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ABSTRACT. Lysine side chains induce conformational changes in plasminogen (Pg) that regulate the process
of fibrinolysis or blood clot dissolution. A lysine side-chain mimic, epsilon amino caproic acid (EACA),
enhances the activation of Pg by urinary-type and tissue-type Pg activatonshbaits Pg activation
induced by streptokinase (SK). Our studies of the mechanism of this inhibition revealed that EAGA (IC

10 uM) also potently blocked amidolytic activity by SK and Pg at doses nearly 10000-fold lower than
that required to inhibit the amidolytic activity of plasmin. Different Pg fragments were used to assess the
role of the kringles in mediating the inhibitory effects of EACA: mini-Pg which lacks kringled df

Glu-Pg and micro-Pg which lacks all kringles and contains only the catalytic domain. SK bound with
similar affinities to Glu-Pg Ka = 2.3 x 1® M~1) and to mini-Pg Ka = 3.8 x 10° M%) but with
significantly lower affinity to micro-PgKa = 6 x 107/ M~1). EACA potently inhibited the binding of
Glu-Pg to SK Ki = 5.7 uM), but was less potenK{ = 81.1uM) for inhibiting the binding of mini-Pg

to SK and had no significant inhibitory effects on the binding of micro-Pg and SK. In assays simulating
substrate binding, EACA also potently inhibited the binding of Glu-Pg to the SK-Glu-Pg activator complex,
but had negligible effects on micro-Pg binding. Taken together, these studies indicate that EACA inhibits
Pg activation by blocking activator complex formation and substrate binding, through a kringle-dependent
mechanism. Thus, in addition to interactions between SK and the protease domain, interactions between
SK and the kringle domain(s) play a key role in Pg activation.

When plasminogen (PY)s cleaved (or “activated”) by =~ EACA and streptokinase bind to distinctly different sites on
Pg activators, it forms plasmin, the enzyme chiefly respon- the kringle and protease domains of plasmin(ogen), respec-
sible for the proteolysis of fibrin (fibrinolysis) and for the tively (12, 13).

dissolution of thrombi in yivo. The kringle_: domgins of_ bo_th Plasmin(ogen) contains five highly homologous kringle
Pg and plasmin [plasmin(ogen)] contain “lysine binding gomains ). Kringles 1, 4, and 5 each contain aramino
sites” that interact with lysine residues in other molecules 4iq or “lysine-binding site” that has a unique binding affinity
1, 2. Thege Iysme—bmc_hng mteracuons modglate the gcuvny for w-amino acids (such as EACA) and appears to interact
and targeting of plasmin(ogen). Epsilon amino caproic acid it gifferent functional ligandsZ, 14—16). Plasmin(ogen)
(EACA), otherwise known as amicar, mimics the s_lde”cha'n also contains a catalytic or serine protease domain. Glu-Pg
of lysine and interacts with these "lysine-binding site8*( 5 the naturally occurring form of Pg in vivdly). Lower-

6). Through these |nt.er.act|ons, EACA ‘?"Sr.“PtS .th? bmdmg molecular-weight forms such as mini-Pg (which lacks
of plasmm(og_en) to fibrin and potently inhibits fibrinolytic kringles 1-4) or micro-Pg (which lacks all kringles and
hemorrhage in hgmanﬂ,(?, 8.)' EACA also profogndly contains the protease domain) can be generated by specific
modulates the activity of Pg activators. It markedly stimulates proteolytic cleavage or recombinant method3. (When

the cleavage of Pg to plasmin by both tissue-type Pg activatorg s c a interacts with Glu-Pg, it induces a conformational
and urinary-type Pg actlv_ator9,(10), but it pojcently |ph|b|t§ change that converts Glu-Pg from a prolate ellipsoid (closed
Pg activation by streptokinase (SK9, (L1). This physiologi- form) to a Debye coil (open form)5( 18-23). The
cally important inhibitory effect of EACA on streptokinase conformational change induced in Glu-Pg by EACA is

function remains a poorly understood anomaly becauseOpposed by negative anions such as @4, 25). Because it
lacks kringles +4, EACA has almost no effect on the
A Tsupgortedtinbllqarr]t zlelHtHLtSS‘fG agtztbyealrj é)merican Heart conformation of mini-Pg and is believed not to affect the
ssoclation establisned Investigator Awar 0 G.L.R). : _ H _
* To whom correspondence should be addressed. kringle-less micro-Pg2?).
¥ Current address: New England Biolabs, Beverly, MA. SK is not an enzyme and indirectly activates Pg through

§ i . . . . .
, Harvard School of Public Health. a unigue mechanism. It binds directly to the protease domain
Massachusetts General Hospital.

