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Abstract--In spite of their rapid aqueous hydrolysis, 4-nitrophenyl 4-X-phenacyl methylphosphonates (X = H, (PMN) CH3, 
CH~O, CI and NO2) inactivate many serine proteases of the pancreatic and blood coagulation systems efficiently. The rate 
constants, kjK~, for the inactivation of tissue-type plasminogen activator enzyme (t-PA) are 470-750 M ~ s ~ with PMN, 
4-CH3-PMN, and 4-CH30-PMN in pH 7.8, 0.05 M Tris buffer at 7.0+0.5 °C, but t-PA cannot be inhibited with the 4-C1 and NO2 
derivatives due to rapid competing hydrolysis. Enzyme activity returns from each enzyme-adduct at a characteristic rate, due to a 
self-catalyzed intramolecular reactivation process. The rate constants for spontaneous reactivation of t-PA from the adducts 
formed with the three inhibitors are k = 0.25-12.3 × 10 -~ min ~ at pH 7.4 and 25.0+0.1 °C and pH-dependent with an apparent 
pK~8.3. The recovery of t-PA activity from the adducts in 40% human plasma buffered at pH 7.4 is the same or twice that in 
plain buffer. The presence of fibrin has a slight effect on inactivation but not on reactivation. The modulation of enzyme activity 
by reversible generation of the phosphonylated adducts has potential for medical application. Published by Elsevier Science Ltd 

Introduction 

Recombinant tissue-type plasminogen activator 
(rt-PA) ~ enzyme is a new generation thrombolytic 
agent which is used in the treatment of acute 
myocardial infarction. The therapeutic properties of 
t-PA are superior, in some respects, to those of other 
thrombolytic agents, such as urokinase and streptoki- 
nase. The fibrinolytic process induced by t-PA is fibrin- 
specific, it causes only limited systemic plasminogen 
activation and fibrinogenolysis, and it does not induce 
an antibody response. 2-~ However, t-PA from human 
plasma is cleared rapidly with an initial half-life of 6 
rain. 2 Slowing down the clearance of t-PA from plasma 
would make its clinical administration more 
convenient. Consequently, the prolongation of t-PAs 
plasma half-life has attracted considerable interest and 
effor t )  t-PA is eliminated almost .exclusively by the 
liver via hepatocytes. Studies on the clearance through 
the hepatic receptor revealed that it preferentially 
binds t-PA complexes to plasminogen activator inacti- 
vator type I (PAI-1). 7-~° It was also reported that 
t-PA/PAI-1 complexes were eliminated twice as rapidly 
as free t-PA by isolated perfused rat liver. ~ Carbo- 
hydrate receptors are also important for the clearance 
of pharmacologic amounts of t-PA. ~2-~3 

It has been established that a free active-site serine 
residue, Ser478 in the catalytic triad Asp371-His322- 
Ser478, ~4 is essential for the formation of stable 
complexes of t-PA with PAI-1. ~5 When t-PA was inacti- 
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vated with diisopropyl phosphofluoridate, the adduct 
did not react with PAI-1. ~6'17 Thus covalent modifica- 
tion can provide protection against rapid inactivation 
of t-PA by PAL1 (k~/K~ = 107 M -~ s 1) and retard the 
clearance of t-PA by hepatic cells. Modification of the 
catalytic Ser residue might be a welcome measure for 
medical applications if it is reversible. A number of 
thrombolytic enzymes have been modified by acylation, 
in which case the acyl enzyme undergoes slow deacyla- 
tion to regenerate the free enzyme. '~-'~ Reversible 
acylation of recombinant chimeric t-PA to provide 
control over the pharmacokinetic profile of the Smith- 
kline and Beecham product has been recently 
repor ted? '  However, most acyl-enzyme derivatives of 
t-PA are not stable enough for medical application and 
the acylation of t-PA by the modifiers can be slow. 

