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Converting Tissue Plasminogen Activator to a 
Zymogen: A Regulatory Triad of Asp-His-Ser 
Edwin L. Madison,*? Andreja Kobe, Mary-Jane Gething, 

Joseph F. Sambrook, Elizabeth J. Goldsmith 
Unlike most serine proteases of the chymotrypsin family, tissue-type plasminogen activator 
(tPA) is secreted from cells as an active, single-chain enzyme with a catalytic efficiency only 
slightly lower than that of the proteolytically cleaved form. A zymogenic mutant of tPA has 
been engineered that displays a reduction in catalytic efficiency by a factor of 141 in the 
single-chain form while retaining full activity in the cleaved form. The residues introduced 
in the mutant, serine 292 and histidine 305, are proposed to form a hydrogen-bonded 
network with aspartate 477, similar to the aspartate 194-histidine 40-serine 32 network 
found to stabilize the zymogen chymotrypsinogen. 

Proteases are normally synthesized and se- 
creted as zymogens that must be proteolyt- 
ically cleaved to display their full enzymatic 
activity. The increase in catalytic efficiency 
(measured by k,,,/K,,, where kc,, is the rate 
of catalysis and K, is the Michaelis con- 
stant) after cleavage can be dramatic. For 
example, the value of k,,,/K, for the pro- 
totypical serine proteases chymotrypsino- 
gen and trypsinogen increases by a factor of 
lo4 to 106 immediately after cleavage of a 
single peptide bond (1 ) . 

A few serine proteases are unusual in 

E L Madison, Departments of Biochemistry and In- 
ternal Medicine, Univers~ty of Texas Southwestern 
Medical Center. Dallas. TX 75235 

that they are secreted from cells not as 
inactive precursors but as single-chain poly- 
peptides that display high levels of enzymat- 
ic activity. For example, tPA is secreted as 
a 527-amino acid polypeptide that effi- 
ciently converts the plasma-borne zymogen 
plasminogen into the active protease plas- 
min, which then degrades the fibrin mesh- 
work of thrombi (2). Plasmin also cleaves 
single-chain tPA into a two-chain form 
whose catalytic efficiency is certainly in- 
creased relative to the single-chain form, 
but only by a very modest amount. 

Tissue-type plasminogen activator has 
been widely used as a therapeutic agent for 
the treatment of acute mvocardial infarc- 

A. Kobe, J F. Sambrook, E. J Goldsmith, Department tion. H ~ ~ ~ ~ ~ ~ ,  the systemic activity of 
of Biochem~stry, Un~vers~ty of Texas Southwestern 
Med~cal Center, Dallas, TX 75235 clinical doses of tPA causes a significant 
M.-J Gethinq, Department of Biochem~stry and the depletion of circulating fibrinogen in pa- 
Howard ~ u g h e s  Medical Institute, Univers~ty of Texas tients who receive the drug ( 3 ) ,  and a small 
Southwestern Medical Center, Dallas, TX 75235. minoritv of ~atients suffer severe hemor- , . 
'Present address Department of Vascular B~ology, rhagic complications. ~h~~~ problems 
Scripps Research Institute, 10666 Torrey Pines Road, 
La Jolla, CA 92307 might be reduced if zymogen-like variants 
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such cases, the catalytic activity of the 
circulating single-chain form of zymogenic 
tPA would be greatly diminished; however, 
once attached to the fibrin meshwork of a 
thrombus, zymogenic tPA could be cleaved 
by plasmin generated locally at the clot by 
the patient's own tPA and would then 
display full catalytic activity. We therefore 
investigated whether tPA could be convert- 
ed into a zymogen by replacing key amino 
acids with residues that stabilize the zy- 
mogen forms of other serine proteases. 

The serine protease domains of tPA 
and chymotrypsin have a 40% sequence 
identity; thus, comparing the sequence of 
tPA with the structure of chymotrypsino- 
gen, we identified residues of tPA that are 
likely to contribute to the constitutive 
activity of single-chain tPA. The active 
conformation of members of the chymo- 
trypsin family is secured by an ion pair 
between the ammonium ion of the mature 
NH2-terminus and the carboxylate of 
Asp194 (4), an invariant residue that is 
flanked by amino acids, that form the 
oxyanion hole ( 5 )  (Fig. 1). Although the 
zymogens chymotrypsinogen (4, 6) and 
trypsinogen (4, 7) differ in structure, both 
exhibit an altered conformation in which 
the side-chain of Asp194 is stabilized by an 
ion pair with a buried histidine, His4'. 
His4' also forms a hydrogen bond with 
Ser3' (4), which creates a triad (Asp194- 
His4'-Ser3') whose members are linked by 
ionic bonds (Fig. 1). The geometry of this 
"zymogen triad" found in chymotrypsino- 
gen is very similar to that of the familiar 
catalytic triad, which consists of the same 
three residues. 