1 Abbreviations: Pg, plasminogen; SK, streptokinase; EACA, epsilon Of P9 to form a tight SK-Pg complex {3). After complex
amino caproic acid. formation, a molecular rearrangement occurs in the protease
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domain of the SK-Pg complex that generates a productive

active site and creates a catalytic SRg activator complex 94

(27, 28). Like plasmin, this activator complex contains the

same active-site residues and catalytically processes smal67_
peptide substrates with similar kineti@b{. Unlike plasmin,

however, the activator complex efficiently cleaves substrate -

Pg molecules to form the active fibrinolytic enzyme plasmin 43- -
(14, 27, 29). SR 74- -

The goal of the present study was to uncover the molecular 30- :
mechanism for EACA’s anomalous inhibition of Pg activa- 49-
tion induced by SK. We find that EACA inhibits the activator 1 2 3 4 5 6

complex at every key step in the process of Pg activation, Ficure 1: SDS-polyacrylamide gel analysis of purified proteins
"?C'“d!”g_ generation of an amld_olytlcally com_pet_ent active Proteins 5 uQ) F3Ne);e e)I/ectrophgresed gn 10%pgels (Ia?ne:ﬂﬂ
site, binding and complex formation, and the binding of Glu- o 7 594 gels (lanes-56) and stained with Coomassie blue dye.
Pg to the activator complex. These potent inhibitory effects Lane 1, SK; lane 2, recombinant SK; lane 3, mini-Pg; lane 4, micro-
of EACA require the kringle 5 domain of Pg, arguing that Pg; lane 5, Glu-Pg; lane 6, Lys-Pg.

this structure plays a critical role in functional interactions

with SK accounting for nonspecific rSK binding to wells not coated
' with Pg (<1% of input cpm). In some experiments, the rSK-
MATERIALS AND METHODS Glu-Pg complex was preformed by the same methods. Then

