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Chapter 1

One of the predominant causes of death in modern times has been circulatory
disorders that have assumed alafming proportions worldwide, due to a combination of
several ‘modern’ factors, besides genetic predisposition, such as stressful urban
lifestyles and unhealthy food habits. What was previously a scourge of developed
societies is now wrecking havoc in developing countries as well. This has resulted in
an explosion of cardiac maladies across the globe, partially as nations shed their
poverty and move into greater prosperity. In India alone, it is believed that nearly 2 %
of the population suffers from various cardiac maladies. The current rate of deaths due
to coronary diseases (nearly 200 per 100,000 population) is increasing at an appalling
rate in our country. Thus, there is a desperate need for newer, improved thrombolytic
drugs to bring the situation under control.

The application of thrombolytic agents like tissue-plasminogen activator (t-
PA), urokinase (UK) and streptokinase (SK) has transformed the clinical management
of various circulatory diseases, for example, myocardial infarction, deep-vein
thrombosis and pulmonary embolism (Collen et al., 1988). These thrombolytic agents
exert their fibrinolytic effect through activation of plasminogen (PG) in circulation, by
cleavage of the scissile peptide bond between residues Arg561 and Val562 in PG.
Consequently, the inactive zymogen PG is converted to its active form, plasmin (PN)
that then acts on fibrin and degrades it into soluble degradation products. What is
fascinating is that PN, by itself, is not capable of activating PG into PN but requires
an activator such as t-PA and UK to catalyze this reaction. Unlike t-PA and UK,
which directly act on PG, SK is enzymatically inert and first forms an equimolar
complex with PG (the SK.PG complex) that then activates other PG molecules into
PN (reviewed by Castellino, 1981).

The clinical choice of the clot-dissolver drug during therapy is dictated by
several factors like fibrin-selectivity, immunological reactivity, appearance of side
effects and their severity, and circulatory clearance rates. Of the thrombolytic agents
approved clinically, SK is the drug of choice, especially in the developing countries,
mainly because of its markedly low cost (nearly 10-fold lower) when compared to t-
PA and UK. In addition to being economical, the SK.PG complex is a highly potent
activator enzyme, and possesses longer plasma half-life than its counterparts viz. t-PA

and UK. On the other hand, the relative disadvantages with SK are its comparitively



Chapter I

low fibrin specificity, and high immunogenicity due to its heterologous origin. Thus,
one of the principal aims of the current investigationvwas to design a smaller analogue
or derivative of SK so that its immunogenicity is reduced compared to the full-length
native protein. However, the development of such analogues or derivatives with
improved properties requires a comprehensive understanding of the mechanistic and
structure-function aspects of SK, which is not presently available.

Considerable efforts have been made in the last two decades to acquire deeper
mechanistic insights into one of the most challenging issues associated with SK action
viz. the molecular basis of its highly specific and targeted action of SK on its
substrate, PG. With a view to obtain fundamental insights into the regions of SK
involved in imparting substrate specificity to the ‘partner’ PN in the SK.PN complex,
as well as decipher regions involved in formation of the strong 1:1 interaction,
‘Peptide-Walking’ studies in our laboratory involving limited proteolysis and
fragment analysis have been carried out (Nihalani et al., 1997; Nihalani et al., 1998).
By this approach, two ‘hotspots’ in SK, one in the oo domain (encompassing residues
16-51) and another in the § domain (spanning residues 230-290) were identified to be
involved in PG interacting functions. While residues 37-51 in the oo domain of SK and
two short segments in the p domain spanning residues 230-250 and 270-290, were
thought to be involved in formation of the high affinity 1:1 interaction between SK
and PG, residues 16-36 in SK o and residues 250-270 in SK B were proposed to be
involved in the docking of substrate PG to the activator complex.

The crystal structure of SK with microplasmin (uPN), the catalytic domain of

PN (Wang et al., 1998) has been recently solved. Although it does provide a high-
resolution picture of selected inter-molecular interactions amongst the three domains
of SK (namely o, B and y) with uPN, it fails to reveal the intimate role of the B
domain of SK, postulated earlier by our group (Nihalani and Sahni, 1995; Nihalani et
al., 1997; Chaudhary et al., 1999) as well as by others (Rodriguez ef al., 1995 and
Conejero-Lara et al, 1998) that have clearly indicated that the § domain plays a
crucial role not only in engendering affinity with partner PG, but with substrate PG as
well. This lacuna between the structural data, on one hand, and biochemical results,
on the other, needed to be actually addressed in order to gain a truthful glimpse into

