at reasonable rates as well, whereassignificantly alter the enzymatic hydrolysis of these com-
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Ficure 3: Quantitation of low tPA concentrations. Tc-tPA or tPA (inset) at varying concentratierB)®pM and 6-40 pM, respectively)
was incubated for 60 min at 2% in TBS containing 3@&M substrate 11. Relative fluorescence was estimated as described in Experimental
Procedures.

o

pounds by tPA. For tPA, the changes in substrate affinity  Activation of Sc-tPA by Factor Xa and by Prothrombinase.
caused by the modifications in théSRructure are relatively ~ Factor Xa activates sc-tPA at 0.0055 nM/s per nM enzyme
moderate, and the higheki, ratio for the sc-tPA is 5.2  (nM/s/nM) when enzyme is present at 40 nM and substrate
(substrates 45 and 49 or 51) and for tc-tPA is 5.6 (substratesat 2uM concentration. This activation process is relatively
50 and 49). Thé,Vvalues are influenced by the substitution slow and is only 60% completeni4 h (Figure 4). The

in the P structure to a significantly higher extent. Thus, presence of Ca and PCPS does not influence the initial
the highest ratio of these constants for the tc-tPA reaches agate of sc-tPA activation. However, the addition of factor
much as 26 (substrates 48 and 53), whereas for the sc-tPAVa, an essential cofactor to factor Xa in formipgothrom-

the highest ratio is 13 (substrates 48 and 51). The second-binase increases the initial rate of sc-tPA activation ap-
order rate constants are most sensitive to changes in theoroximately 3-fold, i.e., to 0.017 nM/s/nM. We also
substrate sulfonamide adduct. Thus, replacementraixyl observed spontaneous sc-tPA proteolysis to the two-chain
group (substrate 48) by the dimethyl group (substrate 53) form in the absence of factor Xa. The rate of autolytic
decreases the second-order rate constant for sc-tPA 40-foldcleavage is not influenced either by PCPS ané"Ga by

whereas for tc-tPA such replacement causes a 32-foldfactor Va. Approximately 10% of sc-tPA was converted to
decrease in this constant. tc-tPA in 4 h. Gel electrophoresis shows that incubation

for 65 h at 37°C results in 50% proteolysis of sc-tPA (data
not shown). This autoproteolysis of sc-tPA also occurred
when purified sc-tPA was stored at20 °C for a longer
| period of time.

Direct Quantitation of tPA at Low ConcentrationSpe-
cific quantitative evaluation of tPA was accomplished
employing substrate 11 at 30M concentration. Spontane-
ous hydrolysis of this substrate under the experimenta
conditions used was undetectable. One hour incubation of 5;5cusSION
enzyme with substrate allowed us to detect tc-tPA at
concentrations as low as 1 pM. A linear dependence of The structure of synthetic substrates and their efficiency
relative fluorescence on tc-tPA concentration was observedfor various blood derived serine proteases such as plasmin,
from 4 to 200 pM enzyme (the highest concentration chosen) factor Xa, thrombin, kallikreins and urokinase, factors Vlla,
(Figure 3). At tc-tPA concentrations below 4 pM, the slope IXa, Xla, and Xlla, and activated protein C were analyzed
of relative fluorescence dependence on enzyme concentratiorin several previous publications (Sherry et al., 1966; Morita
is steeper than for higher enzyme concentrations. et al.,, 1977; Aurell et al., 1978; Claeson et al., 1978;
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FIGURE 4: Sc-tPA activation by factor Xa. Forty nanomolar factor Xa was added to HBS (open circles); HBS, 5 mi &aC20uM

PCPS (filled circles); HBS, 5 mM Cagl20 uM PCPS, and 80 nM factor Va (filled triangles) containing® sc-tPA. Six microliter
aliquots were removed at 0, 5, 15, 30, 60, 120, 180, and 240 min time points and added td HB& containing 5«g/mL trasylol, 20

nM TAP, and 100uM substrate 20-VGR-ANSNHCHg). Tc-tPA generation was estimated as described in Experimental Procedures.

