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ABSTRACT: In a previous study, it was shown that fibrin fragment E-2 selectively promotes the activation 
of plasminogen by pro-urokinase (pro-UK) [Liu, J., & Gurewich, V. (1991) J. Clin. Invest. 88,2012-20171. 
In this study, the kinetics of this promotion by fragment E-2 was studied. Alanine-158-rpro-UK (A-pro-UK), 
a recombinant plasmin-resistant mutant, was used in order to avoid interference by UK generation during 
the reaction. In some experiments, pro-UK was substituted in order to validate the mutant as a surrogate. 
In the presence of a range of concentrations (0-20 pM) of fragment E-2, a linear promotion of the catalytic 
efficiency of A-pro-UK against native Glu-plasminogen was seen which was 245.5-fold at  the highest 
concentration of fragment E-2 and 450-fold at  the highest ratio of E-2/plasminogen used. The promotion 
was largely a function of an increase in kat, since fragment E-2 induced a <lO-fold reduction in KM (8.50-1.40 
pM). In contrast to this ligand, E-aminocaproic acid (EACA) induced a biphasic promotion of the activation 
of Glu-plasminogen which was only 18-fold at  maximum. Fragment E-2 did not promote the activation 
of Lys-plasminogen, but the catalytic efficiency of A-pro-UK was 19.7-fold greater against the open Lys- 
form than against the closed Glu- form of plasminogen. Fragment E-2 had no effect on the amidolytic 
activity of A-pro-UK or pro-UK, suggesting that the promotion of their activities was indirect and related 
to a fragment E-2-induced conformational change in Glu-plasminogen. Since EACA or Lys-plasminogen 
had relatively little effect on plasminogen activation by A-pro-UK, the fragment E-Zinduced conformational 
change is believed to be novel and different from the well-established open Lys- form of plasminogen. 
Fragment E-2 caused little (2-fold) promotion of UK-induced plasminogen activation. The observed fibrin 
fragment E-2 effect on the activity of pro-UK may explain its fibrin specificity and illustrates a mechanism 
of fibrin-dependent plasminogen activation which is unrelated to fibrin affinity of the activator. 

Eo-urokinase (pro-UK) or single chain urokinase-type 
plasminogen activator is a precursor of two-chain urokinase 
(UK) which, unlike the latter, induces fibrin-specific clot lysis 
in a plasma milieu (Gurewich et al., 1984; Zamarron et al., 
1984). In plasma, p rdJK is inert and stable, but when a fibrin 
clot is introduced, plasminogen activation is triggered (Pannell 
& Gurewich, 1986). Since pro-UK has no significant fibrin 
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affinity, the mechanism by which its fibrin specificity may be 
explained has remained elusive. 

The fibrin dependence of pro-UK has been postulated to 
be due either to neutralization by fibrin of a competitive in- 

' Abbreviations: pro-UK, pro-urokinase or singlechain urokinase type 
plasminogen activator; UK, twcFchain urokinase; fragment 5 2 ,  a purified 
derivative of fibrin; A-pro-UK, alanine-1 58 mutant recombinant pro- 
urokinase made by site-directed mutagenesis (Lys- 158 - Ala- 158); 
EACA, a-aminocaproic acid; SK, streptokinase; u-PA, urokinase-type 
plasminogen activator; Plg, plasminogen; Pln, plasmin; pNA, p-nitro- 
alanine; F, promotional factor; CNBr-2, cyanogen bromide-2 fragments 
derived from fibrinogen; t-PA, tissue-plasminogen activator. 
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hibitor in plasma (Lijnen et al., 1986) or to a particular fib- 
rin-mediated conformational change in Glu-plasminogen 
(Pannell & Gurewich, 1986). Later, certain carboxy-terminal 
lysines in partially degraded fibrin were implicated in this 
mechanism since clot lysis by pro-UK, but not by other ac- 
tivators, was accelerated by plasmin pretreatment of the fibrin 
clot, and this effect was nullified by carboxypeptidase B 
(Pannell et al., 1988). Carboxy-terminal lysines have been 
shown to be responsible for high-affinity binding to plasmi- 
nogen (Christensen, 1985), and recent evidence was obtained 
that the carboxy-terminal lysines in fibrin fragment E are 
involved in the promotion of pro-UK-induced plasminogen 
activation (Liu & Gurewich, 1991). Fragment E has a 
carboxy-terminal lysine on each of its three chains and has 
an especially high affinity for plasminogen (Varadi & Patthy, 
1984). 