the mechanism of action of SK.
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In contrast to the three-domain structure of SK, staphylokinase (SAK), another
functionally similar, ‘indirect’ PG activator protein, but one that has a single domain
only, also operates by docking substrate HPG into the active center of its binary
complex with plasmin(ogen) (Parry et al, 1998). Although SAK displays little
sequence similarity with SK, its single domain bears remarkable structural homology
with the o domain of SK, and all the three domains of SK in general, which, in turn, -
are structurally homologous to each other (Parry et al., 2000). A crucial question that
can be posed in the above context is whether the isolated o domain of SK also
possesses, like the single domain of SAK, the ability to bind with PG in both
‘substrate’ and ‘partner’ modes and, if the answer is affirmative, whether this binding
is functionally translated into a capability, even if highly compromised compared to
native SK, to switch the non-specific substrate preference of partner PN to that of a
PG activator enzyme. A recent study (Loy et al., 2001) could elegantly demonstrate
the presence of only, barely detectable levels of PG activator activity in the o domain
of SK. However, this report did open the question of finding ways, chiefly by protein
engineering, to enhance and/or amplify this ‘nascent’ activity in the isolated o
domain. Accordingly, here we have explored various strategies to enhance the
catalytic efficiency of isolated SK o and then gone on to generate SAK-like catalytic

efficiency in the hitherto nearly inactive domain.

In brief, we embarked on this treatise with the following objectives in mind.

» To identify critical epitope(s)/microstructure(s) within the known ‘hotspot’ in
the B domain of SK, viz. spanning residues 250-270, which is/are crucial for
substrate PG activation. This involved computer modeling studies to identify
structure/s that might be involved in interaction with PG, construction of the
desired mutant, followed by detailed analysis of the kinetic and binding
parameters of the mutant.

* To examine whether the o domain of SK possesses any detectable activity or
not, when isolated after expression by recombinant DNA methods.

* To make a rational and systematic attempt to engineer derivatives of o that
possess significant cofactor activity. This would involve identification of

epitope/s that play a crucial role in substrate recognition, present in the
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structurally homologous SAK, followed by the transposition of the motif/s
into an equivalent position in the o domain and its physico-chemical and
kinetic characterization. In addition, ‘hotspot’ saturation mutagenesis and
subsequently screening of a repertoire of mutants would be carried out to
select those with superior functional properties. The kinetics of PG activation

and binding properties of the selected mutants would then be studied.
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Chapter 11

Humans have evolved a well-regulated and finely balanced hemostatic system.
Hemostasis is a balance of the physiological processes, which on one hand prevent
excessive bleeding after vessel injury, and on the other hand, maintain viable
circulation by keeping the blood in an uncoagulated state (maintain blood in a fluid
state). Hemostasis can be divided into four components, vessel function, platelet

function, coagulation and fibrinolysis.

2.1 Vessel Function

The normal vascular endothelium produces inhibitors of blood coagulation
(heparan sulphate and thrombomodulin) and platelet aggregation. It modulates
fibrinolysis by synthesizing and secreting t-PA and inhibitors of HPG activators. It
also separates blood cells and plasma factors from highly reactive elements like
collagen, von Willebrand factor that stimulate platelet adhesion, and tissue factor that
trigger coagulation of blood.

Vascular spasm occurs when the smooth muscles that line the walls of blood
vessels contract after injury. It is mediated by serotonin and thromboxane A2 released
from platelets and is the beginning of primary hemostasis that leads to the formation

of a reversible platelet plug within minutes of the injury.

2.2 Platelets

Platelets play a fundamental role in hemostasis. They adhere to the surface of
injured blood vessels that provide sites for binding to von Willebrand factor (via the
receptor GP-Ib, a glycoprotein found on the platelet cell surface, in a complex
formation with Factor IX); and fibrinogen and fibronectin through integrin receptors
(Pytela et al., 1986). Fibrinogen, due to its divalent structure enables formation of a
bridge between platelets, thereby mediating aggregation of platelets. These adherent
platelets spread on the exposed sub-endothelial surface, and further form large
aggregates.

Different agents like thrombin, adenosine diphosphate and epinephrine that

bind to the platelet membrane, via specific receptors, can stimulate platelets (reviewed
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by Nemerson and Nossel, 1982). The aggregation response of platelets to these
stimuli is modulated by several regulatory substances, of which the most important is
cyclic 3°, 5’-adenosine monophosphate (Haslam et al, 1978; Grant and Colman,
1988). A strong stimulus increasing platelet cyclic 3, 5'-adenosine monophosphate
levels and thereby inhibiting aggregation is prostacyclin, produced by vascular
endothelial cells.