Lonsdale-Eccles et al., 1980; McRae et al., 1981; Lottenbergsubstrates with Gly in the Bosition were less efficient for
et al., 1983, 1986; Castillo et al., 1983; Cho et al., 1984; sc- and tc-tPA than those with Ser in this position. Substrates
Harnois-Pontoni et al., 1991; Butenas et al., 1992, 1993, containing the highly hydrophobic Val and Leu in the P
1995). The data concerning the influence of the substrateposition also had low efficiencies for tPA. This effect may
P.—P,—P, structure on its efficiency for a given enzyme be caused by the relatively high hydrophilicity of amino acids
are controversial (Morita et al., 1977; McRae et al., 1981; surrounding the triad which forms the tPA active site.
Lottenberg et al., 1983; Cho et al., 1984) and do not provide  The data discussed above lead to the conclusion that an
clear answers about the most favorable amino acids at theefficient substrate for tPA will have a bulky and hydrophobic
various P positions (Harnois-Pontoni et al., 1991). The amino acid in the Pposition and proline in the osition.
influence of a substrate structure on its efficiency for tPA, This observation indicates that the qualities of the amino
to our knowledge, has not been yet established. acids in the sequences of synthetic substrates significantly
The present study uses 54 substrates containing fivediffer from those of the natural substrate plasminogen. The
different amino acids in the ,Bosition and six in the P latter contains proline in thesPstructure whereas the, P
position. The analysis of substrate hydrolysis data shows position is occupied by a moderately hydrophobic glycine
undoubtedly that substrates containing bulky and relatively (Petersen et al., 1990). We tested in our experiments a
hydrophobic amino acids Val, Leu, and Phe (Zamyatnin, substrate which possesses BoePro—Gly—Arg sequence
1972) in the B position had higher efficiency for tPA than in the P structure (substrate 29). Analyses of the initial rates
those containing relatively small and non-hydrophobic sub- of hydrolysis lead to the conclusion that this substrate is 40
stituents (Ser, Pro) in this position. The highest efficiencies 60-fold less efficient for tPA than substrates which contain
(kealKm), however, were obtained with substrates containing a hydrophobic amino acid in the; Position and a proline
Val or Leu in the B position but not with Phe, which has in the B position. Similarly, Ding et al. (1995) have shown
the largest volume and hydrophobicity of the side-chain that peptides which contain bulky Phe in thep@sition are
among amino acids used for thesition. The significant ~ hydrolyzed by tPA at a significantly higher rate than those
increase in the volume and hydrophobicity of theafino which repeat the amino acid sequence of the plasmin
acid by the Boc protecting group caused an additional cleavage site (Madison et al., 1995). The discrepancy
increase in substrate efficiency. The significance of a between the P sequence of synthetic substrates and that of
p-amino acid in substratezRosition has been discussed the cleavage site of plasmin may be caused by various factors
previously (Rezaie & Esmon, 1993). This stereocisomer may including a preferable access of the cleavage site for tPA
influence the location of thesPesidue in the enzyme active  and the influence of the'Rtructure.
site pocket. We have reported in previous publications that substrates
Our data demonstrate that the variations in substrate possessing the 6-amino-1-naphthalenesulfonamide leaving
efficiency are in strong coincidence with the hydrophobicity groups have higher affinity (lowefy) for serine proteases
of amino acids located in the, Position. The hydrophobic-  than their analogs containingnitroaniline or 7-amino-4-
ity of P, position substituents decrease in the following methylcoumarin leaving groups (Butenas et al., 1992, 1993,
order: Leu> Val > Gly > Ser> (Pro) (Nozaki & Tanford, 1995). The present data establish the same conclusions for
1971). Substrates containing Pro in thep@sition had the ~ tPA, i.e., the substrates presented in this study have higher
highest efficiency for tPA. Increases in the substituents affinity for tPA than those with detecting groups mentioned
hydrophobicity in the order (Prox Ser < Gly were above (Nieuwenhuizen et al., 1977; Andreasen et al., 1991).
accompanied by associated decreases in substrate efficiency Further analyses of a substrate’ssRucture influence on
for tPA, i.e., substrates containing Ser in theBsition had substrate efficiency for tPA were accomplished employing
lower efficiency than those with Pro in this position, and ten substrates which contain the same P structure and various
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substituents in the sulfonamide moiety @ructure). The  the potential that in the last steps of the blood coagulation
data presented in this study demonstrate that substratgprocess, when the concentration of the major substrate,
hydrolysis by tPA shows the same dependence upon theprothrombin, is significantly decreased, this enzymatic
length of alkyl chain in the leaving group as substrate complex may be responsible for the activation of sc-tPA.
hydrolysis by thrombin, urokinase-type plasminogen activator Thus, during the early steps of fibrinolysiothrombinase
(uPA), APC, and factor Vlla (Butenas et al., 1992, 1993, may be responsible for sc-tPA activation.
1995). Substitution of a linean-butyl residue by the In summary, ANSN-substrates allow the direct evaluation
branchedert-butyl analog, however, unexpectedly increases of tPA at its plasma concentration. The efficiency and
the efficiency of substrate for the tPA, whereas this substitu- affinity of this class of substrates for tPA are influenced by
tion in the case of other serine proteases leads to decreasethe hydrophobicity and by the volume of amino acids present
in the efficiency of the substrate. In analogy with uPA, both in the peptide core of the substrate as well as by the structure
forms of tPA hydrolyze substrates which contain the cyclo- of the leaving group. The highest efficiency is displayed
hexyl moiety in the leaving group slowly, whereas for by compounds which contain Pro in thes®ructure and Val
thrombin, APC, and factor Vlla substrates containing this or Leu in the B structure and a linear hexyl residue in the
substituent are among the most efficient. These minor sulfonamide moiety.
differences, however, do not exclude tPA from the group of
serine proteases which include thrombin, factor Vila, and ACKNOWLEDGMENT
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