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SUMMARY 

The in terac t ion  be tween  p lasmmogen  and  t rans-AMCHA (trans-4-ammomethyl-  
cyc lohexanecarboxyhc  acid) was inves t iga ted  using u l t racent r l fuga l  and  gel f i l t rat ion 
techniques t rans-AMCHA was found to a l ter  the  sed imenta t ion  behavior  of plasml-  
nogen with  a cr i t ical  concent ra t ion  of about  o I mM at p H  7 5 wi thout  dissociat ion of 
the  p lasmmogen  molecule and  to b ind  to  p lasmlnogen with  a dissociat ion cons tan t  of 
o 085 mM Such effects were specific for t rans-AMCHA and also for s -amlnocaprolc  
acid 

F r o m  the  comparison of these findings wi th  the  inh ib i to ry  act ions of trans- 

AMCHA and  e-ammocaprolc  acid  on the  ac t iva t ion  of p lasmmogen,  it  was concluded 
t h a t  these compounds  inh ib i ted  the  ac t iva t ion  th rough  the  format ion  of  a stolchlo- 
metr ic  equi l ibr ium complex with  plasmlnogen,  accompanying  a conformat ional  change 
of  the  plasminogen molecule 

INTRODUCTION 

There have  been several  repor ts  pubhshed  on the inh ib i to ry  act ions  of  co-amino 
acids, such as e-amlnocaproic  acid 1, p - ammomethy lbenzo l c  acid  2 and 4 -ammomethy l -  
cyc lohexanecarboxyhc  acid (AMCHA)3, 4 on the  p l a smlnogen-p la smin  sys tem They  
demons t r a t ed  t ha t  these co-ammo acids main ly  mhlb i t ed  the  ac t iva t ion  of  p lasmlnogen 
to p lasmin  and t ha t  these mhlb l to rs  h t t le  affected the  casemolyt lc  a c h v l t y  of  p lasmln  
Recent ly ,  we5, e also mves t l ga t ed  k lne t lca l ly  the  mechamsm of  inhibi t ion b y  e-ammo-  
caproic acid  and two stereoisomers of AMCHA, trans- and cm-AMCHA, as well as the  
n-hexyl  ester  der iva t ives  of  these co-amino acids which had  been found as more uo ten t  

Abbreviations AMCHA, 4-ammomethylcyclohexanecarboxvhc acid, trans-AMCHA- 
hexyl ester, n-hexyl trans-4-amlnomethylcyclohexanecarboxylate 

Part IV Further kinetic studies on the inhibition of fibrlnolyms by synthetm lnhxbltors 
(ref 6) 
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lnhibitors than the parent acids by ]V[URAMATSU et al. 7-9. It  was demonstrated that 
all these compounds were competitive inhlbltors of plasminogen activationS; the 
acid-form inhibltors were weak noncompetitive inhlbltors of the esterolytic and 
caseinolytlc activaties of plasmm 5, whereas the esters were strong competitive lnhl- 
bitors of plasmln 5 (cf ref I0). However, the antifibrinolytlc actions of the acids were 
comparable with that of the corresponding estersS, 6 (cf. ref 8) The difference in the 
inhibition patterns between the acids and the esters may suggest that two types of the 
inhibitors affect the activation of plasmmogen through mechanisms different from 
each other, although they showed the same type of inhibition of competitive nature 
in graphical analyses 

Our preliminary observations on the sedimentation behavaor of plasmlnogen 
m the presence of the lnhlbitors indicated that t rans-AMCHA affected the sedimen- 
tation coefficient of plasminogen, whereas the inactive isomer, c,s-AMCHA, and 
t rans-AMCHA-hexy l  ester did not This finding has led to the assumption that trans- 
AMCHA, and probably also e-ammocaprolc acid, inhibit the activation by binding 
to plasmmogen. This report demonstrates evidence supporting this assumptmn 
Kinetic considerations on the mechanism of inhibition of plasminogen activation by 
t rans-AMCHA or e-amlnocaprolc acid are also presented here 

M A T E R I A L S  A N D  M E T H O D S  

Plasminogen was purified from the human euglobuhn fraction using Sephadex 
G-2oo gel filtration and DEAE-Sephadex A-5o chromatography as previously de- 
scribed n The preparation was homogeneous in the ultracentrlfugal and immuno- 
chemical criteria 

Synthetic mhlbltors, t rans-AMCHA 12, c,s-AMCHA 12, e-amlnocaprolc acid and 
t rans-AMCHA-hexy l  ester were the preparations of our laboratory. 