Platelets contain different classes of granules (‘dense bodies’, alpha granules
and lysosomes). The contents of dense granules are small molecules and include
adenosine monophosphate, calcium and serotonin. Alpha granules contain large
molecules like fibronectin, the von Willebrand protein, fibrinogen, platelet-derived
growth factor, platelet factor 4 and 3-thromboglobulin. Secondary platelet aggregation
is accompanied by, and may be mediated by platelet release reaction in which the
contents of platelet alpha and dense granules are discharged into the ambient fluid

(Nemerson and Nossel, 1982).

2.3 Coagulation

The coagulation system is a proteolytic cascade that involves several serine
proteases and cofactors and consists of a series of highly coordinated events that
finally lead to the formation of thrombin, which can convert soluble fibrinogen to
fibrin that forms a clot (reviewed in Jackson and Nemerson, 1980). Each enzyme of
the pathway is present in the plasma as a zymogen, in other words, in the inactive
form, which on activation undergoes proteolytic cleavage to release the active factor
of the precursor molecule.

Conceptually, coagulation came to be viewed as consisting of two pathways
(intrinsic pathway and extrinsic pathway), functioning independently for the
generation of factor X, and finally converging in the common pathway that leads to
thrombin formation. Intrinsic pathway is termed so because coagulation is initiated by
the components of the vascular system, whereas the extrinsic system involves

components of both the blood and vascular system.
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24 Fibrinolysis

After the primary phase of platelet aggregation, the second phase in
‘hemostasis involves the formation of fibrin strands. The precursor of fibrin (FN) is
fibrinogen, a glycoprotein of M; 340,000. The fibrinogen molecule is a dimeric
molecule (Doolittle, 1984) consisting of three pairs of disulphide-bonded polypeptide
chains (Hoeprich and Doolittle, 1983). It is present in plasma as well as platelet

granules. -

The process of FN formation first involves the binding of the enzyme,
thrombin to fibrinogen and liberation of fibrinopeptides, resulting in monomer and
polymer formation (Blomback and Blomback, 1972). This is followed by the non-
covalent FN assembly that entails the progressive longitudinal and lateral elongation
of polymer chains to form FN strands (Hermans and McDonagh, 1982). Finally, FN
gets covalently stabilized by ‘Factor XlIlla-catalyzed cross-linking (Schwartz et al.,
1973; Folk and Finlayson, 1977; Pisano et al, 1968) rendering the FN clot
mechanically more robust (Shen er al, 1975) and more resistant to chemical and

enzymatic lysis (Shen et al., 1977).

Wiman and Collen (1978a) proposed that under physiological conditions, the
dissolution of FN clots involves the binding of the circulating zymogen PG to the clot,
conversion of PG to the active protease PN, lysis of the clot and inactivation of PN by
the circulating op-antiplasmin. A cardinal feature of both physiological fibrinolysis
and that achieved by therapeutic administration of PG activators is targeted generation
of PN activity at the surface of the clot (FN selectivity) (Marder and Sherry, 1988).
Thus, there is a complex interplay between different pathways to maintain normal
hemostasis and a delicate balance has to be maintained to allow a rapid and efficient
hemostatic response to bleeding, but that can avoid a thrombogenic response away
from the site of injury (see Figure 2.1).

The key components of the fibrinolytic pathway include PG, PG activators and
inhibitors of PG activators and PN.
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Figure 2.1 Disruption of the balance between the opposing forces of
fibrinolysis and antifibrinolysis, leading to bleeding or thrombotic
manifestations. Bleeding may result from defective inhibition of excessive
activation of fibrinolysis. Conversely, defective activation or excess inhibition
of fibrinolysis may result in thrombosis. Therapy with fibrinolytic agents may
dissolve a thrombus, but bleeding may complicate the clinical management.
Bleeding due to excess fibrinolysis may be improved by antifibrinolytic therapy
or result in thrombotic complication. Successful therapy involves restoration of
effective hemostasis or achievement of thrombolysis without complications
(adapted from Francis and Marder, 1994).
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2.4.1 Plasminogen

Human plasminogen (HPG) is a single-chain glycoprotein of M; 92,000-
94,000 (De Renzo et al, 1967) consisting of 791 amino acids and contains 22
disulphide bonds. It is the inactive precursor of the general plasma serine protease
called PN. Majority of the HPG is synthesized in the liver. However, it is also present
in other cells and in the extravascular spaces of many tissues, a few of which might be
capable of producing it such as red blood cells and the kidney (Raum et al., 1980;
Saito et al., 1980; Highsmith and Kline, 1971). The N-terminal amino acid residue of
HPG is Glu (Wallen and Wiman, 1972) and the C-terminal amino acid is Asn
(Robbins et al., 1967).