In contrast to chymotrypsinogen and 
trypsinogen, tPA lacks the zymogen triad. 
Phe305 and AlaZ9' in tPA occupy positions 
that are homologous to His4' and Ses2 of 
chymotrypsin. To .assess whether zymogen 
status and activation could be conferred on 
tPA, we used oligonucleotide-directed, site- 
specific mutagenesis to construct complemen- 
tary DNAs (cDNAs) encoding the enzymes 
tPA(F305H) and tPA(A292S,F305H) (8). 
The mutated cDNAs were ligated into the 
SV40-based, transient expression vector 
pSVT7 (RI-), and the resulting constructs 
were used to transfect COS-1 cells by the 
DEAE-dextran method (9). 'Enzymes were 
harvested from serum-free media, and their 
concentration was measured by solid-phase 
radioimmunoassay. 

The activity of both the single- and two- 
chain forms of tPA, tPA(F305H), amd 
tPA(A292S,F305H) toward the synthetic 
substrate methylsulfonyl-D-cyclohexyltyro- 
sylglycyl-arginine-p-nitroaniline acetate was 
measured as previously described (1 0). Data 
from these assays allow (Table ' 1) several 
conclusions. (i) The catalytic efficiency of the 
two-chain form of both tPA(F305H) and 
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Two-chain 
77 2.5 X 105 
89 1.8X 105 
89 1.3X 105 
Singlechain 
30 3.9 x 104 
4.6 5.7 X 103 
1.1 9.2X102 

Two-chain-singlechain 
2.5 

19 
81 

tPA(A292S,F305H) is similar to that of two- A 
chain, wild-type tPA. (ii) As previously re- 
ported by our laboratory (1 0) and others (1 1 ), 
the catalytic efficiency of single-chain tPA is 
approximately 15% that of two-chain tPA. 
(iii) Singlechain tPA(A292S,F305H) pos- 
sesses 0.7% the catalytic efficiency and 1.2% 
the k,, of two-chain tPA(A292S,F305H), 
whereas single-chain tPA(F305H) has a p  
proximately 3.1 % the catalytic efficiency and 
5.3% the k,, of the corresponding two-chain 
enzyme. (iv) The decreased activity of the 
single-chain form of the mutated enzymes is 
almost entirely due to a decreased k,,. Upon 
activation cleavage, the k,, of tPA increases 3 
by approximately 2.5-fold, whereas those of 
tPA(F305H) and tPA(A292S,F305H) in- 
crease by 19-fold and 8 1-fold, respectively. \ \ 

Thus, simultaneous replacement of two 
residueF305H and A292!34ecreases the o a  & o I 

catalytic ethciency of single-chain tPA on $-O--'vN"'H 'Y 
synthetic substrates without altering the prop catalytic triad oxyanlon  onf functional hole o ~ c x  ca, N-o 

erties of the two-chain form of the enzyme. H c I I ' ~  I 

The net dect  is a si&cant improvement 
(approximately 20-fold) in the zymogenicity 
of tPA (defined as the ratio of the catalyac 
efficiencies of the two-chain mature enzyme 
and of the slngle-chain proenyme). Replace- Flg. 1. Interactiis in the actii site of chymotrypsin and chymotrypsinogen. (A) Schematic presentation 
ment of both residues is required to achieve and (8) atomic coordinates from Protein Data Bank file lcho (1 7) of the active site of chpobyp&m. (C) 
maximal reduction in the catalytic activity of Schematic presentation and (D) atomic coordinates from Protein Data Bank file 2cga (6) ofthe active site 
the single& m e :  substitution of of C-inogen. Shanrn are the catalytic triad Asp102-His57-Ser1m, residues 193 to 195 of the 
phem5 by  is alone improves the zymogek- oxyanh Me, the NH,-terminus lleI6 (which forms an ion pair with Asp1% in the mature enzyme only), 
ity of the enzyme by only fivefold. we H i p  and SeP, and Leul8 of the ovornucoid inhibitor, which binds to the oxyanion hole in the mature 

enzyme. The triad of interactims (Asp194-His*SeF) is present only in the zyrnogen and may be present 'Iude that the of His40 in the s i n g s i n  form of tPA(A292SF305H). Leut8 of the inhibiir is displayed in (D) to s h  that the 
ktly to the m e n i c i t y  of and backbone amides of the oxyanion hole (residues 193 and 195) are too far away to form hydrogen bands. 