In the present study, the kinetics of this promotion of pro- 
UK activity by purified fibrin fragment E-2 against Glu- 
plasminogen, the native form, were analyzed. The findings 
were compared with those against Lys-plasminogen, the 
plasmin-cleaved form lacking N-terminal residues Glu- 1- 
Lys-76 and with promotion by r-aminocaproic acid (EACA). 
The plasmin-resistant mutant rpro-UK was used as a surrogate 
in order to avoid interference by UK generation during the 
reaction. 

MATERIALS AND METHODS 
A plasmin-resistant mutant rpro-UK constructed by site- 

directed mutagenesis of Lys- 158 to Ala-1 58 (A-pro-UK) was 
a gift from Collaborative Research Incorporated (Bedford, 
MA). Its concentration was determined from the absorbance 
(280 nm) divided by the extinction coefficient = 
13.6)(White & Barlow, 1970) of UK. Urokinase ( 5 5  kDa) 
was purchased from Green Cross (Osaka, Japan), and its 
concentration was standardized against the UK International 
Reference (NIBSC, London, UK). Native Glu-plasminogen 
was prepared from DFP-treated human bank plasma (Cas- 
tellino & Powell, 198 1). Lys-plasminogen was obtained by 
plasmin treatment of purified Glu-plasminogen (Lucas et al., 
1983a). a-Aminocaproic acid (EACA) was obtained from 
Sigma, and synthetic substrate for plasmin (S2251) was ob- 
tained from Kabi (Franklin, OH). 

Fragment E-2 was prepared by a modification of the method 
of Varadi and Patthy (1983, 1984) as previously described (Liu 
& Gurewich, 1991). 

The preparation was tested for plasmin activity with S2251, 
and trace activity was found. To remove this, the preparation 
was treated with diisopropyl fluorophosphate ( 5  mM) for 1 
h (37 "C) and then dialyzed exhaustively against buffer (0.05 
M sodium phosphate, 0.15 M NaC1, pH 7.8). 

The concentration of fragment E-2 was determined from 
the absorbance (280 nm) divided by the extinction coefficient 
of fragment E-2 = 10)(Panyim & Chalkley, 1969). 
It was additionally measured using a Bio-Rad Protein Assay 
Kit. The final preparation was examined by gradient (5-15'36) 

Characterization of A-pro-UK-A Comparative Study with 
pro-UK. The amidolytic activities of A-pro-UK and pro-UK 
were measured with synthetic substrate S2444 as previously 
described (Pannell & Gurewich, 1987). The plasminogen 
activating activities were measured in reaction mixtures con- 
taining 0.48 pM Glu-plasminogen and 1 .O nM A-pro-UK or 
pro-UK in the presence and absence of fragment E-2 (20 pM) 
incubated at room temperature over time. At 10-min intervals, 
50-pL aliquots were removed and assayed for plasmin gen- 
eration by addition to 50 pL of a solution containing S2251 

SDS-PAGE. 
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(3 mM) and amiloride (0.5 mM) and 0.15 M NaC1, 0.1% 
BSA, 0.01% Tween 80, and 0.05 M sodium phosphate (pH 
7.8). Two-chain urokinase generated during the reaction was 
monitored by including 12SI-pro-UK/12SI-A-pro-UK in the 
reaction mixtures. The sensitivities to plasmin and thrombin 
were studied as previously described (Gurewich et al., 1988). 

Continuous Assay for Plasmin Generation by A-pro-UK or 
UK in the Presence of Fragment E-2 or EACA. Time-ab- 
sorbance curves of plasminogen activation were obtained by 
measuring the OD increase of the reaction mixture with time 
at the selected wavelength 410 nm and the reference wave- 
length 490 nm (410/490 nm) on a microtiter plate reader 
(Dynatech MR 5000). The reaction mixture contained S2251 
(1.5 mM), Glu-plasminogen or Lys-plasminogen (4 pM and 
8 pM), and UK (1.0 nM) or A-pro-UK (1.0 nM), in the 
presence of fragment E-2 (0-20 pM) or EACA (0-20 mM). 
The reactants were made up in 0.05 M sodium phosphate, 0.15 
M NaC1,0.2% BSA, 0.01% Tween-80, pH 7.8, and incubated 
at room temperature. A fixed C1- concentration was used in 
all the reactions since this has been shown to affect plasmi- 
nogen activation (Urano et al., 1987a,b). 