The human Glu-PG exists in two forms, which differ from each other in their
glycosylation (Castellino, 1984). Variant 1 contains the carbohydrate groups at
Asn289 and Thr346 (Hayes and Castellino, 1979a, 1979b, 1979c). Variant II that
constitutes half of the PG molecules, contains only the carbohydrate group at Thr346.
Recently, a site for O-linked glycosylation was discovered in variant II at Ser248
(Pirie-Shepherd et al., 1997). Recombinant PG, expressed in Escherichia coli is non-
glycosylated (Gonzalez-Gronow ef al., 1990), and cannot be activated into PN by PG
activators and when injected into mice, was much more rapidly cleared from
circulation than the glycosylated forms.

Three truncated forms of HPG have been illustrated.
i) Cleavage by human plasmin (HPN) at residue 77 leads to the removal of N-
terminal domain and yields a shorter form of HPG commonly called Lys-PG.

This HPN-catalyzed conversion to Lys-PG is accompanied by a large

conformational change to an extended conformation that has different

functional properties than Glu-PG (Violand and Castellino, 1976; Ponting et

al., 1992a; Horrevoets et al., 1995).

ii) Cleavage by elastase leads to the formation of miniplasminogen (mPG) that 1s

composed of the catalytic domain with kringle 5.

iii) The isolated catalytic domain devoid of all the kringle domains is known as

microplasminogen (UPG) (Shi and Wu, 1988). Both mPG and uPG are
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capable of being activated by HPG activators (Christensen et al., 1979; Shi
and Wu, 1988).

In human adult, the concentration of HPG in the plasma is 2 uM (200 mg per L).
The half-life of human Glu-PG is 2.2 days whereas Lys-PG has a shorter half-life of
0.8 days (Collen and Maeyer, 1975).

Plasminogen contains seven structural domains: an N-terminal peptide (Glul-
Lys77), five kringle domains, K1 through K3, respectively (K1-5) and a C-terminal
serine protease catalytic domain (amino acids 544-791) (Sottrup-Jensen et al., 1978;
Ponting et al, 1992b). Figure 2.2 shows the schematic diagram of the domain
structure of HPG.

Kringles are independently folding domains that are composed of three-
disulphide, triple-loop structures consisting of approximately 80 amino acids each
(Sottrup-Jensen ef al., 1978). Comparison of the cDNA sequences of HPG with those
of monkey, mouse, bovine and porcine PG reveals 76-85 % identity of the kringle
domains (Degen ef al., 1990; Schaller and Rickli, 1988). The PG kringles contain
lysine-binding sites (LBS) (Lerch et al., 1980; Castellino and Powell, 1981; Motta et
al., 1987; Sehl and Castellino, 1990; Thewes et al., 1990; Menhart ef al., 1991) that
confer on the kringles the unique ability to interact with lysine residues of other
proteins including fibrin (Sottrup-Jensen et al., 1978; Wiman et al., 1979; Wiman and
Wallen, 1977, Wu et al., 1990) and lysine analogues, such as epsilon-amino caproic
acid (EACA) (Lerch et al., 1980). The HPG kringles possess different affinities and
specificities for omega-amino acid ligands. Equilibrium dialysis, microcalorimetry
and nuclear magnetic resonance (NMR) studies on isolated kringles have been done
that show that the strongest binding site for EACA is provided by kringle 1 (Lerch et
al., 1980; Menhart et al., 1991) followed by kringle 4 (Lerch et al., 1980; Sehl and
Castellino, 1990; McCance et al., 1994) and kringle 5 (McCance et al., 1994;
Novokhatny er al., 1989). Kringle 3 does not interact with EACA to a measurable
extent, whereas kringle 2 displays a very weak interaction with EACA (Marti et al.,
1994).

The crystal structure of the entire HPG molecule has not been determined as yet.

However, the structures of a number of domains of PG have been established, for
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Figure 2.2 Schematic diagram of the domain structure of HPG.
Plasminogen is a protein composed of 791 amino acid residues. It is composed
of the N-terminal peptide, five kringle domains of 80 amino acid residues
each, and the C-terminal catalytic domain (WPG). The arrow indicates the
activation (scissile) peptide bond (Arg561-Val562), the cleavage of which
activates HPG. The amino acid residues constituting the catalytic triad
(His602, Asp645 and Ser740) are also indicated.
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example, the structures of kringle 1 (Mathews et al., 1996; Rejante and Llinas, 1994a;
Rejante and Llinas, 1994b), kringle 4 (Atkinson and Williams, 1990; Mulichak et al.,
1991) and kringle 5 (Chang et al, 1998) with various ligands bound have been
determined by NMR and X-ray crystallography. There have been reports of structures
of human pPG alone (Peisach et al, 1999; Wang er al, 2000a) and those of
microplasmin (UPN) complexed with SAK (Parry et al., 1998) and SK (Wang et al.,
1998).