that S d 2 ,  well removed from the catalytic 
center, further stabilizes the zymogen confor- 
mation of the singlechain enzyme. SAFIB, and the substrate, Lys-plasmhogen, both K,,, and k, for all three enzymes dem- 

To examine whether the two-chain forms the specific activities of the two-chain forms onstrates that, as with small, synthetic sub 
of tPA(F305H) and tPA(A292S,F305H) are of tPA(F305H) and tPA(A292S,F305H) strata, the two-chain forms of tPA(F305H) 
also fully active on the natural subsaate plas- were 97 and 87%, respectively, that of two- and tPA(A292S,F305H) are fully active on 
rninogen, we performed standard indirect chain tPA (12). A kinetic characterization of the protein substrate Lys-plasminogen. 
duomogenic assays of tPA activity (Table 2). the two-chain forms of these three enzymes in The single-chain form of the zymogen-like 
When assayed in the presence of saturating the indirect assay is summarized in Table 2. variants of tPA rmght be expected to display 
concentrations of both the coktor, DE- The dose correspondence between values of reduced reactivity toward not only synthetic 

and natural substrates but also specific inhib 
itors (13). The most important inhibitor of 

Tablo 1. Kinetic constants for cleavage of the chromogenic substrate methylsulfonyl-~cyclohexyl- in viva is endOthelial cell 
tyrosylglycyl-arginine-panitroaniline acetate (Spectrozyme tPA, American Diagnostica, Greenwich, activator type 1   PA-^), a 50-kD Connecticut) by both the single- and the twochain forms of tPA, tPA(F305H), and member of the serpin (serine protease inhibi- tPA(A292S,F305H) (25). Reaction conditions were as recommended by the manufacturer. 

tor) gene s u p e M y  (14). To measure the 

Me rate of interaction between PA-1 and the 
Form of tPA k (mM) ( (H$l) (kcaI/mO Z ~ m ~ e n i ~ i b '  single-chain fmna of *A, tPA(TMSH), and 

tPA(A292S,F305H), we performed a series of 
kinetic experiments, and the corresponding 
second-order rate constants were calculated. 
As shown in Table 3, single-chain tPA- 
(A292S,F305H) is inhibited by PA-1 at a p  
proximately 4% the rate of single-chain tPA. 

These data demonstrate that the substitu- 
tion of His for Phe at position 305 selectively 
reduces the reactivity of the single-chain tPA 
toward both substrates and specific inhibitors. 

6.7 
32 It appears likely that this reduced activity is a 

141 consequence of a hydrogen bond formed be- 
- tween the side chains of Hism5 and t % ~ ~ ~ ~ ,  as 
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Table 2. Kinet~c constants for the cleavage of 
Lys-plasminogen by the two-chain forms of tPA, 
tPA(F305H), and tPA(A292S,F305H). React~on 
conditions were as described (12). 

Substrate kinetics 
Two-chain t PA 

K, (PM) kcat (s-') 

Table 3. Second-order rate constants for the 
inhibition of the single-chain forms of tPA, 
tPA(F305H), and tPA(A292S,F305H) by PAI-1 
Reaction conditions were as described (26). 

Single-chain tPA Second-order rate 
constant ( M - I  s-I) 

is found between the corresponding residues 
in chymotrypsinogen (Fig. 1) to stabilize a 
nonfunctional oxyanion hole (Fig. 1B). Con- 
sistent with this model, the zymogenicity of 
the mutant tPA(A292S,F305H) results pri- 
marily from a reduction in kc,, of the single- 
chain enzyme. The catalytic efficiency of 
tPA(A292S,F305H) is 2.4% that ofwild-type 
tPA. This corresponds to a change in activa- 
tion energy (AAG?) of 2.3 kcallmole (Table 
1). which is eauivalent to the loss of a single 
G r o g e n  bond [for example, in transfer RNA 
svnthetase (131. but less than that reuorted , , ., 
for modification of residues in the catalytic 
triad of trypsin (1 6) or subtilisin (1 7). 