Methodology Used for the Kinetic Analysis. Plasminogen 
activation by UK or A-pro-UK coupling with measuring 
plasmin generation with chromogenic substrate S-225 1 can 
be described by the following two reactions: 

plasminogen - plasmin 
U-PA 

plasmin 
S2251 - peptide + PNA (u410/490~m) 

The timeabsorbance curves of these reactions were plotted 
from the assay described above. The value for KM was then 
determined directly by curve fitting using the integrated rate 
equation (eq l) ,  adapted from Chibber et al. (1985), where 

r is the molar extinction coefficient for pNA in a 100-pL well, 
A is absorbance, the subscript i represents the concentration 
used, and 8, is the value for the background (B = A,4). Curve 
fitting was performed on early time points, before depletion 
of substrates became significant, using the Enzfitter program 
(Elsevier-Biosoft, Cambridge, UK). During this time D is 
constant: 

The KM of u-PA can be determined from the following 
experiments and calculations: 

ED kcat,uPA [upA1 [Pkl i 
2 K M , ~ P A  + Pkli 

A(f ) i410 /490nm = Hit2 + B 

(2) Hi = - 

so that 

(3) 
Hi was directly obtained by nonlinear regression analysis using 
the Enzfitter program. 

In the presence of fragment E-2 (0-20 pM) or EACA (0-20 
mM), plasminogen forms complexes with ligands as a real 
substrate for u-PA. The concentration of new substrate can 
be calculated as follows: 

(4) 
( A - X ) ( B - X )  

X K,j = 

where A is the concentration of plasminogen, and B is the 
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concentration of fragment E-2 or EACA. X is the concen- 
tration of the complex. The Kd for fragment E-2 (fibrin 
degradation products) of Glu-plasminogen or of Lys-plasmi- 
nogen is about 0.3 pM (Tran-Thang et al., 1986; Bachmann 
& Tran-Thang, 1990). The Kd for EACA of Glu-plasminogen 
is about 0.01 mM and of Lys-plasminogen it is about 0.02 mM 
(Lucas et al., 1983a). According to eq 4 

A + B Kd- d ( A  4- B Kd)2- 4AB 
2 ( 5 )  

In this experimental condition, Xm = [Plg],, Xn = [Pig], 
If [u-PA] is fixed, using two different concentrations of 

substrate, plasminogen [Plg], or [ Plg],, different values for 
Hi can be obtained as follows: 

X =  

If [Plg], = c, [Plg], = nc, and the following is defined: 

Therefore 
naKM,upA + nca = KM,upA + nc 

KM,upA(na 1) = nC(1 = a) 

The following equation, obtained from the above calculations, 
was used to calculate the KM: 

(7) 

In the presence of different concentrations of fragment E-2 
or EACA, on the basis of the studies of Christensen (1978) 
with EACA which we have duplicated with fragment E-2, the 
values for D are constant within the range of concentrations 
of EACA, fragment E-2, and plasminogen which were used. 
Therefore, it was possible to compare the catalytic efficiencies 
of u-PA with or without fragment E-2 or EACA by the fol- 
lowing procedure. 

The kinetic parameters (KM and kat) of A-pro-UK were 
postulated to change with the concentration of fragment E-2 
or EACA whose presence is indicated by a prime (‘). 
Therefore, the following equations were used: 

In this study, every reaction was compared with that of u-PA 

kDa 
00- 

E-1 - 
E-2 - 
E-3- 

-92 
-66 

-45 
-31 

-21 
-14 

1 2 3 4 5  
FIGURE 1: Gradient (5-15%) SDS-PAGE of the fragment E-2 
preparation. Lane 1: fibrin digest containing the DD-E complex 
which partially dissociated in SDS buffer and fragment D and E. Lane 
2: fractions from column 1 pool A containing the DD-E complex. 
Lane 3: fractions from column 1 pool B containing fragments D, E-2, 
and E-3. Lane 4: fractions from column 2 pool B containing purified 
fragment E-2. 

without any ligands, so the Hi always was presented by Ho. 
The ratio of catalytic efficiencies of the two reactions (F) was 
expressed as follows: 

