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SUMMARY

The interaction between plasminogen and érans-AMCHA (frans-4-amimomethyl-
cyclohexanecarboxylic acid) was investigated using ultracentrifugal and gel filtration
techniques frans-AMCHA was found to alter the sedimentation behavior of plasmi-
nogen with a critical concentration of about 0 T mM at pH 7 5 without dissociation of
the plasminogen molecule and to bind to plasminogen with a dissociation constant of
0 085 mM Such effects were specific for frans-AMCHA and also for g-aminocaproic
acid

From the comparison of these findings with the inhibitory actions of trans-
AMCHA and e-aminocaproic acid on the activation of plasminogen, it was concluded
that these compounds mhibited the activation through the formation of a stoichio-
metric equilibrium complex with plasminogen, accompanying a conformational change
of the plasminogen molecule

INTRODUCTION

There have been several reports published on the inhibitory actions of w-amino
acids, such as e-aminocaproic acid!, p-aminomethylbenzoic acid? and 4-aminomethyl-
cyclohexanecarboxylic acid (AMCHA)3:4 on the plasmmmogen—plasnun system They
demonstrated that these w-amino acids mainly inhibited the activation of plasminogen
to plasmun and that these inhibitors little affected the casemolytic activity of plasmin
Recently, web:® also investigated kinetically the mechamsm of inhibition by g-amno-
caprotc acid and two stereoisomers of AMCHA, trans- and c1s-AMCHA, as well as the
n-hexyl ester derivatives of these w-amino acids which had been found as more potent

Abbreviations AMCHA, 4-amimomethylcyclochexanecarboxvlic acid, trans-AMCHA-

hexyl ester, n-hexyl trans-4-aminomethylcyclohexanecarboxylate
* Part IV Further kinetic studies on the mhibition of fibrinolysis by synthetic inhibitors

(ref 6)
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mmhibitors than the parent acids by MURAMATSU ef af.7~®. It was demonstrated that
all these compounds were competitive inhibitors of plasminogen activation?; the
acid-form imhibitors were weak noncompetitive inhibitors of the esterolytic and
casemnolytic activities of plasmin®, whereas the esters were strong competitive inhi-
bitors of plasmin® (¢f ref 10). However, the antifibrinolytic actions of the acids were
comparable with that of the corresponding esters®® (cf. ref 8) The difference in the
mhibition patterns between the acids and the esters may suggest that two types of the
mmhibitors affect the activation of plasminogen through mechanisms different from
each other, although they showed the same type of mnhibition of competitive nature
m graphical analyses

Our preliminary observations on the sedimentation behavior of plasminogen
m the presence of the mhibitors indicated that trans-AMCHA affected the sedimen-
tation coeffictent of plasminogen, whereas the mactive 1somer, czs-AMCHA, and
trans-AMCHA-hexyl ester did not This finding has led to the assumption that trans-
AMCHA, and probably also e-aminocaproic acid, inhibit the activation by binding
to plasminogen. This report demonstrates evidence supporting this assumption
Kinetic considerations on the mechamsm of inhibition of plasminogen activation by
trans-AMCHA or e-aminocaproic acid are also presented here

MATERIALS AND METHODS

Plasminogen was purified from the human euglobulin fraction using Sephadex
G-200 gel filtration and DEAE-Sephadex A-50 chromatography as previously de-
scribed The preparation was homogeneous 1n the ultracentrifugal and immuno-
chemuical criteria

Synthetic inhibitors, trans-AMCHA?!2, ¢1s-AMCHA!2, ¢-aminocaproic acid and
trans-AMCHA-hexyl ester were the preparations of our laboratory.

Ultracentrifuge experiments were kindly performed in Faculty of Pharma-
ceutical Sciences, Umversity of Tokyo Sedimentation velocity measurements were
made with a Spinco model E analytical centrifuge at 59 780 rev /min in 0.02 M sodium
phosphate—o 1 M NaCl (pH 7 5) and 1n 0 025 M Tris—-HCl-0 1 M NaCl (pH 8 5) at
10-11° with o0 459%, and o 489, protein solutions, respectively

The binding of an mhibitor to plasminogen was measured using the gel filtration
technmique introduced by HUMMEL AND DREYER!? A column of Sephadex G-25 (1 33 cm
X 36 cm) was equilibrated with o 1 M NaCl-o oz M sodium phosphate buffer (pH 7 5)
containing an mhibitor under study Lyophilyzed 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 1 ml each were collected