The structure of the pro-enzyme domain of HPG was solved to 2.0 A resolution
by Peisach and coworkers (1999). The catalytic domain is made of 230 amino acids,
whose overall architecture is very similar to other chymotrypsin-like serine proteases,
is made up of two B-sheet barrels connected by loops (Shotton and Watson, 1970).
The structure presents an inactive protease characterized by Asp740 (chymotrypsin
194) hydrogen-bonded to His586 (chymotrypsin 40), preventing proper formation of
the oxyanion hole and S1 specificity pocket. In addition, the residues constituting the
catalytic triad are oriented relative to the active conformation adopted by serine
proteases in the chymotrypsin family.

The X-ray crystal structure of the complexes of the recombinant kringle 1 domain
of HPG with ligands, EACA and AMCHA (trans-4-(aminomethyl) cyclohexane-1-
carboxylic acid) have been determined at 2.1 A (Mathews et al., 1996). In the crystal
structure, the anionic center of kringle 1 is composed of Asp54 and Asp55, while the
cationic center that contributes to the stability of binding of the carboxylate moiety of
the ligands, is composed of Arg70 and possibly Arg34. The binding pocket is
characterized by the presence of two polar surfaces separated by the hydrophobic
trough formed by the indole ring of Trp61 and the phenolic ring of Tyr71. The
methylene groups of the ligand are stabilized in the binding pocket by van der Waals
contacts with the side-chain atoms of Trp61 and Tyr71.

Crystallization of kringle 4 has revealed that the kringle 4 structure is well
stabilized by an internal hydrophobic core and extensive hydrogen-bonding network
(Mulichak et al., 1991). The LBS on the surface of kringle 4 is a relatively shallow
and elongated trough formed by hydrophobic amino acids Trp62, Phe64 and Trp72,

surrounded by positively charged Lys35 and Arg71 on one side, and negatively

10
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charged side-chains of Asp55 and Asp57, at a distan;:e of 7 A (Mulichak et al., 1991;
Wu et al, 1991). This structure provides for ideal docking of zwitterions such as
lysine and EACA, whose opposite charges are also 7 A apart.

The structure of recombinant kringle 5 domain of HPG has been solved at 1.7 A
resolution (Chang et al., 1998). The LBS is defined by the region His33-Thr37,
Pro54-Val58, Pro61-Tyr64, Leu71-Tyr74, that together form an elongated depression
on the kringle surface lined with water molecules. An unusual feature of the LBS of
apo-kringle 5 of HPG is the absence of cationic center formed by Arg34-Arg70 and
Lys35-Arg71 pairs of kringle 1 (Mathews ef al., 1996) and kringle 4 (Wu et al., 1991)
respectively. Since this locus is responsible for binding of negatively charged groups
of ligands, the interaction between apo-kringle 5 and omega-amino acid ligands is
restricted to positively charged groups of ligands and anionic center of LBS along
with hydrophobic contacts in the binding pocket. While wild-type recombinant
kringle 5 interacted weakly with these types of ligands, replacement by site-directed
mutagenesis of Leu71 by Arg led to substantially increased affinity of the ligands for
the LBS of kringle 5.

2.4.2 Plasmin

Plasmin, the active form of the zymogen PG, is a serine protease that has
broad specificity, but cannot directly catalyze the proteolytic activation of HPG
(Robbins et al, 1967, Summaria et al., 1967). It is formed by the cleavage of the
scissile peptide bond in PG that is mediated by PG activators. The three forms of PN
are Glu-PN form, that is the intact molecule with only Arg561-Val562 bond cleaved,
Lys77 form that lacks the N-terminal 76 residue activation peptide and the Val442
form that contains an intact light chain but only one kringle structure and lacks all of
the lysine binding sites (Christensen et al., 1979). These different forms of PN are
capable of hydrolyzing susceptible Arg and Lys bonds in proteins at neutral pH and
act on most synthetic substances and proteins susceptible to trypsin (Weinstein and

Doolittle, 1972).

11
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The interactions of PN with the inhibitors play a crucial role in regulation of
fibrinolysis. Two chief inhibitors of PN in blood are o,-antiplasmin and o-

macroglobulin.

2.4.3 Fibrinolytic system inhibitors
The inhibitors of the fibrinolytic system include inhibitors of PN as well as of
the HPG activators (reviewed by Akoi and Harpel, 1984). These are briefly discussed

below.