Recent studies in this laboratory showed that serine 
proteases can be inactivated effectively with 4-nitro- 
phenyl 4-X-phenacyl methylphosphonates (X = H, CH3, 
CH30, C1, NO2, see acronyms and structures) 21'22 in 
spite of the rapid intramolecular hydrolysis of the 
compounds. 23 The phosphonylated enzyme adducts 
then undergo spontaneous dephosphonylation with 
anchimeric assistance from a carbonyl group in the side 
chain. 2j'22 The advantages of phosphonylation over 
acylation are due to the extra valence in P compared to 
C. The possibility for inserting an extra ligand of the 
desired physical properties provides an additional 
leverage for diversity. Due to the similarity of the 
anionic alkylphosphonate monoester or alkylphos- 
phonic acid products to physiologically important 
anionic phosphate esters, they are likely to be without 
adverse physiological properties. In fact, anionic 
electrophiles have recently been of interest for their 
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potential antitumor activities. Here we report a mecha- 
nistic study of  the reversible modification of  t-PA by 
covalent attachment of the 13-carbonyl-containing 
phosphonate fragment. 

MOPMN were all in the range kJKi = 470-750 M ' s-' 
and within+25% relative SD for each case. From the 
intercept values, k~ values were in the range 0.003-0.05 
s ', and from the ratio of slope and intercept values, K~ 
were calculated to be in the range 4-8 × 10 6 M. 

II 
C H 3 - - P - - O - - C H 2  - -  X 

I 0 
[~ X =  - H: P M N  

- CH3: MPMN 

" OCH3: MOPMN 
NO2 - C I :  CPMN 

- NO2: NPMN 

Inactivation of t-PA 
Results 

Measurements of the inactivation rate constants of 
t-PA by the PMN group of inhibitors is fraught with 
difficulties due to the rapid hydrolysis of the inhibitors 
and the limited analytical precision inherent in micro- 
techniques. The protection of t-PA from aggregation 
also imposed constraints on the experimental condi- 
tions. 24 Optimal conditions were found at pH 7.8 and 
7__+0.5 °C. The loss of PMN, MPMN and MOPMN 
(see structures) due to hydrolysis was calculated to be 
less than 5% during incubation. 23 The rate constants 
for inactivation of two-chain t-PA by PMN, MPMN 
and MOPMN were calculated according to eq (1) 25 

1/ln(vJv3 = K/kit * 1/[I] + 1/k~t, (1) 

from four pairs of ln(v/Vo) activity vs. 1/[I] values, each 
measured at two fixed time increments (Figure 1). The 
method gives Ki/k~t (_+SD) as the slope, the best 
defined parameter according to eq (1). The intercept 
value is generally subject to a large error and thus k~ 
and Ki are not well defined. The second-order rate 
constants for t-PA inactivation by PMN, MPMN and 

The kinetic rate constants for the inactivation of single- 
chain t-PA by the PMNs could not be measured with 
adequate precision because the reaction was too slow 
under these conditions and non-enzymic hydrolysis of 
the inhibitors outweighed t-PA inactivation at higher 
pH and temperature. Longer incubation times would 
have entailed excessive hydrolysis of the inhibitors as 
well as non-negligible enzyme recovery of activity, 
which would have invalidated the results. During the 
~30 min incubation applied for maximal inactivation 
before the reactivation experiments, ca. 60% inactiva- 
tion could be observed with single-chain t-PA, while ca. 
90% inactivation of two-chain t-PA was achieved. The 
enzyme concentrations were based on activity assays 
that were performed systematically before and after 
inactivation in all cases. Therefore, the discrepancy 
reflects on the different rates of reaction of single- 
chain and two-chain t-PA with the PMNs rather than 
differential aggregation which would affect results of 
the enzyme activity assay as well. A qualitative observa- 
tion was that the presence of fibrin had a small effect 
on the rates of inactivation of t-PA by PMN. Due to 
the rapid hydrolysis of CPMN and NPMN, there was 
no inhibition of t-PA activity observed after the incuba- 
tion of two-chain t-PA with 1000-fold of CPMN or 
NPMN at a range of temperatures and pHs. 