(9) 
~~~~.UPA/KM,UPA 

F =  
k‘,t,uPA/ K‘M,uPA 

So, according to eq 8 

C 

[(l-a)/(a - n-I)]c 

I =  C‘ 

[(I - &)/(a‘ - n-’)]c’ 

The difference in Gibbs free energy between the two reactions 
was derived from eq 12 in which R is the gas constant and 
T is the absolute temperature. 

kcat,uPA/KM,uPA 
AAG; = -RT In = -RTln F (12) 

&t,uPA/ ‘M.uPA 

RESULTS 
Characterization of the Fragment E-2 Preparation by 

SDS-PAGE. The fibrin digestion mixture containing the 
DD-E complex and fragments D and E (lane 1) and selected 
fraction pools from column 1 containing the DD-E complex 
which partially dissociated in the SDS buffer (lane 2) and 
fragments D, E-2, and E-3 (lane 3) and from column 2 con- 
taining the purified fragment E-2 were visualized by gradient 
(5-15%) SDS-PAGE (Figure 1). 

Characterization of A-pro-UK-A Comparative Study with 
pro-UK. The A-pro-UK had activities against synthetic 
substrate or against plasminogen which were =0.1% and = 
0.5% that of UK, respectively, consistent with other Lys-158 
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Table I: Summary of the Maximum Promotion Factors Induced 
by Fragment E-2 and by EACA on Plasminogen Activation 
by A-pro-UK or UK Expressed as a Fraction of the Buffer 
Control Value 1 Promoting v., ~ Factor 

(F) 

t 25 
t \  

201 1 I 

'\,/'' 60 
0 5 10 15 20 

EACA (mM) 

FIGURE 7: Glu-plasminogen activation by UK. The effect of EACA 
(0-20 mM) on KM (m) and on the promotion factor (F) (0) (see legend 
to Figure 3) .  

plasminogen concentration, the slope remained linear up to 
the maximum ratio tested (Figure 6). 

When fragment E-2 was replaced by EACA (0-20 mM), 
the highest F value obtained was 18, which was at 2.0 mM 
EACA (Table 2 in the supplementary material). At higher 
concentrations of EACA or EACA/plasminogen ratios, lower 
F values were found (Figure 4). 

Lys-plasminogen: Against Lys-plasminogen (1.2 and 2.4 
pM), A-pro-UK had a 19.7-fold higher catalytic efficiency 
than it had against Glu-plasminogen, calculated from eqs 8-1 1. 

When fragment E-2 (6 pM) was added, however, inhibition 
rather than promotion was observed with an F value of 0.7 13 
(f0.014) (Table 3 in the supplementary material). Inhibition 
of plasminogen activation was also seen with EACA where 
the F was =0.70 and plateaued at an EACA concentration 
of >1.0 mM (Figure 5 ) .  

Plasminogen Activation by UK with and without the Lig- 
ands. Glu-plasminogen: Urokinase has a 195.2-fold (f14.1) 
higher catalytic efficiency against Glu-plasminogen than did 
A-pro-UK (therefore the F for UK vs A-pro-UK was 195.2). 
The addition of fragment E-2 (20 p M )  induced a reduction 
in KM from 42.5 (f0.21) to 8.90 (f0.46) pM. This was 
associated with a slight increase in catalytic efficiency (F = 
396.3 for UK + fragment E-2 vs A-prc-UK). Therefore, there 
was a 2.03-fold increase in catalytic efficiency induced by the 
ligand (396.3/195.2) (Table 1 in the supplementary material). 

The addition of EACA (0-20 mM) also induced some re- 
duction in KM, but only at concentrations <15 mM. The peak 
effect (KM 16 f 1.20 pM) was seen at 5 mM EACA. This 
was associated with an 8.25-fold increase in catalytic efficiency. 
No promotion was seen at 115  mM EACA (Figure 7) and 
Table 4 in the supplementary material). 

Lys-plasminogen: Against Lys-plasminogen, the catalytic 
efficiency of UK was 13.2-fold higher than against Glu- 
plasminogen, not dissimilar to the 19.7-fold for A-pro-UK 
against Lys- vs Glu-plasminogen. When EACA was added, 
only a slight promotion (1.15-fold) of the activation of Lys- 
plasminogen was seen associated with a slight reduction in KM 
(1.33 f 0.15 to 0.94 f 0.06 pM) (Table 3 in the supple- 
mentary material). 

Summary of the Promotion (F) by the Ligands on the 
Catalysis of Plasminogen Activation. The predominant 
promotion found was that of fragment E-2 on Glu-plasminogen 
activation by A-pro-UK, which was promoted at least 450-fold, 
since promotion had not yet saturated at the highest ratio of 
fragment E-2 to Glu-plasminogen used. By contrast, there 
was only an 18-fold promotion of this same reaction by EACA 
at the optimal concentration. Little promotion by the ligands 
was seen of UK-induced activation of Glu- or Lys-plasminogen. 
Lys-plasminogen activation by A-pro-UK was inhibited by the 
ligands (Table I). 

Glu-plasminogen Lys-plasminogen 
E-2 EACA buffer E-2 EACA buffer 

A-pro-UK >450 18 1 <1 < 1  1 