Ultracentrifuge experiments were kindly performed in Faculty of Pharma- 
ceutical Sciences, University of Tokyo Sedimentation velocity measurements were 
made with a Splnco model E analytical centrifuge at 59 780 rev/rain in 0.02 M sodium 
phosphate-o I M NaC1 (pH 7 5) and in o 025 M Trls-HCl-o I M NaC1 (pH 8 5) at 
I O-i I o with o 45 % and o 48 % protein solutions, respectively 

The binding of an inhibitor to plasminogen was measured using the gel filtration 
technlc[ue Introduced by HUMMEL AND DREYER 13 A column of Sephadex G-25 (I 33 cm 
× 36 cm) was equilibrated with o I M NaCl-o 02 M sodium phosphate buffer (pH 7 5) 
containing an Inhibitor under study Lyophllyzed plasminogen (approx 7 mg protein) 
was dissolved with o 6 ml of the same buffer, and o 5 ml of the solution was passed 
through the column using the same buffer as an eluant at a flow rate of about 7-5 ml/h 
Fractions of I ml each were collected 

Protein was determined by the method of LOWRY et a114 2o#1 ofhthe effluent were 
used for the determination The inhibitor concentration in the effluent was determined 
using the trlnltrophenylatIon method of SATAKE et al 15 with some modifications The ac- 
tual procedures were as follows For the determination of the acid-form inhlbltors, o 5 ml 
of the eluate was mixed with o 5 ml of water, I ml of 4 % sodium bicarbonate solution 
and I ml of o 1% sodium trmltrobenzene sulfonate in methanol The mixture was 
allowed to stand at room temperature in the dark for 20 nun Then, i ml of i M HC1 
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F i g  I U l t r a c e n t r t f u g a l  p a t t e r n s  o f  h u m a n  p l a s m m o g e n  T h e  u l t r a c e n t r i f u g e  e x p e r i m e n t s  w e r e  
p e r f o r m e d  a t  p H  8 5 a n d  l O - i 1  ° w i t h  o 4 8 %  p r o t e i n  s o l u t i o n  i n  t h e  a b s e n c e  (uppe r )  a n d  t h e  
p r e s e n c e  ( lower)  o f  i m M  trans-AMCHA P h o t o g r a p h s  w e r e  t a k e n  a t  i 6 - m m  i n t e r v a l s  a f t e r  a 
m a x i m u m  s p e e d  o f  59 78o  r e v / m i n  w a s  r e a c h e d  

was added  to the  mixture ,  and  the supe rna t an t  solut ion was read  at  34o m/~ For  the  
de te rmina t ion  oftrans-AMCHA-hexyl ester,  o 5 ml of the  e luate  was mixed  with  o 5 ml 
of  4 %  sodmm bmarbona te  and o 5 ml of o i % sodmm t rml t robenzene  sulfonate  in 
methanol  Af ter  s t and ing  m the da rk  for 2o mm, o 5 ml of I M HC1 and 2 ml of me- 
thanol  were added  to the  mix ture  The co lonme t ry  was per formed at  34 ° m#  as above  

R E S U L T S  

Effects of ,nh,b#ors on the sed,mentat,on behawor of human plasm,nogen 
The sed imenta t ion  coefficient of p lasmmogen  was found to be 6 23 S in the  

phospha te  buffer (pH 7 5) and  6 19 S m the Tns  buffer (pH 8 5) In  the  presence of 
I mM trans-AMCHA, however,  s~0,w of p lasminogen decreased to 4 58 and 5 27 S at  
p H  7 5 and  8 5, respect ive ly  (Table I) P lasmmogen  behaved  as a single component  m 