2.4.3.1 oy-antiplasmin inhibitor
op-antiplasmin inhibitor is a single-chain molecule of M; ~ 70,000 and
contains about 13 % carbohydrates. It is synthesized in the liver and its half-life is
about 3 days. The primary structure of human oy-antiplasmin inhibitor has been
reported by Holmes and coworkers (1987) and the organization of the gene has been
determined in 1988 by Hirosawa and co-workers. In plasma, a,-antiplasmin inhibitor
(present at a concentration of 1 uM) swiftly reacts with PN, causing its irreversible
inhibition through generation of a stable 1:1 stoichiometric complex with Ser at the
active site of PN (Moroi and Aoki, 1976; Wiman and Collen, 1977, Wiman and
Collen, 1978b; Wiman and Collen, 1979; Collen, 1976; Aoki and Harpel, 1984). The
reaction between PN and the inhibitor is extremely rapid and the bimolecular complex
is stable and devoid of enzymatic activity (Wiman and Colien, 1979; Christensen and
Clemmensen, 1977). The o,-antiplasmin inhibitor has specific binding sites for PN
and FN. The C-terminal Lys residue (Lys 452) is a major site of interaction with PN
(Hortin et al., 1988) while the N-terminal GIn2 is covalently cross-linked to a C-
terminal Lys residue in the o chain of FN by Factor XIIIa.
Deficiency of oy-antiplasmin inhibitor (that is, during fibrinolytic activation,
the amount of PN generated exceeds the neutralizing capacity of inhibitors), results in
proteolysis of plasma proteins, a patho-physiological condition termed

hyperfibrino(geno)lysis.

12
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ap-antiplasmin inhibitor is the most important PN inhibitor, but other
inhibitors such as ap-macroglobulin and plasminogen-activator inhibitor-I also exert

their action, though in a restricted manner.

2.43.2 oz-macroglobulin
op-macroglobulin is a glycoprotein of M, 725,000, consisting of four
identical chains each of M, 160,000. It is present in plasma at concentrations ranging
from 2 to 5 uM. The complete amino acid sequence of o-macroglobulin has been
determined (Sottrup-Jensen et al., 1984). The half-life of native o,-macroglobulin in
humans is about 5-6 days. It has broad specificity for different types of proteases. The
mechanism of action involves an initial limited proteolysis of the ‘bait region’ that
offers substrate specificity to many different proteases (Travis and Salvesen, 1983;
Barrett and Starkey, 1973; Harpel, 1973, Mortensen et al., 1981). The cleavage of
different peptide bonds leads to a conformational change in the o;-macroglobulin
molecule that traps the proteinase inside the inhibitor (Barrett, 1981; Barrett and
Starkey, 1973; Gonias ef al., 1982a).
op-macroglobulin appears to be the ‘back-up’ or ‘second-line’ inhibitor which
becomes the major anti-PN inhibitor when the levels of a,-antiplasmin are depleted

by extensive generation of PN, for example during SK infusion (Gonias et al., 1982b).

2.4.3.3 Plasminogen-activator inhibitor-1

Plasminogen-activator inﬁibitor-l is a glycoprotein of M; 52,000 that is
chiefly produced by endothelial cells. It inhibits t-PA and two-chain urokinase
plasminogen activator, but not single-chain urokinase plasminogen activator.
Different forms of plasminogen-activator inhibitor-1 have been identified (Loskutoff
and Schleef, 1988). One of these forms is active and makes an equimolar complex
with t-PA and two-chain urokinase plasminogen activator, leading to loss in activity.
The second form is inactive, while the third form is latent but can be activated by urea

and SDS.

13
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Plasminogen-activator inhibitor-1, being in molar excess of t-PA, serves to
minimize surplus fibrinolytic activity in the systemic circulation. The levels of the
inhibitor are highly regulated; its high incidence has been reported in several diseased

states (Kruithof er al., 1988).

2.4.4 Plasminogen activators

The activation of HPG is the central event in the fibrinolytic cascade. The
HPN generated from this event hydrolyzes FN and dissolves blood clots. Plasminogen
activators can be broadly divided into two categories.
Direct PG activators, produced by vertebrate cells, are highly specific limited
proteases that cleave a single Arg561-Val562 bond at the activation site to yield PN.
These include t-PA and UK.
Indirect PG activators, SK and SAK are of bacterial origin and do not possess
enzymatic activity. These form complexes with PG and/or PN and these complexes

act as PG activators.

2.4.4.1 Tissue-plasminogen activator

Tissue-type plasminogen activator is a chymotrypsin family serine proteinase
central to fibrinolysis (reviewéd by Madison, 1994; Collen and Lijnen, 1995). The
principal physiological source of t-PA are vascular endothelial cells, where it is
synthesized as single-chain glycoprotein, however, it is also isolated from other
tissues (Booyse et al., 1981; Levin and Loskutoff, 1982; Cole and Bachmann, 1977).
In vivo, t-PA activation of HPG occurs preferentially on clots, as both t-PA as well as
substrate HPG are adsorbed to fibrin surface sites, which leads to increased HPN
generation, while preventing systemic activation of HPG.