UK 2.0 8.25 1 ND 1.15 1 

The relative Gibbs free energy for the reactions was cal- 
culated from eqs l l and 12. The biggest differential in free 
energy was between A-pro-UK against Glu-plasminogen in 
buffer which was essentially zero and this reaction in the 
presence of fragment E-2 which was 150. The free energy of 
the latter reaction was greater than that of UK against Glu- 
plasminogen, which was .ibout 130. The reaction of A-pro-UK 
in the presence of fragment E-2 was close to the maximum 
of the relative free energy in u-PA-induced plasminogen ac- 
tivation which was =180 and which was represented by the 
reaction of UK against Lys-plasminogen. 

Amidolytic Activities of pro-UK, UK, and A-pro-UK in the 
Presence and Absence of Fragment E-2. No stimulation was 
observed in the amidolytic activities of pro-UK, UK, or A- 
pro-UK by fragment E-2 (20 pM), suggesting that fragment 
E-2 did not directly interact with these activators. 

DISCUSSION 
The mechanism responsible for the fibrin selectivity of 

pro-UK-induced fibrinolysis remains unexplained. Previous 
studies have shown that fibrin-dependent plasminogen acti- 
vation by pro-UK in plasma was invariably preceded by a lag 
phase which was significantly attenuated by plasmin pre- 
treatment of the fibrin (Pannell et al., 1988). Plasmin pref- 
erentially cleaves fibrin at the carboxy side of lysyl residues 
(Weinstein & Doolittle, 1972) thereby exposing carboxy- 
terminal lysines (Violand et al., 1975), which have been shown 
to be important secondary plasminogen binding sites (Bok & 
Mangel, 1984; Fleury & Angles-Cano, 1991). Recently, it 
was shown that the three carboxy-terminal lysines in fragment 
E, a fibrin degradation product, selectively promoted plas- 
minogen activation by pro-UK, whereas fragment D, a con- 
stituent of intact fibrin, promoted plasminogen activation by 
tissue plasminogen activator (t-PA) (Liu & Gurewich, 1991). 

A Lys-158 plasmin-resistant rpro-UK mutant was used in 
the present study to avoid interference by UK generation 
during the reactions. The mutant was validated as a surrogate 
for pro-UK by studies with pro-UK itself in which measure- 
ments were limited to time points before significant (<2%) 
UK generation by plasmin occurred (Figure 2). A method 
of analysis was used on the basis of an equation of Chibber 
et al. (1985) to describe plasmin generation in the presence 
of the synthetic substrate S2251 in a continuous or accumu- 
lative system. By this method, the Michaelis constant (KM) 
and catalytic efficiency can be calculated with only two con- 
centrations of substrate, assuming Michaelis-Menten kinetics. 
This assumption is valid since the activations of Glu-plasmi- 
nogen either by pro-UK in the presence of CNBr-2 fragments 
(Kirchheimer et al., 1987) or by two other plasmin-resistant 
mutants of pro-UK (Nelles et al., 1987) or by t-PA in the 
presence of various fibrin(ogen) fragments (Hoylaerts et al., 
1982) all follow Michaelis-Menten kinetics. 

The analytic method was tested by using it to measure the 
KM of UK and of A-pro-UK against Glu- or Lys-plasminogen. 
The values obtained (42.5 pM and 8.50 pM, respectively) were 
representative of several of those in the literature for UK and 
for other Lys-158 pro-UK mutants (Table 5 in the supple- 
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activity against Lys- than against Glu-plasminogen, an order 
of magnitude comparable to that reported for UK (Lucas et 
al., 1983b). 

The finding that only native plasminogen activation was 
promoted by fragment E 2  explains a previous observation that 
the fibrin specifcity of pro-UK-induced clot lysis was lost when 
Glu-plasminogen in the plasma was replaced by Lys-plasmi- 
nogen (Pannell & Gurewich, 1986). 

In the presence of fragment E-2, A-pro-UK had a plas- 
minogen-activating activity comparable to that of UK, so that 
there was near full activity without activation by proteolytic 
cleavage. This is not necessarily inconsistent with certain 
reports that pro-UK has no significant intrinsic activity (Kasai 
et al., 1985; Urano et al., 1988; Husain, 1991), since these 
kinetic studies did not include ligands. Rather, the present 
study shows that pro-UK has a substantial latent intrinsic 
activity against plasminogen which is triggered by a fibrin 
fragment. Therefore, the findings illustrate a mechanism for 
fibrin-dependent plasminogen activation independent of fibrin 