Reactivation of t-PA from the phosphonylated adducts 

The rate constants for the reactivation of the adducts 
with the PMNs of single-chain t-PA, with and without 
fibrin present, and two-chain t-PA are very similar 
(Table 1). Complete recovery of t-PA (100+5%) was 
observed in all cases. This precludes the possibility of 
the incursion of any side reaction (aging) that would 
lead to irreversible inhibition of the enzyme. 22'26 A 
typical curve for the progress of reactivation is shown 
in Figure 2. The addition of BSA and triton X-100 to 
the reactivation buffer was necessary to stabilize the 
enzyme in solution in the lengthy experiments. 
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Figure 1. The  inactivation of two-chain t-PA by M O P M N  at pH 7.8 
and 7.0 + 0.5 °C. 

t-PA recovery from the adducts with PMN, MOPMN 
and MPMN was also studied in 40% human blood 
plasma buffered at pH 7.37 with 0.05 M phosphate 
buffer at 25.0+0.1 °C. The effect of human plasma on 
the recovery of the enzyme was negligible as compared 
to similar data in plain buffer at pH 7.37, shown in 
Table 2. 

pH-Rate profiles for t-PA reactivation 

The pH-dependence of the reactivation of two-chain 
t-PA from the adducts formed with PMN, MPMN and 
MOPMN is within 10-fold over 3.5 pH units. An ioniz- 
able group with a pK, of 8.2-8.3 was observed from the 
pH-rate profiles (Fig. 3 and Table 3). These sigmoidal 
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Table 1. First-order rate constants for the reactivation of t-PA from 
its adducts with PMNs at 25.0 +0.5 °C 

Compound Reactivation buffer k,,bs , min ~ t,,2, 
(SD) rain 

Single-chain t-PA 
PMN pH 7.50, 0.36 M Tris-HCP 0.004 (0.003) d 173 

0.002 (0.001) d 346 
pH 8.23, 0.06 M Tris-HCP 0.02 (0.05) J 30 
pH 8.23, 0.06 M Tris-HCl ~' 0.02 (0.03) d 36 

MOPMN pH 7.50, 0.36 M Tris-HCP 0.06 (0.07) d 12 
pH 8.23, 0.06 M Tris-HCF 0.04 (0.04) d 20 

0.05 (0.05) ~ 14 
MPMN pH 8.23, 0.06 M Tris-HC1 h 0.03 (0.03y 24 

Single-chain t-PA with Fibrin 
PMN pH 8.23, 0.06 M Tris-HCl ~ 0.04 (0.02) c 17 
MOPMN pH 8.23, 0.06 M Tris-HC1 ~ 0.04 (0.01) ~ 20 
MPMN pH 8.23, 0.06 M Tris-HCl ~ 0.04 (0.01) ~ 16 

Two-chain t-PA 
PMN pH 8.23, 0.06 M Tris-HCl c 0.04 (0.01) ~ 27 
MOPMN pH 8.23, 0.06 M Tris-HC1 ~ 0.028 (0.002) ~ 25 
MPMN pH 8.23, 0.06 M Tris-HCl ~ 0.04 (0.02) ~ 16 

"No BSA and Triton X-100 in either reactivation buffer or assay 
buffer. 
"0.5 mg/mL BSA and 0.1 g/L Triton X-100 in both reactivation buffer 
and assay buffer. 
"Same as in b, except that the concentration of BSA is 1 mg/mL. 
dThe final concentration of S-2288 for activity assay is 0.83 mM. 
~The final concentration of S-2288 for activity assay is 0.50 mM. 

Table 3. The kinetic pK and pH-independent rate constants for the 
reactivation of two-chain t-PA from different adducts with PMNs 

Compound 103k,m,,min -~ 103k,ime, min  ' p K  

PMN 18±2 72±4 8.2±0.1 
MOPMN 12.2±0.5 48.9±0.9 8.4±0.1 
MPMN 2.5±1.1 123±11 8.2±0.1 

curves for the reaction with PMNs were calculated 
using the non-linear least squares fit of k,+~ values to 
the eq (2) below. 

klimlKa 
k,,b~ - +klim2 • (2) 

K~, + [H + ] 

D i s c u s s i o n  
I n a c t i v a t i o n  o f  t - P A  

The two-chain form of t-PA with its well developed 
catalytic apparatus can react effectively with three of 
the five PMN derivatives studied. This mature form 
seems to compete better than .the single-chain form 
with the rapid aqueous hydrolysis of these inhibi- 
t o r s ,  22'23 thus the inactivation is more efficient. The 
observation is consistent with earlier reports on much 
higher thrombolytic activity 2'27 and amidolytic activity, 
even with the small chromogenic substrate 8 - 2 2 8 8 ,  24 of 
two-chain t-PA than its single-chain form. 
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Figure 2. The reactivation of t-PA from its adduct with M O P M N  at 
pH 9.07 and 25 +0.5 °C (t~/~ = 16 rain). 