T A B L E  I 

E F F E C T S  O F  S Y N T H E T I C  1 N H I B I T O R S  O N  T H E  S ~ D I M E N T A T I O N  B E H A V I O R  O F  H U M A N  P L A S M I N O G E N  

M e a s u r e m e n t s  o f  t h e  s e d i m e n t a t i o n  coe f f i c i en t  o f  p l a s m m o g e n  w e r e  c a r r i e d  o u t  in  t h e  a b s e n c e  a n d  
p r e s e n c e  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  trans-AMCHA, c + s - A M C H A  a n d  trans-AMCHA-hexyl e s t e r  
w i t h  o 4 5 %  a n d  o 4 8 %  p r o t e i n  s o l u t i o n  a t  p H  7 5 a n d  p H  8 5, r e s p e c t i v e l y  

Inh~b~to~ Cohen S2o,w (S) 
(raM) 

p H 7  5 p H 8 5  

N o n e  - -  6 z3 6 19 
trans-AMCHA o o i  6 05 - -  

o 05 5 82 - -  
o i  5 3 2  - -  
0 5  4 5 7  - -  
i 4 58 5 27 

c l s - A M C H A  i 5 92 6 i o  
trans-AMCHA-hexyl e s t e r  I 5 9 0  6 18 
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the absence and presence oftrans-AMCHA (Fig i) On the other hand, such alteration 
in the sedimentation behavior of plasmmogen was not observable with the reactive 
isomer, cm-AMCHA, or with trans-AMCHA-hexyl ester (Table I) which was a strong 
inhibitor of the same competit ive type in plasmmogen activation as trans-AMCHA 5 
These findings suggested tha t  trans-AMCHA might specifically interact with the 
plasmlnogen molecule As shown in Table I, the effect of trans-AMCHA on s20,w of 
plasmlnogen was dependent on its concentration At  the concentrations below o 0 5 mM, 
trans-AMCHA did not alter the s20,w, and the critical concentration seemed to be 
about o I mM 

Sephadex G-i5o gel filtration of plasmlnogen indicated that  the relative eluhon 
volume was slightly decreased when IO -s M trans-AMCHA was present (Ve/V o = I 7 8 
in the absence of trans-AMCHA and Ve/V o --  I 6 7 in the presence of trans-AMCHA) 
This revealed that  trans-AMCHA did not cause a dissociation of the pIasmlnogen 
molecule 

B,nd, ng of trans-AMCHA b.y human plasm,nogen 
The result of a typical  experiment demonstrat ing the binding of trans-AMCHA 

to plasmmogen is shown in Fig 2 The amount of the inhibitor bound by  plasminogen 
was calculated from the area of the trough in the elutlon diagram because the peak 
area in the diagram was the sum of the area due to the bound Inhibitor and of that  due 
to t r lnl t rophenylated protein and because this was further complicated by part ia l  
acid precipitat ion of the t r lmtrophenylated protein Fig 3 shows a double reciprocal 
plot of the concentration of trans-AMCHA used and the amount of the Inhibitor bound 
to plasmlnogen The chssociatlon constant determined from the plot was 8 5" lO-5 M 
(pH 7 5) The Intercept on the ordinate indicates maximum binding of I mole of trans- 
AMCHA per about 95 ooo g of plasmmogen 
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Fig  2 E l u t l o n  p a t t e r n  of Sephadex  G-25 co lumn ( I  33 c m x  36 cm) I l l u s t r a t ing  t he  b i nd i ng  of  
t rans-AMCHA to  p l a s m m o g e n  The  co lumn was  e q m h b r a t e d  and  e lu ted  wi th  o I M NaCl -o  o2 M 
sod ium p h o s p h a t e  buffer  (pH 7 5), con t a in ing  o I mM t rans-AMCHA P l a s m m o g e n  (7 I mg) was  
d isso lved  in  o 6 ml  of  the  same buffer and  o 5 ml of the  so lu t ion  was  used  for the  gel f i l t ra t ion  
F r a c t i o n s  of i ml  were col lected a t  a flow ra t e  of a b o u t  7 5 ml /h  t rans-AMCHA and  p ro te in  in  
the  e lua te  were de t e rmined  by  the  t n m t r o p h e n y l a t l o n  m e t h o d  of SATAKE et al 15 and the  m e t h o d  
of LowRY et al 14, r e spec t ive ly  O - - O ,  t rans-AMCHA, , p ro te in  