affinity, which contrasts with the well-established paradigm 
illustrated by t-PA in which fibrin specificity is mediated by 
fibrin binding (Hoylaerts et al., 1982). Since the fragment 
E region in fibrin is created by plasmin degradation and is not 
available in intact fibrin, the present findings are also consistent 
with both the characteristic lag phase of pro-UK-induced clot 
lysis (Pannell & Gurewich, 1986) and its attenuation by lim- 
ited plasmin treatment of a clot (Pannell et al., 1988). 

However, the comparability of the plasminogen-activating 
activities of pro-UK and UK in the presence of fragment E-2 
appears to contradict previous findings that fibrinolysis is 
considerably amplified by the activation of pro-UK on the clot 
surface (Gurewich et al., 1988; Declerk et al., 1990). This 
paradox has been explained by the fact that UK is unrestricted 
whereas pro-UK is restricted to the activation of fragment- 
E-bound plasminogen on the clot (Pannell & Gurewich, 1992). 

It has not been shown that the soluble system used in these 
investigations reproduces the conditions present on the fibrin 
surface, particularly with reference to the availability of C- 
terminal lysines in the fragment E region. However, certain 
ex vivo and in vivo observations suggest that the necessary 
conditions to express the intrinsic activity of pro-UK do exist 
on the fibrin surface. For example, a Lys- 158 mutant pro-UK 
with little amidolytic or plasminogen-activating activity and 
which was essentially inactive against intact clots induced 
effective lysis when clots were plasmin pretreated or when a 
small dose of t-PA was added to plasma to initiate fibrinolysis 
(Gurewich et al., 1988). Similarly, Collen et al. (1989) showed 
that two Lys-158 pro-UK mutants (Ala-158 and Glu-158), 
which had little activity in vitro, had surprising thrombolytic 
activity in rabbits with jugular vein thrombosis. This dis- 
crepancy between the in vitro and in vivo activities may be 
explained by the presence of sufficient t-PA in vivo to initiate 
fibrin degradation so that the new plasminogen-binding sites 
required by the Lys-158 mutants would be made available. 
Finally, when fibrin clots were pretreated with plasmin or when 
a small amount of t-PA was added to the plasma in which they 
were suspended, pro-UK-induced clot lysis was greatly ac- 
celerated (Pannell et al., 1988). 

In conclusion, plasminogen activation by A-pro-UK, a 
pro-UK surrogate, was shown to be promoted more than 
450-fold by fibrin fragment E-2. This promotion gave it an 
activity comparable to that of UK and was largely related to 
a change in kat. Promotion was mediated by an interaction 
between Glu-plasminogen and fragment E-2, since the ligand 
had no affect on the amidolytic activity of A-pro-UK or 

mentary material). In addition, the relative catalytic efficiency 
of A-pro-UK obtained by the method was about 0.5% that of 
UK, which is comparable to the 0.4% figure reported by two 
groups for the intrinsic of pro-UK (Pannell & Gurewich, 1987; 
Petersen et al., 1988). 

In the presence of fragment E-2, a linear promotion (F) of 
Glu-plasminogen activation by A-pro-UK was obtained which 
was 245.5-fold at the highest concentration of fragment E-2 
(20 NM) (Figure 3). Promotion was a function of the ratio 
of fragment E-2 to plasminogen, probably reflecting that it 
was predominantly the fragment E-2-bound plasminogen, 
rather than free plasminogen, which was being activated. At 
the highest E-2/plasminogen ratio used (41.6/ l), which was 
obtained by reducing the plasminogen concentration, promo- 
tion was 450-fold without saturating (Figure 6). Since there 
was only about a 10-fold reduction in the KM of A-pro-UK 
against Glu-plasminogen, promotion was largely a function 
of the k,, (Figure 3). A comparable promotion was also seen 
with pro-UK over early time points, before significant UK 
generation occurred (Figure 2). By contrast, fragment E-2 
induced little promotion (2-fold) of UK-induced plasminogen 
activation. This may be in part related to UK being already 
close to the maximum for this reaction, as reflected by its 
relative Gibbs free energy against Glu-plasminogen (-1 30), 
compared with that against Lys-plasminogen (-180) which 
probably represents the upper limit. 

By contrast, EACA, a ligand which binds to both the strong 
and weaker lysine binding sites on plasminogen (Markus et 