Table 2. First-order rate constants for the reactivation of two-chain 
t-PA from different adducts with PMNs in pH 7.37, 40% human  
plasma at 25 + 0.5 °C 

Compound k,,b, min ~ kob. ~ min ' 

PMN 0.027 ___ 0.004 0.025 
0.029 ___ 0.010 
0.033 ___ 0.012 

MOPMN 0.033 + 0.008 0.0l 6 
0.040 ___ 0.017 

MPMN 0.026 _ 0.020 0.018 
0.038 + 0.022 

'Ra te  constant extrapolated from the pH-rate profile. 

The second-order rate constants at 25.0°C for t-PA 
inactivation are smaller than those for the inactivation 
of trypsin by PMN, 884 M-J s ~, and much smaller 
than those for the inactivation of a-chymotrypsin, 
between 37,000 and 770,000 M ' s ~, with the same 
compound. = This might be expected, since the two 
aromatic rings make the inhibitors very hydrophobic, 
which complies with the specificity of chymotrypsin for 
susbtrates. The blood cascade enzymes, 2s t-PA and 
trypsin all have the specificity for cleaving a peptide 
bond with an Arg or Lys at the carboxyl side. In 
general, there are more stringent specificity require- 
ments in the blood cascade enzymes and t-PA than in 
trypsin, z" 

Reasonably strong binding of the PMNs to t-PA is 
associated with constants in the ~tM range. The k, 
values probably measure the rate of P O bond forma- 
tion, since departure of the 4-nitrophenyl leaving group 
might be expected to be fast?" Although precise values 
of k~ have not been reported yet for phosphonylation of 
the active site Ser in serine hydrolases, our earlier 
results with acetylcholinesterase phosphonylation by 
4-nitrophenyl esters of alkylphosphonates gave values 
10- to 50-times greater at 25 °C than the k~ values for 
phosphonylation of t - P A .  2s 

E n a n t i o s e l e c t i v i t y  

A very significant enantioselectivity of the inactivation 
of, particularly, chymotrypsin (90-1900) and trypsin 
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has been observed and reported recently. 22 Only a 
minimum enantioselectivity between 5 and 49 could be 
had for the inactivation of trypsin by the PMNs, since 
hydrolysis of the (+ )  enantiomer prevents enzyme 
inactivation. The reaction of t-PA with the PMNs was 
much more difficult to monitor than reactions of 
chymotrypsin and trypsin. The resolved ( - )  
enantiomer of MPMN inactivated t-PA at similar rates 
to the racemate but attempts to inactivate t-PA with 
the resolved (+ )  enantiomer of MPMN failed under 
these conditions. This indicates a minimum enantiose- 
lectivity of 10. 

In the serine proteases, two interactions govern the 
mode of binding: the hydrophobic interaction in the 
specificity pocket and the electrostatic interaction 
between P = O  and the hydrogen donors of the 
oxyanion hole. 26'31-39 Our earlier molecular models of 
minimum-energy structures of trypsin adducts 
indicated that these interactions should become very 
strong for the Ps enantiomer and thus enforce an 
in-line displacement at P by the attacking Ser 
hydroxyl. 22 It has also been shown that the faster 
reacting, levorotatory, enantiomer has the Ps absolute 
configuration in analogous phosphonate esters. 4°'41 

Both electronic and steric effects of the para 
substituents in the phenacyl group affect the enantio- 
selectivity of trypsin toward PMNs. Strong interactions 
exist between the phenac2¢l moiety and the specificity 
pocket at the active site according to the molecular 
mechanics calculations. These calculations also showed 
a possible hydrogen bonding interaction of the 
carbonyl with a peptide N--H.  42 It is very likely that 
the interactions of the PMNs at the active site of t-PA 
are similar to those described above. 