Transition-state destabilization, observed 
as decreases in kcat, is not the only source of 
zymogenicity in chymotrypsin family proen- 
zymes. In terms of catalytic efficiency toward 
good peptide substrates, trypsinogen and chy- 
motrypsinogen have values for k,,,/K,,, that 
are loF5 to those of trypsin and chyrno- 
trypsin (1). Both kcat and K ,  are reduced by 
two to three orders of magnitude (18), and 
the zymogenicity is thought to include contri- 
butions from both substrate binding (1, 6) and 
transition-state stabilization (1. 18). Bv con- > ,  , , 
trast, with weakly bound substrates such as 
alyl or glycyl nitrophe~~yl esters K, remains 
unchanged and a reduction by a factor of 100 
is observed in kcat in the zymogen (1 8). Thus, 
single-chain tPA(A292S,F305H) reproduces 
the kc,, effects exhibited by trypsinogen and 
chymotrypsinogen toward weakly bound sub- 
strates but exhibits none of the lowered K,, 
effects of the strongest zymogens. 

The geometry of the A ~ p ' ~ ~ - H i s ~ ~ - S e r i ~  
zytnogen triad is similar to that of the cata- 
lvtic triad of A s ~ ' ~ ~ - H i s ~ ~ - S e r ' ~ ~ :  the two 
tiiads in chymo;rypsinogen [~roie in  Data 
Bank (Brookhaven National Laboratories, 

Upton, New York) files lcho (19) and 2cga 
(6)] superimpose with a root mean square 
deviation of only 1.3 A. However, because 
there is no similarity of the surrounding 
backbone structure, it appears that these 
triads evolved separately and are not the 
result of a gene duplication. The catalytic 
triad has also evolved several times and has 
been observed in the active site of subtilisins 
(5), phospholipases (20) and a plant serine 
carboxypeptidase (21). It is clear, then, that 
the Asp-His-Ser triad has been adapted to 
catalvze different hvdrolvtic reactions. The 
evidence presented'here; however, demon- 
strates that this triad has also been adapted 
to perform a regulatory role. 

The magnitude of activation by proteolyt- 
ic cleavage-activation, or zymogenicity, var- 
ies among enzymes of the chymotrypsin fam- 
ily. Zymogens such as chymotrypsinogen, 
trypsinogen, proelastase, and plasminogen are 
essentially inactive in the uncleaved state, 
with measured zymogenicities of lo4 to lo6. 
Other proteases of the chymotrypsin family 
exhibit an intermediate zymogenicity. For ex- 
ample, the activity of two-chain tPA is 6.7- 
fold greater than tllat of single-chain tPA (1 0, 
11), the activity of urokinase is 250-fold 
greater than that of prourokinase (22), and 
the activity of factor XIIa is 4000-fold greater 
than that of factor XI1 (23). The reasons for 
this wide range of zymogenicities are un- 
known. Although the best of these zymogens 
contain both His4' and SeP2. our results show 
that the presence of these two residues is not 
sufficient to endow tPA with full zvmoeenic- , - 
ity. In the case of 'chymotrypsinogen and 
trypsinogen, changes in both the specificity 
pocket and the oxyanion hole could contrib- 
ute to the differences in kcat and K, of the 
zymogens (1 6). Other parts of the tPA struc- 
ture may also be involved, because Petersen et 
al. (24) have shown that the single- and 
two-chain forms of the mutant enzyme 
tPA(K416L) (8) are lower in catalytic activity 
than the corresponding wild-type enzymes. 

Finally, tPA(F305H) and tPA(A292S, 
F305H) display a combination of properties 
that might extend their therapeutic range. 
Because the single-chain form of the mutant 
enzymes is less active than wild-type tPA and 
is more resistant to inhibition bv PAI-1. it 
should be possible either to increase the dose 
of the enzyme without increasing the risk of 
hemorrhage or to reduce the dose of enzyme 
without compromising the rate or extent of 
dissolution of obstructive thrombi. Both of 
these courses of action would have advantages 
in different clinical settings. 

REFERENCESANDNOTES 

1. A. Gertler, K A. Walsh, H. Neurath, Biochemistry 
13, 1302 (1974): N. C. Robinson, H. Neurath, K A. 
Walsh, ibid. 12, 420 (1 973). 

2. D Collen J. Cell. Biochem. 33, 77 (1987); R. D. 
Gerard and R. S. Meidell Annu. Rev Physiol 51, 

245 (1 989) K. Dano etal., Adv Cancer Res. 44,139 
(1 985). 

3. D. Collen etal., Circulation73, 51 1 (1986), K. Rao, 
J, Am. Coll Cardiol. 11, I (1 988), R. M Califf etal., 
Am, J. Med. 85, 353 (1 988) 

4 S. T. Freer etal., Biochemistry9, 1997 (1970); H. 
Fehlhammer, W Bode, R. Huber, J. Mol. Biol. 11 1, 
415 (1977). 

5. J. D. Robertus, J. Kraut, R. A Alden, J. J B~rktoft, 
Biochemistry 1 1 , 4293 (1 972) 

6. D. Wang W. Bode, R. Huber, J. Mol. Biol. 185, 
595 (1 985) 

7. A A. Kossiakoff, J L. Chambers, L. M. Kay, R. M 
Stroud, Biochemistry 16, 654 (1977). 

8. Mutations are indicated with the single-letter amino 
acid code. Thus, Phe305-His IS indicated by 
F305H. Abbreviat~ons for the amino ac~d  residues 
are: A, Ala; F, Phe H, His: K, Lys; L, Leu, and S, Ser. 