al., 1978a), induced a biphasic promotion of Glu-plasminogen 
activation by A-pro-UK which was 18-fold at the optimal 
EACA concentration (2 mM) (Figure 4). A similar promotion 
of other activators has been reported at the EACA concen- 
tration range used (Claeys & Vermylen, 1974; Markus et al., 
1978b). At higher concentrations, EACA is an inhibitor of 
this reaction (Lorand & Condit, 1965). The contrasting effects 
of these ligands on pro-UK suggest that fragment E-2 induces 
a different modification in Glu-plasminogen than the open 
Lys-form which is induced by EACA (Alkjaersig, 1964; 
Castellino et al., 1973; Violand et al., 1975; Ramakrishnan 
et al., 1991). The special fragment E-Zinduced conformation 
of Glu-plasminogen may be mediated by cooperativity of its 
three carboxy-terminal lysines which are responsible for the 
high affinity of this fragment for plasminogen (Varadi & 
Patthy, 1984). The alternative explanation that fragment E-2 
increases the amidolytic activity of A-pro-UK or pro-UK was 
excluded. 

An interaction between the N-peptide of Glu-plasminogen 
and pro-UK could also be involved since Lys-plasminogen 
activation was slightly inhibited rather than promoted by 
fragment E-2 (Figure 5 ,  and Table 3 in the supplementary 
material). Lys-plasminogen is generated by removal of an 
N-peptide by plasmic cleavage of the Lys-76-Lys-77 bond, 
which opens the molecule, since this peptide maintains the 
closed conformation of Glu-plasminogen through intramo- 
lecular interaction with kringles (Cummings & Castellino, 
1985; Urano et al., 1991) in the presence of C1- (Urano et al., 
1987a,b). Similarly, when the lysine binding sites, principally 
kringle 4 (Sehl & Castellino, 1990) of Glu-plasminogen are 
occupied by certain o-amino acids like EACA (Alkjaersig, 
1964; Castellino et al., 1973; Violand et al., 1975; Ramak- 
rishnan et al., 1991), its maximum dimension is increased by 
almost 2-fold (Mangel et al., 1990), and the plasminogen 
becomes more susceptible to activation (Claeys & Vermylen, 
1974; Wiman & Wallen, 1975; Wallen, 1977; Markus et al., 
1978b). In the present study, A-pro-UK had a 20-fold greater 
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pro-UK. Therefore, it was postulated that fragment E-2 in- 
duces a novel conformational change in Glu-plasminogen that 
differs from that induced by EACA which caused relatively 
little promotion. The phenomenon by which a selective, fib- 
rin-mediated conformational change in native plasminogen 
promotes its activation illustrates a mechanism for fibrin 
specificity which is unrelated to fibrin affinity of the activator. 
The mechanism helps to explain the fibrin specificity of pro- 
UK and contrasts it with that of t-PA. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Four tables (1-4) giving the rates of Glu- and Lys-plas- 

minogen activation by pro-UK and UK in the presence and 
absence of fragment E-2 and EACA and Table 5 summarizing 
the values in the literature for the KM of UK, pro-UK, and 
Lys- 158 pro-UK mutants against Glu- and Lys-plasminogen 
( 5  pages). Ordering information is given on any current 
masthead page. 
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ABSTRACT: The structural and functional roles of two conserved active site residues, Arg-97 and Arg-132, 
in chicken muscle adenylate kinase (AK) were evaluated by site-directed mutagenesis in conjunction with 
one- and two-dimensional proton nuclear magnetic resonance (NMR), kinetics, and guanidine hydro- 
chloride-induced denaturation. In addition, 31P NMR analysis was used to evaluate the contribution of 
Arg-97 to the phosphorus stereospecificity of AK. The results and conclusions are summarized as follows: 
(i) Kinetic analysis of R97M reveals 6- and 28-fold increases in the dissociation constant Ki and Michaelis 
constant K of AMP, respectively, and a moderate 30-fold decrease in kat. The Ki and K values of MgATP 
are relatively unperturbed. The localized effect of AMP stabilization was independently confirmed by proton 
NMR titration, which showed a ca. 20-fold increase in the dissociation constant of AMP but not of MgATP. 
(ii) R132M affords a dramatic decrease in k,, by a factor of 8.0 X lo3, with unchanged dissociation and 
Michaelis constants for either substrate. The lack of perturbation in the affinities toward substrates was 
confirmed by proton NMR titration. (iii) Although small chemical shift changes were observed for the 