Fig  3 Reciproca l  p lo t  for the  b ind ing  of t rans-AMCHA to p l a s m m o g e n  The  b i nd i ng  of  trans- 
AMCHA to p l a s m m o g e n  was measu red  by  the  gel f i l t ra t ion  t e chn ique  as shown an Fig  2 A m o u n t  
of  p l a s m m o g e n  was  6 9 mg,  concen t r a t ion  of trans-AMCH yarned from o o 5 to  o 2 mM Other  con- 
d l t lons  are descr ibed in F ig  2 
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e-Amlnocaproic acid was also found to bind to plaslnlnogen with a dissociation 
constant of o 55 raM, using the same gel filtration technique in which IO mg of plas- 
minogen and o 2 mM e-amlnocaprolc acid were used The value was obtained from a 
single experiment according to the following equation 15 on the assumption that the 
binding is mole to mole 

Ifree P] 
KI ~ Ifree I] × 

[bound P] 

where KI is the dissociation constant, I is the inhibitor and P is plasminogen The 
concentration of free Inhibitor was known from the base line absorbance at 34 ° m/~, 
and the concentration of bound plasminogen corresponded to the area of the trough, 
thus the concentration of free plasminogen was obtained as the difference between 
total and bound plasminogen 

On the other hand, c,s-AMCHA and trans-AMCHA-hexyl ester did not bind to 
plasminogen at the concentration of o I mM Furthermore, no binding was observed 
with a combination of bovine serum albumin and trans-AMCHA 

DISCUSSION 

e-Amlnocaprolc acid and AMCHA were reported to inhibit the activation of 
plasmlnogen competitively with plasminogenl,3, a Recently, n-hexyl e-amlnocaproate 
and trans-AMCHA-hexyl ester were introduced as potent competitive inhlbItors of 
plasmln by MURAMATSU et al 7,8,17 Kinetic studies In our laboratory 5 mdlcated that 
these hexylester derivatives of e-amlnocaprolc acid and trans-AMCHA were also 
competitive inhlbltors of the activation of plasminogen, like their parent acids, and 
that c,s-AMCHA had little action as compared with the trans-lsomer The Kt values 
for these lnhlbitors in plasminogen activation were o 96 mM for e-amlnocaproIc acid, 
o 186 mM for trans-AMCHA, 5 mM for c,s-AMCHA, o 038 mM for n-hexyl e-amino- 
caproate and o 037 mM for trans-AMCHA-hexyl ester ~ e-AmInocaprolc acid and trans- 
AMCHA had little effect on the esterolytlc and caselnolytic activities of plasmin, 
whereas the corresponding hexylester derivatives strongly Inhibited these plasmln 
activities 5 (cf refs 7, 17) However, e-ammocaprolc acid and trans-AMCHA markedly 
inhibited the fibrInolytlc activity of plasmin at almost the same rates as the inhibitors 
In the esterformS, e (cf refs 8, 18) The inhibition constants in the plasmin-catalyzed 
fibrinolysls were o 24 mM for e-aminocaprolc acid, o 036 mM for trans-AMCHA, o 053 
mM for n-hexyl e-aminocaproate and o 078 mM for trans-AMCHA-hexyl ester e 