Protein was determined by the method of LowRyY efal * 20 ul of the effluent were
used for the determimation The inhibitor concentration in the effluent was determined
using the trimitrophenylation method of SATAKE ef a/ 15 with some modifications The ac-
tual procedures were as follows For the determination of the acid-form inhibitors, o 5ml
of the eluate was mixed with o 5 ml of water, 1 ml of 49, sodium bicarbonate solution
and 1 ml of 0 1%, sodium trinitrobenzene sulfonate 1n methanol The mixture was
allowed to stand at room temperature 1n the dark for 20 mun Then, 1 m! of 1 M HCl]
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Fig 1 Ultracentrifugal patterns of human plasminogen The ultracentrifuge experiments were
performed at pH 8 5 and 10-11° with 0 489, protemn solution in the absence (upper) and the
presence (lower) of 1 mM frans-AMCHA Photographs were taken at 16-min intervals after a
maximum speed of 59 780 rev /min was reached

was added to the mixture, and the supernatant solution was read at 340 mg For the
determination of trans-AMCHA-hexyl ester, o 5 ml of the eluate was mixed with o 5 ml
of 49, sodium bicarbonate and o 5 ml of 0 1%, sodium trinitrobenzene sulfonate 1n
methanol After standing 1n the dark for 20 min, o 5 ml of 1 M HCI and 2 ml of me-
thanol were added to the mixture The colorimetry was performed at 340 my as above

RESULTS

Effects of wnhbitors on the sedimentation behavior of human plasminogen

The sedimentation coefficient of plasminogen was found to be 6 23 S in the
phosphate buffer (pH 7 5) and 6 19 S 1n the Tris buffer (pH 8 5) In the presence of
1 mM #rans-AMCHA, however, sy, of plasminogen decreased to 4 58 and 527 S at
pH 7 5 and 8 5, respectively (Table I) Plasminogen behaved as a single component in

TABLE I
EFFECTS OF SYNTHETIC 1INHIBITORS ON THE SEDIMENTATION BEHAVIOR OF HUMAN PLASMINOGEN

Measurements of the sedimentation coefficient of plasminogen were carried out in the absence and
presence of various concentrations of trans-AMCHA, c¢is-AMCHA and #rans-AMCHA-hexyl ester
with o 459% and o 489, protein solution at pH 7 5 and pH 8 5, respectively

Inh.bitos Concn Syo,w {(S)

(mM)
pH75 pHS5

None — 623 6 19
trans-AMCHA 0 o1 6 05 —_—
0 05 5 82 —_—
o1 532 —
o5 457 —
I 458 527
c1s-AMCHA 1 592 6 10
trans-AMCHA-hexy] ester 1 590 618

Biochim Biophys Acta, 185 (1969) 424—431



INHIBITION OF PLASMINOGEN ACTIVATION 427

the absence and presence of trans-AMCHA (Fig 1) On the other hand, such alteration
n the sedimentation behavior of plasminogen was not observable with the inactive
1somer, c1s-AMCHA, or with trans-AMCHA-hexyl ester (Table I) which was a strong
inhibitor of the same competitive type n plasminogen activation as trans-AMCHAS
These findings suggested that frans-AMCHA might spectfically interact with the
plasminogen molecule As shown in Table I, the effect of trans-AMCHA on s, ., of
plasminogen was dependent on 1ts concentration At the concentrations below o 05 mM,
trans-AMCHA did not alter the s,4,4, and the critical concentration seemed to be
about 0 1 mM

Sephadex G-150 gel filtration of plasminogen indicated that the relative elution
volume was slightly decreased when 103 M #rans-AMCHA was present (Ve/V, = 178
in the absence of {rans-AMCHA and Ve[V, = 1 67 1n the presence of rans-AMCHA)
This revealed that trans-AMCHA did not cause a dissociation of the plasminogen
molecule

Bunding of trans-AMCHA by human plasminogen

The result of a typical experiment demonstrating the binding of trans-AMCHA
to plasminogen 1s shown in Fig 2 The amount of the inhibitor bound by plasminogen
was calculated from the area of the trough in the elution diagram because the peak
area 1n the diagram was the sum of the area due to the bound inhibitor and of that due
to trinitrophenylated protemn and because this was further complicated by partial
acid precipitation of the trinitrophenylated protemn Fig 3 shows a double reciprocal
plot of the concentration of rans-AMCHA used and the amount of the mnhibitor bound
to plasminogen The dissociation constant determined from the plot was 8 5-10-5 M
(pH 7 5) Thentercept on the ordinate indicates maximum binding of 1 mole of trans-
AMCHA per about g5 000 g of plasminogen
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Fig 2 Elution pattern of Sephadex G-25 column (I 33 cm X 36 cm) illustrating the binding of
trans-AMCHA to plasminogen The column was equilibrated and eluted with o 1 M NaCl-o 02 M
sodium phosphate buffer (pH 7 5), containing o 1 mM #rans-AMCHA Plasminogen (7 1 mg) was
dissolved 1n o 6 ml of the same buffer and o 5 ml of the solution was used for the gel filtration
Fractions of 1 ml were collected at a flow rate of about 7 5 ml/h #rans-AMCHA and protein 1n
the eluate were determined by the trimtrophenylation method of SATAKE ef al ¥® and the method
of LowRy ef al 14, respectively O— O, trans-AMCHA, , protemn