after 1 h of incubation with EACA (6-1000 mM), the
Recombinant ProteinsRecombinant SK and micro-Pg residual binding of rSK to Glu-Pg was determined as
were cloned, expressed in bacteria, purified, and character-described. To simulate binding of Pg substrat®||Glu-Pg
ized as described(, 32, 45). or [*23]micro-Pg was added to the preformed SK-activator
Binding Studies. (i) Saturation Binding AssayBhe complex with or without EACA added as an inhibitor. After
binding affinities of Glu-Pg, mini-Pg (American Diagnostica 1 h of incubation, the amount of?fl]Pg was determined by
Inc, Greenwich, CT) and micro-Pg for rSK were measured y scintillation counting.
by saturation binding assays (Scatchard analyses) that allow Amidolytic AssaysThe amidolytic activity of native SK
efficient separation of the reactants without disrupting was measured in the presence of various EACA concentra-
binding interactions as we have describdd, 32). In these tions. EACA, in assay buffer (50 mM Tris, 100 mM NacCl,
assays, the saturable, specific binding of Pg to SK was pH 7.4), was added to microcentrifuge tubes in concentra-
analyzed with a nonlinear least squares curve fitting program tions ranging from 16" to 10°8 M. After addition of 20 nM
[Ligand (33)] to derive best statistical estimates of binding native SK (Sigma Chemical Co, St. Louis, MO), 20 nM Glu-
site affinity and other parameters. Pg (Pharmacia Hepar, Franklin, OH), and assay buffer (50
(i) Competite Binding AssaysEACA, L-lysine, and mM Tris, 100 mM NacCl, pH 7.4), the reaction mixture was
L-arginine (Sigma, St. Louis, MO) were used as inhibitors incubated at 37C for 10 min. Then the tripeptide substrate
of the binding interaction between rSK and Glu-Pg. Various S2251 H-p-valyl-L-leucyl4-lysine{p-nitroanilide dihydro-
concentrations (6300 mM) of competitori 1 M stock  chloride; 500uM; KabiVitrum, Stockholm, Sweden) was
solution, pH 7.35, were mixed with 5 10-1°M of [124]Glu- added to the reaction mixture in a total volume of 500
Pg and 5x 102 M of recombinant SK at room temperature and the resulting amidolytic activity of the SKPg complex
for 15 min, and the amount of#]Glu-Pg bound to rSK was determined at various times after incubation afG7
was determined by counting after immunoprecipitation as Py measuring the s in a Hewlett-Packard 8451A spec-
described 31, 32). The percentage of specifically bound trophotometer.
protein was calculated (after adjustment for background
binding) and plotted as a function of the concentrations of RESULTS
competitor. For each inhibitor of the binding between rSK  Effect of EACA on Amidolysis by Plasmife native and
and Glu-Pg or mini-Pg, th&; was determined with the  recombinant proteins used in these experiments are shown
Ligand program §3). in Figure 1. Because the process of Pg activation is indirectly
(iii) Solid-Phase Binding Assay$he comparative inhibi-  measured by monitoring the plasmin-mediated cleavage or
tory effects of EACA on SK binding to Glu- or micro-Pg amidolysis of a small peptide substrate, we first examined
were examined. Wells of a microtiter plate were coated for how EACA affected plasmin’s amidolytic activity. Figure 2
1 h with 50uL of Glu-Pg or micro-Pg (5 and 1@g/mL shows that EACA at concentratioasl mM caused a dose-
respectively). After rinsing, nonspecific protein-binding sites related inhibition of plasmin’s amidolytic activity with an
were blocked with a 1% BSA solution. Subsequently, EACA ICso of about 200 mM. This value is comparable to EACA’s
(0—1000 mM) was added to the wells with rSK (&@/mL, reported effects on plasmin cleavage of other small molecular
a concentration that yielded50% of maximal binding). substratesy, 34, 35).
After 1 h, the wells were rinsed, and affinity-purified anti- Effect of EACA on Amidolysis by the Aetior Complex.
MBP antibodies were added to the wellg fb h to detect The binding of SK to Pg forms an activator complex that
bound rSK. The wells were washed arf|protein A was cleaves peptide substrates with kinetics similar to that of
added to detect bound antibody. After washing, the amount plasmin @9). We examined whether the effects of EACA
of radioactivity was determined by counting. The amount  on the amidolytic activity of the activator complex were
of inhibition of binding of rSK was determined after similar to its effects on plasmin. EACA inhibited the
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Ficure 2: EACA inhibits the amidolytic activity of plasmin.

S2251 substrate in assay buffer (100 mM NaCl and 50 mM Tris-
HCI, pH 7.4) and various concentrations of EACA-®00 mM).
The rate of cleavage of S2251 was monitored at°87in a

Lin et al.
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Human plasmin (20 nM) was added to a cuvette containing the FIGURE 4: Effects of various amino acids on the binding between

Glu-Pg and rSK. The binding of rSK td%fl]Glu-Pg in solution
was measured in the presence and absence of EAGAIne, and
L-arginine at various concentrations. The graph shows the percent-

spectrophotometer at 405 nm. The percent residual activity of age of specifically bound protein (corrected for nonspecific binding)
plasmin was determined by comparison to the rate of S2251 as a function of the log of the inhibitory concentration of each amino

cleavage in the absence of EACA.
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Ficure 3: EACA inhibits the generation of amidolytic activity by
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SK and Glu-Pg. Glu-Pg and SK were added to solutions containing

various amounts of EACA and 5Q0M of a substrate (S225H-p-
valyl-L-leucyl+ -lysinep-nitroanilide dihydrochloride) that is cleaved
by the SK-PAC. The amount of paranitroanilide substrate cleaved

acid. The data were analyzed by the Ligand progr&® (o
determine the&K;s for each inhibitor.

Table 1: Effects of Kringle Deletion and EACA on the Binding of
SK to Plasminogens

binding affinity EACA inhibitior?