Such a difference in the spectra of inhibition between the acid- and ester-form 
mhibitors suggests that the mechanism of inhibition of plasmmogen activation by 
e-amlnocaprolc acid and trans-AMCHA is essentially different from that by their 
hexyl esters, although they all showed apparently the same type of inhibition of 
competitive nature in the Llneweaver-Burk plots 5 

As presented in this report, trans-AMCHA did markedly decrease the sedi- 
mentation coefficient of plasmmogen with a critical concentration of about o I mM 
(Table I) On the other hand, the inactive Isomer, c,s-AMCHA, and trans-AMCHA- 
hexyl ester at the concentration of I mM did not alter the sedimentation behavior of 
plasminogen A similar phenomenon had been observed with e-aminocaproIc acid by 
ALKJAERSIG 10 w h o  reported that e-aminocaproic acid decreased S2o,w of plasmlnogen 
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from 5 o to 4 3 S at pH 7 6 at the concentration o f I  mM, although the effect ofe-amlno- 
caprolc acid was not observable at concentrations below o i mM. Sephadex G-I5O gel 
filtration of plasmmogen indicated that trans-AMCHA did not cause dissociation of 
the plasmmogen molecule These facts might suggest that  trans-AMCHA and e-amlno- 
caprolc acid cause a conformahonal change (probably partial unfolding) of the plas- 
mlnogen molecule On comparison of the critical concentrations of trans-AMCHA and 
e-amlnocaprolc acid with the inhibition constants for these lnhlbltors in plasmmogen 
activation (Table II), it seems that the interaction of trans-AMCHA or e-amlnocaprolc 
acid with plasmmogen may result in inhibition of the activation of plasmmogen, as 
postulated by ALKJAERSIG 19 This was further supported by the binding experiments 
using the gel filtration technique (Fig 2) trans-AMCHA and e-ammocaprolc acid were 
found to bind to plasmmogen with the dlssoclahon constants of o 085 mM and 0.55 mM, 
respectively, and with a maximum binding of I mole/95 ooo g of plasmmogen in the 
case of trans-AMCHA (Fig 3) czs-AMCHA and trans-AMCHA-hexyl ester were 
inactive for the binding, and trans-AMCHA did not Interact with bovine serum albu- 
min Since the molecular weight of plasmmogen is known to be about 9 ° ooo (ref 2o), 
these findings indicate the existence of a single binding site on plasmmogen that is 
highly specific for trans-AMCHA and e-amlnocaprolc acid and again strongly suggest 
a close relation between the interaction of these lnhlbltors with plasmmogen and their 
inhibitory actions (Table II) From these results, it may be concluded that trans- 
AMCHA and e-ammocaprolc acid inhibit the activation of plasmlnogen through the 
formation of an mhlbltor-plasmmogen complex, probably accompanying a confor- 
matIonal change of the plasmlnogen molecule N-Acetyl-3,5-dibromotyroslne was 
reported to inhibit the trypsin-catalyzed activation of chymotrypsmogen in a similar 
manner by forming a stolchlometrlc equilibrium complex with the zymogen 21 On the 
other hand, trans-AMCHA-hexyl ester and n-hexyl e-ammocaproate may inhibit the 
activation of plasmmogen through the formation of an usual inhibitor-enzyme 
(activator) complex 

From this conclusion the question arises whether an inhibitor which binds to 
its substrate behaves as a competitive inhibitor in the Llneweaver-Burk plot The 
following considerations might answer this question 

T A B L E  I I  

RELATIONSHIP BETWEEN THE INHIBITORY EFFECTS ON PLASMINOGEN ACTIVATION, THE EFFECTS ON 
THE SEDIMENTATION BEHAVIOR OF PLASMINOGEN AND THE BINDING TO PLASMINOGEN OF THE 
SYNTHETIC INHIBITORS 

Inhzbztor Inh,bztton Crztwal D*ssoc*at*on 
constant *n cOnCh for constant for 
plasm~nogen alteratzon of bznd*ng to 
actwatzon* Szo,w of plasm~,nogen 
K,  (raM) plasm*nogen 