Fig 3 Reciprocal plot for the binding of trans-AMCHA to plasminogen The binding of trans-
AMCHA to plasminogen was measured by the gel filtration technique as shown in Fig 2 Amount
of plasminogen was 6 g mg, concentration of trans-AMCH varied from o o5 to 0 2 mM Other con-
ditions are described 1n Fig 2
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g&-Aminocaproic acid was also found to bind to plasminogen with a dissociation
constant of o 55 mM, using the same gel filtration technique 1n which 10 mg of plas-
minogen and o 2 mM e-aminocaproic acid were used The value was obtained from a
simgle experiment according to the following equation!® on the assumption that the
binding 1s mole to mole

[free P]

K = [free I] X —————
[bound P}

where Ky 1s the dissociation constant, I 1s the mhibitor and P 1s plasminogen The
concentration of free mnhibitor was known from the base hine absorbance at 340 mu,
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, c1s-AMCHA and ¢rans-AMCHA-hexyl ester did not bind to
plasminogen at the concentration of o 1 mM Furthermore, no binding was observed
with a combination of bovine serum albumm and ¢rans-AMCHA

DISCUSSION

e-Aminocaproic acid and AMCHA were reported to inhibit the activation of
plasminogen competitively with plasminogen!# Recently, #-hexyl e-aminocaproate
and trans-AMCHA-hexyl ester were introduced as potent competitive inhibitors of
plasmin by MURAMATSU et al 7,817 Kinetic studies n our laboratory® indicated that
these hexylester derivatives of e-amiocaproic acid and frans-AMCHA were also
competitive inhibitors of the activation of plasminogen, like their parent acids, and
that c1s-AMCHA had little action as compared with the frans-1somer The K; values
for these mhibitors 1 plasminogen activation were o g6 mM for e&~amimocaproic acid,
0 186 mM for trans-AMCHA, 5 mM for c1s-AMCHA, 0 038 mM for #-hexyl g-amino-
caproate and o 037 mM for trans-AMCHA-hexyl ester® e-Aminocaproic acid and trans-
AMCHA had httle effect on the esterolytic and casemolytic activities of plasmin,
whereas the corresponding hexylester derivatives strongly inhibited these plasmin
activities® (¢f refs 7, 17) However, e-aminocaproic acid and irans-AMCHA markedly
inhibited the fibrinolytic activity of plasmin at almost the same rates as the mhibitors
m the esterform®.® (¢f refs 8, 18) The mhibition constants in the plasmin-catalyzed
fibrinolysis were 0 24 mM for e-amunocaproic acid, o 036 mM for trans-AMCHA, o 053
mM for #-hexyl e-aminocaproate and o 078 mM for ¢rans-AMCHA-hexyl ester®

Such a difference n the spectra of inhibition between the acid- and ester-form
mhibitors suggests that the mechamism of inhibition of plasminogen activation by
e-anunocaproic acld and frans-AMCHA 1s essentially different from that by their
hexyl esters, although they all showed apparently the same type of mhibition of
competitive nature 1 the Lineweaver—-Burk plots®