Reactivat ion of  t-PA from the adducts  with the PMNs 

Once the adducts of t-PA were formed with the PMNs, 
the recovery of t-PA activity showed the same charac- 
teristics regardless of the form of the enzyme. The 
recovery rates of single chain t-PA may have been 
slightly slower from the adducts with PMN, but the 
difference is within experimental error. The presence 
of fibrin made the inactivation of single-chain t-PA 
easier, while it had no effect on the rate of recovery of 
t-PA activity (Table 1). This is consistent with the fact 
that the binding site of fibrin to single-chain t-PA is not 
at or near the active site of t-PA, even though the 
presence of fibrin enhances t-PA by affecting its global 
structure, which is the origin of the high fibrin-speci- 
ficity of t-PA in thrombolysis? 3 

The pH-dependence of t-PA recovery, shown in Figure 
3, was nearly identical to that observed when trypsin 
was inhibited with the three compounds. 22 We suggest 
the participation of an active-site residue as a general 
base in the catalysis of hydration of the carbonyl and 
the related protonic equilibrium in the course of 
enzyme reactivation, as shown in Scheme 1. 44 The pH 
dependence has been the strongest for the reactivation 
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Figure 3. pH-Rate profiles for the reactivation of two-chain t-PA 
from its adducts with 4-substituted PMNs at 25 + 0.5 °C. 

of t-PA from the MPMN adduct. This may imply that 
the orientation of the carbonyl in this adduct is more 
favorable for interaction of the molecule with the basic 
residue at the active site. It would be tempting to 
propose that the active site His is involved in this 
proton transfer, except that the His residue was seen to 
remain protonated (acidic form) after the phosphony- 
lation step. 26 It also seems possible that the local 
conformation of the active site in the adducts is 
dependent on the phosphonyl fragment. If so, the His 
may transfer the proton to adjacent solvate water or 
other residues and resume its base catalytic function in 
some cases, such as the MPMN-adduct, but remain 
unavailable for catalysis in other cases. 

M e c h a n i s m  of  reactivation of  t-PA 

Results of this and previous work corroborate a 
common mechanism of reversible inhibition of serine 
proteases via intramolecular dephosphonylation. The 
nature of the pH dependence and small solvent isotope 
effects, ~ 1.2 21 for trypsin and chymotrypsin, support a 
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mechanism in which proton transfer is not rate deter- 
mining: rapid hydration of the phenacyl group with or 
without general-base catalysis by an active-site general 
base is followed by an intramolecular attack of the 
carbonyl hydrate anion at the central phosphorus atom 
and by removal of the enzymic Ser residue. Scheme ! 
shows details of the reaction and eq (3) gives the rate 
law using the steady state approximation. 

k~k~ k,,h~k h 
k ,~ - and k~ - (3) 

k h+k,, kl,-k,,i,~ 

The rate-determining step has been shown, in our 
previous work, to be the hydration of the carbonyl in 
the mechanism of the non-enzymic hydrolysis of 
MPMN. 23 The exchange of ~80 from the medium 
(50%) is consistent with the contention that the rate 
constant for cyclization (kc) is greater than that for 
dehydration (k h). This latter was estimated from the 
appropriate elementary rate constants and equilibria to 
be ~10" s ~. Moreover, the value of k h is not 
expected to be sensitive to the differences in leaving 
group between MPMN and the corresponding Ser 
ester in the enzyme adduct. The value of kh, is available 
for MPMN, from previous work, under a wide range of 
conditions. Thus the rate constant for cyclization (k~) 
can be calculated from eq (3) for the reactivation of 
t-PA from the 4-methylphenacyl methylphosphonate 
adducts. 

The calculation yields k~ ~105 s ~. In comparison, 
k, =3.4x104 s ~ for the reactivation of trypsin, 
1.2x 10 ' s ~ for the reactivation of a-chymotrypsin 
from the adduct formed with the (+)enantiomer,  and 
4.5 x 103s ~ for the reactivation of ~-chymotrypsin from 
the adduct with the ( - )  enantiomer of MPMN. This 
result confirms that the cyclization step is 10 times 
slower than reversion of the carbonyl hydrate to 
starting materials. 