(raM) K i  (raM) 

e - A m m o c a p r o l c  a c i d  o 9 6  
c z s - A M C H A  5 
trans-AMCHA o 19 
trans-AMCHA-hexylester o 0 3 7  

o I - I * *  o 55 
N o  e f f e c t  N o  b i n d i n g  
a p p r o x  o i o 085  
N o  e f f e c t  N o  b i n d i n g  

* D a t a  f r o m  IWAMOTO et al 5 
** D a t a  f r o m  ALKJAERSIG 19 
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The ac t iva t ion  of  p lasmmogen  proceeds in the  Michaehs-Menten  t ype  re- 
act lonl ,  s-5 Thus,  

/cl k3 [E] IS] k a -- k 3 
E +  S ~ - E S  .'.E + P, 

~2 [ES] k I 
Km 

where E is an ac t iva tor ,  S is p lasminogen and P is p l a smm When  to ta l  ac t iva to r  is E, 

k 3 [ ~ ]  I S ]  Vms, x [ S ]  
v = k3[ES ] - -  ( I )  

[s] + K~ [S] + Km 

Since t r a n s - A M C H A  or e-amlnocaproic  acid (I) forms a s tolchiometr ic  equlh- 
braum complex with  plasmmogen,  as demons t r a t e d  above,  then 

I + 5 ~ I 5 ,  
~5 [IS] k4 

- -  K i  

where/iTi is the  dissociat ion cons tan t  On the other  hand,  If these inhIbitors  to a lesser 
ex ten t  inhib i ted  the  es teroly t ic  a c t i v i t y  of an ac t iva to r  such as a complex of s t repto-  
kmase  and plasminogen,  as demons t r a t ed  b y  ROBERTS AND BURKAT 23 with s-amino-  
caprolc acid, i t  could be possible to neglect  the  in terac t ion  be tween the  inhlbl tors  and 
the  ac t iva to r  a t  the  concent ra t ions  under  s t u d y  (I-O i raM) 

When  ~ is to t a l  plasmlnogen,  then  

{ [ I ]~  
[g] = [S] + [IS] + EE~] = IS] + [I][S]/x.1 + [ES] = [S] i + KI J + [ESl 

I f  g >> fl, then  

[ s ]  - - (2) 
I + [I][KI I + [I]IKI 

In t roduc t ion  of Eqn  2 into Eqn  I leads to 

I + [I]/KI vial[S] 

+ Km 
I + [I][KI 

which can be rewr i t ten  as 

IS] + K.,{~ + [I]/KI} 

i IC., { EIl ~ ~ i 
i + + - - - - -  (3) 

D UIIIa x /%" I J [ ~  Villa x 

This 1s the  L lneweave r -Burk  equat ion for the  inhibi t ion of  compet i t ive  type ,  and  i t  
is ind ica ted  tha t  the  dissociat ion cons tan t  ob ta ined  from the b inding  exper iments  
corresponds  to the  inhibi t ion cons tan t  in the  kinet ic  exper iments  for Inhibi t ion 
However ,  for conf i rmat ion the above  considerat ions  require  fur ther  inves t iga t ions  on 
thei r  app l i cab i l i ty  to  o ther  ac t iva to r s  such as u rokmase  and tissue act ivator(s)  because 
uroklnase  was repor ted  to be affected to some ex ten t  b y  s-amxnocaprolc acid and  
t r a n s - A M C H A  2~ 
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INHIBITION OF PLASMINOGEN ACTIVATION 431 

The Sunllar mechanism might be expected for the mhlb]tlon of  the activation of 
trypslnogen by these to-amino acids because the autocatalytlc or enterokxnase- 
activation of  trypslnogen was reported to be mhlblted by these to-ammo acids2,3, 2a-2e, 
which httle affected the proteolytlc activity of  trypsin1, 3. 
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