The mature protein contains 527 amino acids and is organized by sixteen
disulphide bonds into five distinct structural domains. It contains a finger domain
(Ser1-His44), an epidermal growth factor-like domain (Ser50-Asp87), two kringle
domains (Cys92-Cys173 and Cys180-Cys261) and the C-terminal catalytic domain
(Ser262-Pro527) (Pennica et al., 1983). This latter catalytic domain shares homology

14
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with other chymotrypsin-like enzymes and contains a typical catalytic triad (Asp371,
His322 and Ser478).

Various methods including differential scanning calorimetry (DSC)
(Novokhatny et al., 1991) and 1H_—NMR spectroscopy (Hu et al., 1994) have been
used to show that the five domains of human single chain-t-PA can fold and function
autonomously. The binding of t-PA and fibrin has been localized to kringle 2 and the
finger domain (van Zonneveld et al., 1986, Verheijen et al., 1986; Gething et al.,
1988). Upon cleavage of the Arg275-Ile276 peptide bond by PN, or during
fibrinolysis (Ranby et al., 1982; Ichinose et al., 1984), single chain-t-PA is converted
to two chain-t-PA, consisting of 275 residue heavy (A) chain and 252 residue light
(B) chain, both disulphide connected by Cys264-Cys395. Tissue-type plasminogen
activator displays greater enzymatic activity in presence of fibrin (Hoylaerts et al,
1982). The crystal structure of single chain human t-PA (Renatus et al., 1997) and the
catalytic domain of recombinant two chain human t-PA (Lamba et al., 1996) have
given deep insight that would help in furthering the understanding of this complex

protein and in developmeﬁt of new therapeutic activators.

2.44.2 Urokinase
Urokinase, also termed two-chain urokinase plasminogen activator, is
responsible for the fibrinolytic activity of urine. It has been isolated from urine and
from cultures of embryonic kidney cells (Barlow, 1976). It is found to exist in two
forms of M;, 31,300 and 54,700 (White et al., 1966), the smaller one being the
proteolytic product of the larger form (Soberano et al., 1976; Barlow et al., 1981).
The complete primary amino acid sequence was determined in 1982 (Gilinzler ef al.,
1982; Steffens et al., 1982). Urokinase has a four-domain structure including an
epidermal growth factor domain, a kringle domain, a connecting peptide and the
protease domain in which His204, Asp255and Ser356 form a catalytic triad.
A single chain form of UK has been isolated from urine, plasma and human
cell cultures (Husain et al., 1983; Stump et al., 1986a; Stump et al., 1986b). There is a
lot of controversy regarding its intrinsic catalytic activity (Pannell and Gurewich,

1987; Petersen et al., 1988; Urano et al., 1988; Husain, 1991). The Lys158-Ile159
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bond in single-chain urokinase plasminogen activator is cleaved by PN resulting in
the formation of two-chain urokinase plasminogen activator, while the Argl56-
Phel57 b'énd is cleaved by thrombin, converting it into an inactive two-chain
derivative (Ichinose ef al., 1986; Gurewich and Pannell, 1987; Zamarron et al., 1984).

Several groups have studied the molecular mechanism of activation of PG by
UK (Wiman and Wallen, 1973; Rickli and Otavsky, 1973; Violand and Castellino,
1976). Broadly, it involves firstly the cleavage of the scissile peptide bond in Glu-PG
(Arg561-Val562), forming Glu-PN, which then autocatalytically cleaves the Lys76-
Lys77 peptide bond in Glu-PN heavy chain, yielding Lys77-PN. The formation of
Lys77-PN is influenced by the pH, temperature and buffer conditions (Violand and
Castellino, 1976).

2.4.4.3 Streptokinase (SK)

Streptokinase (SK) is an extracellular protein produced by a variety of
hemolytic streptococci that indirectly cause the activation of PG into its active form,
PN (Tillet and Garner, 1933). SK has been used in the clinical treatment of acute
myocardial infarction following coronary thrombosis (ISIS-3, 1992) and has served as
a thrombolytic agent for more than three decades. The basic mechanism of action of

SK has been discussed in detail later in this review.

2.4.4.4 Streptococcus uberis plasminogen activator (SUPA)

Streptococcus uberis plasminogen activator (SUPA) was isolated from
Streptococcus uberis, a species of Streptococcus causing bovine mastitis (Leigh,
1993; Rosey et al., 1999; Johnsen et al, 1999). Streptococcus uberis was able to
acquire surface-localized PN activity by the action of its specific PG activator (Leigh
and Lincoln, 1997) which would facilitate the degradation of extracellular matrix
proteins and subsequent colonization and also help in availability and utilization of
essential amino acids from PN-derived casein peptides, liberated as a result of
hydrolysis of milk proteins (Kitt and Leigh, 1997).