The rate of reactivation of t-PA is then limited either 
by P- -O bond breaking to Ser or by concerted 
displacement at P via cyclization. This conclusion holds 
broad validity for serine protease reactivation from the 
adducts with the PMN group of inhibitors, except for 
the fastest reactivation of a-chymotrypsin from the 
adducts with MPMN and the (+)  enantiomers of 
PMNs. 

The broad range of rates of serine protease reactiva- 
tion is consistent with self-catalyzed enzyme reactiva- 
tion from the adducts with variant efficiency 
characteristic for the individual phenacyl substituent 
interaction with the binding site (specificity pocket or 
other residues including solvate water). 

The rate constants for t-PA reactivation from its 
adducts with PMN, MPMN and MOPMN in 40% 
human plasma are listed in Table 2. The similarity of 
rate constants in aqueous buffer solution and human 
plasma solution suggests that components in the 
plasma do not affect the reactivation of t-PA. Only the 
enzyme itself and pH play an important roles in the 

dephosphonylation of the active-site serine residue in 
the adducts of t-PA formed with phosphonate 
inhibitors. 

Conclusions 

The two-chain form of t-PA can be inhibited efficiently 
and reversibly with 4-H, 4-CH3, and 4-OCH3-PMNs. 
The covalently modified t-PA adducts seem to have the 
propensity to release active t-PA under physiological 
conditions. A rational selection of the substituents in 
the 4-position of phenacyl can provide inhibitors that 
will inactivate t-PA. Enzyme activity may be regained 
on different time scales depending on the electronic 
and structural features of the modifier. Implications for 
biomedical use of these compounds as temporary 
modifiers of enzyme activity through controllable 
inactivation-reactivation cycles is a definite benefit of 
this investigation. 

Instrumentation 
Experimental 

Conventional kinetic measurements were carried out 
with a Perkin-Elmer L-7 UV/Vis spectrophotometer 
interfaced to a Zenith Z-100 computer. The sample 
chamber of the instrument was furnished with circu- 
lating water provided by an MGW Lauda RMS-20 
water bath. The temperature was monitored by a 
digital readout with a thermistor probe. All kinetic 
data were analyzed with the OLIS or GraFit kinetics 
software. 45 

The pH was measured with a Radiometer PHM84 
Research pH meter furnished with a Fisher combina- 
tion microprobe electrode. An SLM-Aminco SPF-500C 
spectrofluorometer was used for spectrofluorometric 
measurements for the titration of serine protease 
activity. Separations of enantiomers of phosphonates 
were carried out with a Waters (Milford, MA) HPLC 
instrument and a Chiralcel-OJ (Daicel Industries, Ltd) 
column with cellulose-based chiral stationary phase. 
The output signal from a Lambda-Max-481 detector 
was digitized by interfacing to an IBM-XT computer 
through a data acquisition board (DAS-8PGA, 
Keithley Metrabyte). The optical rotation was 
measured with an AutoPol-II polarimeter (Rudolph 
Research, N J). 

Materials 

Single-chain t-PA (EC 3.4.21.68, 95% 63 kDa with 
some 65 kDa forms) from human cell culture was 
purchased from CalBiochem. Human fibrin monomer 
and the chromogenic substrate, H-D-Ile-Pro-Arg-pNA 
(S-2288), were purchased from KabiVitrum Inc. Triton 
X-100, human plasmin, bovine lung aprotinin, bovine 
serum albumin (BSA), N-glutaryl-Gly-Arg-7-amido- 
4-methylcoumarin and buffer salts were Sigma 
products. The synthesis and purification of the inhibi- 
tors was described earlier. 23'46 They were >98% pure 
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and the stock solutions were analyzed frequently for 
intact ester by hydrolyzing it and calculating the 
stoichiometric release of 4-nitrophenol. 

Solutions 

The t-PA stock solution was 7.7 x 10 -6 M in water 
containing 0.1 g L 1 Triton X-100. S-2288 was 
dissolved in 0.0001 N HC1 into a 10 mM stock solution. 
pH 8.23, 0.06 M Tr i s -HCl  buffer with or without 0.5 
mg mL -1 BSA, 0.15 M NaCI and 0.1 g L 1 Triton 
X-100 was used for t-PA activity assay. 