KA + SD x 107 Ki X 10_6 |C50 X 10_5

Pg type (M2 (M) (M)
Glu-Pg 230+ 20 5.7+ 0.6 2.8+1.8
mini-Pg 380+ 110 81.1+ 0.3 22+ 3.3
micro-Pg 6+ 1 >1 000 000 >100 000

a Saturation binding affinities of rSK fof]Glu-,[*24]mini-Pg, or
[*?8]micro-Pg.” The dose-related inhibitory effect of EACA on the
binding of rSK to [?4]Glu-Pg or [4]mini-Pg. The association constant
(Ka) and inhibitory constantq;) and 1Gy for these binding interactions
were calculated with the Ligand prograBg)

Role of Kringles in SK-Pg Binding and EACA Inhibition.
Although SK is known to interact with the protease domain
of Pg, its binding interactions with the kringles of Pg have
not been reported. We measured the binding affinity of SK
to three types of Pgs: Glu-Pg (which contains kringtes1

was determined by measuring the absorbance at 405 nm in aand the protease domain), mini-Pg (which contains only

spectrophotometer and is plotted as a function of the EACA
concentration.

amidolytic activity of the activator complex with an 4€of

~5 x 107° M (Figure 3). The fact that the amidolytic activity
of the activator complex was nearly 10000-fold more
sensitive to inhibition by EACA than plasmin (Figure 2)
suggested that EACA may specifically affect the primary
interactions between SK and Pg that are critical for the
generation of the activator complex.

EACA and the Binding of SK to P@he binding between
SK and Pg is the first critical interaction necessary for the
formation of the activator complex. EACA potently inhibited
the binding of SK to Glu-Pg with an overad| [calculated
with the Ligand program33)] of 5.7 x 106 M (Figure 4).

In contrast, almost 10000-fold higher concentrations of
L-lysine and.-arginine K; = 1.8 x 1072and 6.7x 1072 M,
respectively) were required to inhibit the binding between

kringle 5 and the protease domain), and micro-Pg (which
contains only the protease domain). In liquid-phase saturation
binding assays (in the absence of EACA), Glu-Pg and mini-
Pg bound to SK with comparable affinitieK{ = (2.3 +

0.2) x 1®° Mt vs (3.84 1.1) x 1@® M1], suggesting that
kringles 1-4 were not important determinants of binding
affinity (Table 1). However, micro-Pg bound to SK with a
markedly lower (1.5 logs) affinitya = (6.2 + 1.3) x 10’
M~ than did mini-Pg, indicating that kringle 5 was
necessary for tight complex formation (Table 1).

If the inhibitory effect of EACA on SK binding was
mediated primarily through its interactions with the kringles
domains, its inhibitory effects should be attenuated or lost
in Pg fragments lacking these domains. In liquid-phase
binding experiments, EACA inhibited the binding of SK to
Glu-Pg (Figure 3, Table 1) and mini-Pg (Figure 5, and Table
1). However, EACA had no inhibitory effects on the binding
of micro-Pg to SK (Figure 5, Table 1). Taken together, these

SK and Glu-Pg. These experiments indicated that EACA data indicate that kringle domain 5 is necessary and sufficient
blocks the generation of a functional activator complex by to mediate EACA'’s inhibitory effects on SK binding during

preventing the binding of SK to Glu-Pg.

activator complex formation.
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alone, wells containing the preformed activator complex
100 Lo o formed by SK and Glu-Pg specifically bountq]Glu-Pg
00 or, separately,'fd]micro-Pg. Increasing amounts of EACA
o 757 induced a negligible dissociation of the preformed activator
§ complex and had minimal effects on the binding of
Q [*?3]micro-Pg. However, EACA potently inhibited the bind-
® ing of [*23]Glu-Pg (ICso ~ 30 uM) to the activator complex.
25 DISCUSSION
5 2221’3'32?4?2%‘3; SK indirectly activates Glu-Pg through a unique three step
0 5 & 4 5 0 > mechanism that includes (1) high-affinity binding of SK with