9. J. Sambrook, E. F. Fritsch, T. Man~atis, Molecular 
Cloning: A Laboratory Manual (Cold Spring Har- 
bor Laboratory Press, Cold Spring Harbor, NY, 
ed. 2 1989). 

10. J A, Boose et a/., Biochemistrv 28, 635 (1 989). 
11. L. C Peterson et a/., Biochim. Biophys. Acta 952, 

245 (1 993). 
12. E, L. Madison, E. J. Goldsmith, R. D Gerard, M.-J. 

Gething, J. F. Sambrook, Nature339 721 (1989); 
E. L, Madison etal., Proc, Natl. Acad. SCI. U.S.A. 
87, 3530 (1 990). 

13. E. Antonini et a / .  J. Mo l  Biol 165, 543 (1 983). 
14. R. W. Carrell and D. R Boswell in Proteinase 

Inhibitors, A. J. Barrett and G. S. Salvesen, Eds. 
(Elsevier, Amsterdam, 1986) pp 403-420, H. 
Pannekock, EMBO J. 5 2539 (1986) D. Gins- 
berg, J. Clin. Invest. 78, 1673 (1986). 

15. T. N. C. Wells and A. R. Fersht Nature 316, 656 
(1 985) 

16. D. R. Corey and C. S. Craik J. Am. Chem. Soc. 
114, 1784 (1992). 

17. P. Carter, L. ~b;ahms, J. A. Wells, Biochemistry 
30, 61 42 (1991) 

18. M. A. Kerr, K. A. Walsh, H. Neurath, ibid. 15, 5566 
(1976) J. D. Lonsdale-Eccles, H. Neurath, K. A. 
Walsh, ibid. 17, 2805 (1978). 

19. M. Fujinaga e l  a l .  J. Mol. Biol 195, 397 (1 987). 
20. L. Brady et a/., Nature.343, 767 (1990). 
21. D.-L. Liao and S. J. Remington, J. Biol. Chem. 

265, 6528 (1 990). 
22. L. C. Petersen, L. R, Lund, L. S. Nielsen, K. Dano, 

L. Skriver, ibid. 263, 11 189 (1988) 
23. M. Sllverberg and A. P. Kaplan Blood 60, 64 

(1 982). 
24, L. C. Petersen, E. Boel, M. Johannessen, D. 

Foster, Biochemistry 29, 3451 (1 990). 
25. Ol~gonucleotide-med~ated, site-d~rected muta- 

genesis was performed according to standard 
protocols (9). The synthetic oligonucleotides 
used to introduce the mutations were 5'-GGAG- 
AGCGGCACCTGTGCGG-3' (F305H) and 5'-TG- 
GCAGGCTTCCATCTTTG-3' (A292S) After muta- 
genesls, both the presence of the desired muta- 
tion and the absence of second site mutations 
were verified by DNA sequencing. Complemen- 
tary DNAs encoding variants of tPA were ligated 
into the transient expression vector pSVT7, and 
the resulting constructs were used to transfect 
COS cells by the DEAE-dextran method. Condl- 
tioned media were collected, and the enzyme 
concentrat~on was measured as described (12). 
Ninety-five percent of the tPA produced by this 
protocol is in the s~ngle-chain form ( 1 ,  10). This 
0bse~at ion was verified for the tPA, tPA(F305H), 
and tPA(A292S,F305H) samples by protein Immu- 
noblotting. Convers~on of the single-chain en- 
zymes Into their two-chain forms was accom- 
plished by incubation w~th plasmin-Sepharese 
beads as described (19) and confirmed by pro- 
tein immunoblott~ng. 

26. K. Beatty et al., J. Biol Chem. 255, 3931 (1 980); 
W. E. Holmes e ta l ,  Biochemistry26, 5133 (1987); 
E. L. Madison, E. J. Goldsmith, M. J. Gething, J. F. 
Sambrook R. D. Gerard, J 5101. Chem 265, 
21 423 (1 990) 

17 May 1993; accepted 23 August 1993 

SCIENCE VOL. 262 15 OCTOBER 1993 