Enzyme activity assay 

The reactivation and activity assays were carried out at 
25.0___ 0.5 °C. A 100 ~tL aliquot of the reaction mixture 
and 100 p.L S-2288 stock solution were introduced to 
1000 pL assay buffer after it had been equilibrated for 
15 min. The release ofp-nitroanil ine was monitored at 
405 nm by a Perkin-Elmer  Lambda-7 UV/Vis spectro- 
photometer.  The initial rate of the substrate hydrolysis 
reflects t-PA activity. 

Reversible inhibition of single-chain t-PA 

Inactivation. To 30 p.L 7.7 x 1 0  - 6  M t-PA, 10 ~tL pH 
7.5, 0.72 M Tris-HC1 buffer was introduced. After 
mixing, the reaction mixture was incubated in an 
ice-water bath for 5 min. About 300-fold excess of 
inhibitor, over t-PA, in 20 taL anhydrous methanol was 
introduced. The mixture was shaken thoroughly and 
allowed to stay in the ice-water bath for 15-20 min. 

Reactivation of single-chain t-PA from its 
adducts. 600 I~L buffer for reactivation, as given in 
Table 1, was introduced to the above-mentioned 
mixture t o  initiate reactivation of t-PA and the stop- 
watch was started at the same time. Control experi- 
ments were carried out as described above, except that 
20 ~tL methanol was added instead of the inhibitor 
solution. No loss of t-PA activity was observed due to 
inhibition by methanol. 1 mg mL -1 BSA and 0.1 g L 
Triton X-100 were included in the reactivation buffer 
to provide constant t-PA activity in the course of the 
reactivation experiments. 

First-order rate constants of t-PA reactivation were 
obtained with their standard deviation from a non-li- 
near least squares fit of t-PA activity (the initial rate) 
vs. time to the first-order rate law. 

Reversible inhibition of two-chain t-PA 

Preparation of two-chain t-PAY Single-chain t-PA 
(100 p.L, 1.5 × 10 -6 M) and human plasmin (50 laL of a 
0.88 casein units mL -1 solution in 0.04 M, pH 7.8 
phosphate buffer) were mixed well and incubated at rt 
for 90 min. To the above solution, aprotinin (40 laL of 
l0 trypsin inhibitory units mL -1 solution) was intro- 
duced and the mixture was incubated at rt for 15 min. 

Inhibition and reactivation of two-chain t-PA. The 
experimental procedures were very similar to the 
procedures described above for single-chain t-PA, 
except that the final concentration of t-PA during the 
inhibition process was 7 × 10 -7 M and the incubation 
period for inactivation was 30 min. Reactivation experi- 
ments were also performed in buffers containing 40% 
human plasma. The human plasma was prepared from 
fresh whole blood of a volunteer after removing the 
cells by centrifugation. 

Kinetics of inactivation of two-chain t-PA. The inacti- 
vation of two-chain t-PA by 4-H, 4-CH3, and 4-OCH3 
PMN was studied with a fluorogenic substrate, 
N-glutaryl-Gly-Arg-7-amido-4-methylcoumarin. 120 ~tL 
two-chain t-PA solution was pre-equilibrated in pH 7.8, 
0.05 M Tris buffer at 7 °C for 15 min followed by 
mixing with 5-25 ~tL dilute solutions of the PMNs in 
methanol. The final inhibitor concentration in the 
reaction mixtures was between 1.8 and 8.8 × 10 -6 M 
and the concentration of two-chain t-PA was much 
lower. The reaction mixtures were incubated at 7 °C 
and the activity assays were taken at 4, 8 and 12 rain 
from the addition of inhibitor. The consumption of the 
substrate during the activity assay using initial rates was 
within 0.4%. A series of residual enzyme activity was 
obtained after a fixed incubation time with different 
inhibitor concentrations. The second-order rate 
constants for the inactivation of t-PA by the inhibitors 
were then calculated according to eq (1). 

Linear least squares fit of 4 ln(vi/v,,) activity vs 1/[/] 
pairs gave the kJKi values with standard deviation from 
1/slope x t for at least two values of t. Values of k~ with 
their standard deviation can be calculated from the 
inverse of the intercept value, which is poorly defined. 
A typical example is shown in Figure 1. 
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