[EACA] log (M) Glu-Pg to form a comple>_<, (2) productive restructuring of
o o the latent protease domain to generate an active site in the
E%;gEF?g I'Erﬁgcésinc()jfiEggfrgrllttho%fgl]rr]gilr?g glfr r[slz*él]tr?“’?r'gszgi?”d complex, and (3) the binding and proteolysis of substrate
solution was measured in the presence of various concentrations 9 molepul(-;-s by the activator c;omp_léb_&( 2_4' 217, 28, 3,1)' .
of EACA as described in Figure 4. Our studies indicate that EACA inhibits indirect Pg activation
by interfering with these steps. EACA potently blocks the
EACA and the Binding of Glu-Pg and Micro-Pg to the first stage of this process by preventing the initial binding
Preformed Actiator Complex.A solid-phase assay was of SK with Glu-Pg Ki = 5.7 x 106 M) to form an activator
developed to examine the effect of EACA on the binding of complex. By blocking SK and Pg interactions, EACA
Pg to the (preformed) activator complex in a manner that prevents the development of an amidolytically competent
might simulate substrate binding. When SK was preincubatedactive site in Pg (16 ~ 1075 M), the second step in this
with immobilized Glu-Pg, EACA was 100-fold less potent ~ process. EACA potently interferes with the third step of Pg
at dissociating the activator complex than it was at preventing activation by inhibiting the binding of (substrate) Pg
activator complex formation when SK and EACA was added molecules by the activator complex. Finally, at very high
synchronously to Glu-Pg (Figure 6). This comparative concentrations EACA (163200 mM) also inhibited plasmin’s
resistance of the preformed activator complex to dissociation amidolytic activity with a standard substrate (S-2251), which
by EACA permitted us to examine the effect of this amino is consistent with previous reports that at similar concentra-

acid on the binding of 'f¥]Glu-Pg or [}?]micro-Pg sub- tions, EACA was a noncompetitive inhibitor of plasmin
strate. Experiments were performed on ice to minimize action 6, 34, 35).
proteolysis and SDSPAGE analysis of the'f]Pg samples SK contains a single moderate affiniti{{ = (3—40) x

showed that no Pg activation was detectable under thesel0~7 M] binding site for the plasmin A chain in addition to
conditions. When compared to wells coated with Glu-Pg its well-known binding to the protease domait2( 44).
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Ficure 6: Effects of EACA on the binding of'f4]Glu-Pg or [*3]micro-Pg to the activator complex or, on dissociation of the activator
complex. (A) The specific binding offa]Glu-Pg and [?3]micro-Pg to the SK-Glu-Pg activator complex (in the absence of an inhibitor).
Wells of a microtiter plate were coated with Glu-Pgg§/mL, 50xL) for 1 h and then nonspecific binding sites were blocked with 1%
BSA. After washing native SK (2@g/mL, 50 uL) was added to form an activator complex for 60 min. Subsequently, the wells were
washed and blocked with 1% BSA (220 for 1 h). After washing, 29]Glu-Pg (~200 000 cpm/2%L) or [*?3]micro-Pg (~400 000 cpm,

25uL) was added to the wells fd h in thepresence of various amounts of EACAH{B00 mm final, 25«L). After incubation the amount

of bound Pg was determined hyscintillation counting. (B) The effects of EACA on Pg binding to the activator complex and on the
stability of the activator complex. Experiments were performed as described above in the presence of various concentrations of EACA. The
percentage of inhibition of binding was determined by computing the fractional bindiféPigP§ to the activator complex in the presence

of inhibitor, to that occurring in the absence of an inhibitor, after correcting for nonspecific binding. To determine the dissociation of the
preformed SK-Glu-Pg complex, the assay was performed under identical conditions except that EASDA (@M final, 50uL) was

added to the wells fol h onice. After incubation fo 1 h on ice andvashing, the wells were incubated with pooled monoclonal antibodies
against SK fo 1 h The wells were rinsed an#{lJantimouse antibodies were added. No dissociation was defined as the amount of anti-SK
antibody binding occurring in wells not exposed to inhibitor, and 100% dissociation or background binding was the amount of binding that
occurred to wells coated with Glu-Pg but not containing SK, i.e., without the activator complex. The mean and SD are shown.
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Because SK binds with comparable affinities to Glu-Pg and
mini-Pg, kringles 4 are not important for high-affinity
interactions in the activator complex. Removal of kringle 5,
to create micro-Pg, strongly decreases the binding affinity
of SK by ~1.5 logs, suggesting that interactions between
SK and kringle 5 contribute to high-affinity binding. Even
so, the protease domain, lacking all kringles, forms an
activator complex with SK that has greater catalytic ef-
ficiency than the SK-Glu—Pg complex 29, 36). This
indicates that the kringle domains of the plasmin or the
(activated) Pg moiety in the activator complex are not
important in this process per se.