free mutants and their complexes with substrates, further analyses by nuclear Overhauser enhanced 
spectroscopy with the bisubstrate analogue inhibitor, P1,P5-bis(5’-adenosyl)pentaphosphate (AP,A), indicated 
little perturbation in the global conformation. (iv) Contributions to conformational stability by Arg-97 and 
Arg-132 are negligible on the basis of the free energy of unfolding, AGdHzO. (v) R97M was predicted and 
demonstrated to exhibit enhanced stereospecificity at  the AMP site by at  least 10-fold relative to WT in 
the conversion of adenosine 5’-monothiophosphate to adenosine 5 ’ 4  1 -thiodiphosphate). This result for R97M 
was predicted on the basis of the orientation of Arg97 relative to Arg-44 and AMP in the active site as 
observed in available crystal structures and the stereospecificity results of R44M [ Jiang, R.-T., Dahnke, 
T., & Tsai, M.-D. (1991) J .  Am.  Chem. SOC. 113,5485-54861. (vi) The above structural and functional 
analyses led us to conclude that Arg-97 interacts with the phosphoryl group of AMP, beginning at the binary 
complex (1-2 kcal/mol), continuing through the transition state (3.5 kcal/mol), and that Arg- 132 stabilizes 
the transition state by greater than 5 kcal/mol. (vii) The functional importance of Arg-97 appears to be 
similar to that of Arg-44 [Yan, H., Dahnke, T., Zhou, B., Nakazawa, A,, & Tsai, M.-D. (1990) Biochemistry 
29, 10956-109641. The results for R97M also clarify conflicting reports from analogous mutants in other 
types of AK and support conclusions based upon analysis of the mitochondrial matrix AK-AMP crystal 
structure [Diederichs, K., & Schulz, G. E. (1991) J. Mol. Biol. 217, 541-5491, 

w h i l e  significant progresses have been made on the struc- 
ture-function relationship of adenylate kinase (AK)’q2 as re- 
viewed recently by Tsai and Yan (1991), the functional roles 
of most active site residues remain to be established. The best 
characterized region of substrate sites is the phosphate binding 
region. Crystal structural analyses of the MgAPsA complexes 
of yeast AK (AKy) (Egner et al., 1987) and Escherichia coli 
AK (AKe) (Muller & Schulz, 1988) suggest that the phos- 
phates are surrounded by several conserved arginine residues. 
The structure of the AK1*MgAP5A complex has not been 
reported; however, Egner et al. (1987) showed an overlay of 
the structure of free AK1 with that of AKy.MgAP,A, as 
shown in Figure 1. The numbering of residues in Figure 1 
is according to the “family numbering system” (Schulz et al., 
1986); the arginine residues of AK1 addressed in this paper, 
44,97,132,138, and 149, correspond to residues 53,106,141, 
178, and 189, respectively, in the family numbering system. 
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While the structure of AKy.MgAP,A best represents the 
current knowledge on the substrate sites of AK, we consider 
it as a starting point to probe the quantitative structure- 
function relationship of AK. 

I Abbreviations: ADP, adenosine 5’-diphosphate; ADP& adenosine 
5’4 1-thiodiphosphate); AK, adenylate kinase; AMP, adenosine 5’- 
monophosphate; AMPS, adenosine 5’-monothiophosphate; APSA, 
P’,P5-bis( 5’-adenosy1)pentaphosphate; ATP, adenosine 5’hphosphate; 
ATP& adenosine 5’4 1 -thiotriphosphate); lD, one-dimensional; 2D, 
two-dimensional; CD, circular dichroism; DTT, dithiothreitol; EDTA, 
ethylenediaminetetraacetate; FID, free induction decay; Gdn-HC1, 
guanidine hydrochloride; NMR, nuclear magnetic resonance; NOE, nu- 
clear Overhauser effect; NOESY, nuclear Overhauser enhanced spec- 
troscopy; PAGE, polyacrylamide gel electrophoresis; SDS, sodium do- 
decyl sulfate; Tris, 2-amino-2-(hydroxymethyl)-l,3-propanediol; UV, 
ultraviolet; WT, wild type. 

The AK from different sources are abbreviated as follows: from 
muscle, AK1 (followed by the letters c, h, p, and r designating chicken, 
human, porcine, and rabbit, respectively); from E. coli, AKe; from yeast, 
AKy; from mammalian mitochondrial intermembrane space, AK2; from 
mammalian mitochondrial matrix, AK3. Unless otherwise specified, the 
numbering system used in this paper is the conventional system for AK1. 
Although cAK has one additional residue near the N-terminus (Kishi et 
al., 1986), the Met-1 residue is absent in the cAK expressed in E. coli 
(Tanizawa et al., 1987). This makes numbering of cAK consistent with 
other AKl. 
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