As presented m this report, trans-AMCHA did markedly decrease the sedi-
mentation coefficient of plasminogen with a critical concentration of about o 1 mM
(Table I) On the other hand, the mactive 1somer, c1s-AMCHA, and #rans-AMCHA-
hexyl ester at the concentration of 1 mM did not alter the sedimentation behavior of
plasminogen A similar phenomenon had been observed with g-ammocaproic acid by
ALKJAERSIG!® who reported that e-aminocaproic acid decreased sy, of plasminogen
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from 5 oto 4 3 Sat pH 7 6 at the concentration of 1 mM, although the effect of e&-amino-
caproic acid was not observable at concentrations below o 1 mM. Sephadex G-150 gel
filtration of plasminogen indicated that frans-AMCHA did not cause dissociation of
the plasminogen molecule These facts might suggest that frans-AMCHA and e-amino-
caproic acid cause a conformational change (probably partial unfolding) of the plas-
muinogen molecule On comparison of the critical concentrations of rans-AMCHA and
g-aminocaproic acid with the inhibition constants for these inhibitors in plasminogen
activation (Table II), 1t seems that the interaction of trans-AMCHA or e-aminocaproic
acid with plasminogen may result 1n inhibition of the activation of plasminogen, as
postulated by ALKJAERSIG!® This was further supported by the binding experiments
using the gel filtration techmque (Fig 2) trans-AMCHA and g-aminocaproic acid were
found to bind to plasminogen with the dissociation constants of o 085 mM and 0.55 mM,
respectively, and with a maximum binding of 1 mole/g5 000 g of plasminogen in the
case of trans-AMCHA (Fig 3) cis-AMCHA and trans-AMCHA-hexyl ester were
mactive for the binding, and trans-AMCHA did not interact with bovine serum albu-
min Since the molecular weight of plasminogen 1s known to be about go ooo (ref 2o),
these findings indicate the existence of a single binding site on plasminogen that 1s
highly specific for trans-AMCHA and e-amiocaproic acid and again strongly suggest
a close relation between the interaction of these inhibitors with plasminogen and their
mhibitory actions (Table II) From these resuits, 1t may be concluded that #rans-
AMCHA and e-ammocaproic acid inhibit the activation of plasminogen through the
formation of an inhibitor—plasminogen complex, probably accompanying a confor-
mational change of the plasminogen molecule N-Acetyl-3,5-dibromotyrosine was
reported to inhibit the trypsin-catalyzed activation of chymotrypsinogen 1n a similar
manner by forming a stoichiometric equlibrrum complex with the zymogen? On the
other hand, trans-AMCHA-hexyl ester and #-hexyl e-aminocaproate may mnhibit the
activation of plasmmogen through the formation of an usual mhibitor-enzyme
(activator) complex

From this conclusion the question arises whether an inhibitor which binds to
1ts substrate behaves as a competitive mhibitor in the Lineweaver-Burk plot The
following considerations might answer this question

TABLE II
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

Inhibitor Inhibition Critical Dissocration
constant in  conen for constant for
plasminogen altevation of binding to
actwation™  Syp,w Of plasminogen
K, (mM) plasminogen

(mM) Ky (mM)

e-Aminocaproic acid 096 or-1** 055

c1s-AMCHA 5 No effect No binding

trans-AMCHA 019 approx o1 0 085

trans-AMCHA-hexyl ester 0037 No effect No binding

* Data from IwaMoTo et al ®
** Data from ALKJAERSIG!®
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The activation of plasminogen proceeds 1n the Michaelis-Menten type re-
action!,3—% Thus,

o EIS ky + R
E+4+ S®ES -E + P, ENST kot ks
k [ES] kl

2

— Km

where E 1s an activator, S 1s plasminogen and P 1s plasmim When total activatoris E,

v = k[ES] — ks[E][S] __ Umex[S] (1)
(5] + Kun [(S1+ Kun

Since frans-AMCHA or g-aminocaproic acid (I) forms a stoichiometric equili-
brium complex with plasminogen, as demonstrated above, then

&

. ;s k
I+ 5218, H“:J_:K,
kg [1S] Ry

where Kj1s the dissociation constant On the other hand, if these inhibitors to a lesser
extent mhibited the esterolytic activity of an activator such as a complex of strepto-
kinase and plasminogen, as demonstrated by ROBERTS AND BURKAT? with g-amino-
caproic acid, 1t could be possible to neglect the interaction between the inhibitors and
the activator at the concentrations under study (1-o 1 mM)
When S 1s total plasminogen, then
[L10S]

[S] = [S]+ [IS] + [ES] = [S] + —
Ky

L1
+ [ES] = [S]{I + }+ (ES]

Kr
IfS > E, then
[81 — [ES] [S]

Lt UYK: 1t K 2)

[s] =

Introduction of Eqn 2 mto Eqn 1 leads to

Umax[S]
Y v K Vmax[S] )
(5] . [S) + Knit + [I)/Ki}
1 [1/K; "

which can be rewntten as
1 Kmn I3 1 1
— PR G T
v Umax { * Ky } [s] + Ymax (3)

Thas 15 the Lineweaver-Burk equation for the mnhibition of competitive type, and 1t
1s mdicated that the dissociation constant obtained from the binding experiments
corresponds to the mhibition constant mn the kinetic expertments for inhibition
However, for confirmation the above considerations require further investigations on
their applicability to other activators such as urokinase and tissue activator(s) because
urokinase was reported to be affected to some extent by e-aminocaproic acid and
trans-AMCHA?22
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The sumilar mechanism might be expected for the mnhibition of the activation of
trypsimnogen by these w-amino acids because the autocatalytic or enterokinase-
activation of trypsimogen was reported to be inhibited by these w-amino acids?3,24-26,
which little affected the proteolytic activity of trypsin'.3.
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