However, the kringle domains of the substrate Pg do
appear to be important for efficient Pg activation. In an assay
designed to simulate substrate binding by the activator
complex, EACA was a potent inhibitor (k= 30 uM) of
Glu-Pg binding to the activator complex. This inhibitory
effect was consistent with two possibilities: the activator
complex cannot bind the unfolded form of Glu-Pg induced
by EACA or that Pg substrate binding to the activator
complex requires a Lys-dependent interaction between the
activator complex and the substrate Pg. (In this scenario, SK
is the likely source of this Lys-dependent interaction because
the binding of [?4]Glu-Pg to Glu-Pg in the absence of SK
was minimal). The first possibility can be excluded by kinetic
studies: like t-PA and urokinase, the SK activator complex
is a much more efficient activator of the Lys-Pg, the unfolded
form, than it is of Glu-Pg, the compact form of Pg9.

The fact that the SK activator complex can efficiently activate
mini-Pg but, unlike urokinase, cannot activate micro-Pg,
suggests that efficient catalytic processing of Pg substrate

requires Lys-dependent interaction(s) that requires at least

kringle 5 @2). The SK site that provides this critical
interaction has not been formally demonstrated, but in
addition to the binding site present in SK between 220 and
414 @44), the NH-terminus of SK may also be involved
because of the marked role it plays in modulating fibrin-
independent Pg activatiod). Peptide-binding studies have
shown that this region can interact with P4g).

To derive accurate estimates of the inhibitory effects of
EACA on activator complex formation, the experiments were
performed with SK and Pg concentrations equal toKhe
for their binding @1). At these concentrations-(L01° M),
only stoichiometric activator complex binding interactions

can be detected between SK and Pg because the binding

interactions between the SKPg activator complex and Pg
substrate are of significantly lower affinityK{ ~ 1077 M)

(29). In these solution assays, EACA inhibited the binding
of SK to Glu-Pg at concentrations-3 logs lower than has
been measured in solid-phase assdy3. (When compared

to mini-Pg, the binding inhibition curve for Glu-Pg was
complex (Figure 4), reflecting the fact EACA interacts with
different kringles with different affinities37, 38). These
complex binding interactions have been deconvoluted by
studies with isolated, recombinant kringle domains that bind
EACA strongly: kringle 1 Kq = 11 uM), kringle 4 Kq =

29 uM), and kringle 5 K4 = 140uM). No EACA-binding
sites have been identified in kringle 3 or the protease domain
of Pg and the binding of EACA to kringle 2 is of low affinity
(16, 22, 39). The overallK; for inhibition of ~5 uM is
comparable to the reported affinity of EACA for kringle 1
(11 uM) and kringle 4 K, = 29 uM). In contrast, when

Lin et al.

EACA inhibits the binding of SK to mini-Pg (Figure 5), the
inhibition curve suggests ligand interaction at one sige (
=81 uM, ICsq—= 220 uM), which is consistent with the
EACA's binding to only one site in kringle 5§ 140 uM).
These inhibitory effects are kringle-dependent because
EACA has no inhibitory effects on the binding between SK
and micro-Pg. Still, the inhibition of activator complex
formation by EACA cannot simply be ascribed to a confor-
mational unfolding of Glu-Pg. That is because SK binds with
comparable affinity to mini-Pg, which is naturally unfolded
because the primary sites of intramolecular kringle interaction
responsible for the tight conformation of Glu-Pg have been
removed (the Nk terminal peptide-kringle 5, and kringle3-
kringle4). Taken together, these data are most consistent with
the conclusion that EACA blocks activator complex forma-
tion by competing with a Lys-dependent binding interaction
between SK and kringle 5 that is important for high-affinity
binding. The more complex pattern by which EACA inhibits
Glu-Pg and SK binding (Figure 4) may reflect its effects on
intramolecular interactions in Glu-Pg (e.g., the Nerminal
peptide-kringle 5, etc.) that affect the conformational acces-
sibility of kringle 5 for binding with SK.
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