Streptococcus uberis plasminogen activator has a putative two-domain

structure (having M; ~ 29,000) intermediate between the one-domain structure of
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SAK (having M; ~ 16,000) and the three-domain structure of SK (having M, ~
47,000) (Sazonova et al., 2001). Kinetic data have revealed that SUPA is capable of
induction of vifgin enzyme activity in bovine PG (in absence of y-equivalent domain)
(Johnsen et al., 2000). Also, the C-terminal B domain of SUPA could not activate PG
but formed an activator complex with PN (Johnsen et al., 2000). Thus SUPA showed
activation kinetics similar to SK, but exhibits SAK-like susceptibility to o;-
antiplasmin (Johnsen ef al., 2000), and thus its mechanism of action is also

intermediate between SK and SAK (Sazonova et al., 2001).

2.4.4.5 Staphylokinase

Staphylokinase (SAK), a protein of M, 15,500 produced by Staphylococcus
aureus, (Lack, 1948) was shown to have pro-fibrinolytic properties more than four
decades ago (Christie and Wilson, 1941; Lewis and Ferguson, 1951). The fibrinolysis
was later shown to be due to activatiron of HPG rather than the direct action of SAK
itself (Lack, 1948). Thus like SK, SAK is not an enzyme as it does not show any
proteolytic activity by itself; rather it forms a 1:1 complex with HPN, which in turn
activates other HPG molecules. In circulating plasma, in absence of fibrin, the
HPN.SAK complex gets rapidly neutralized by os-antiplasmin, thus preventing
systemic HPG activation. In presence of fibrin, the lysine-binding sites of the cbmplex
are occupied and inhibition by oy-antiplasmin is retarded, thereby enabling
preferential HPG activation at the fibrin surface (Lijnen ef al., 1991). Thus SAK is
able to induce lysis in a plasma milieu without causing systemic HPG activation and
marked fibrinogen breakdown (Hauptmann and Glusa, 1995), thereby decreasing the
risk of severe bleeding. Thus, in contrast to SK, it is a more ﬁbrin-spéciﬁc fibrinolytic
agent in human plasma in vitro (Matsuo et al., 1990).

The gene coding for the bacterial protein has been cloned and expressed in
Escherichia coli (Sako et al., 1983; Sako, 1985) and Bacillus subtilis (Behnke and
- Gerlach, 1987). The nucleotide sequence of SAK gene and the deduced amino acid
sequence have been described and are not related to those of SK (Sako and Tsuchida,

1983; Malke et al., 1985; Jackson and Tang, 1982).
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The structure of SAK has been analyzed by solution X-ray scattering, dynamic
light scattering, ultra-centrifugation and ultra-violet circular dichroism (UV-CD)
spectroscopy (Damaschun et al., 1993). The three-dimensional structures of SAK and
SAK.HPN complex have been elucidated by X-ray diffraction studies (Rabijns et al.,
1997; Parry et al, 1998). In the heterotrimer complex, comprising of two uPN
molecules and one SAK molecule, SAK binds one pPN molecule in the proximity of
its active site (Parry et al., 1998). Formation of this bi-molecular complex presents a
slightly complex surface onto which the second molecule of uPN docks in a substrate-
like manner.

Apart from those mentioned above, other PG activators are currently available
that have been claimed to possess greater fibrin-specificity, longer half-lives and a
potential for increased thrombolytic potency (Weitz et al, 1999; Ross, 1999;
Verstraete, 2000).

2.44.6 Anisoylated plasminogen streptokinase activator complex

Anisoylated plasminogen streptokinase activator complex consists of SK in
complex with anisoylated Lys-PG (Smith et al., 1981; Summaria et al., 1979). It has
higher affinity for fibrin than Glu-PG and it would remain inactive until deacylation
occurs allowing the formation of the activator. Anisoylated plasminogen streptokinase
activator complex has a half-life of 70 min. It is easier to administer since it permits
intravenous bolus administration. However, it is more expensive and therefore not

widely used.

2.4.4.7 Vampire bat plasminogen activator

Vampire bat PG activator was isolated from the saliva of the vampire bat,
Desmodus rotundus (Gardell and Friedman, 1993). It is structurally homologous to
human t-PA, consisting of a finger domain, an epidermal growth factor domain and a
single kringle domain, but lacks the second kringle domain, and the PN cleavage site
essential for conversion to a two-chain form of PG activator (Gardell et al., 1989). It
shows more fibrin-specificity than t-PA in vitro (Gardell et al., 1990) ‘and in

laboratory animals (Gardell et al., 1991). However, until trials with this molecule are
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complete and reported, it would be uncertain whether it has a selective advantage over

the native t-PA molecule.

2.4.4.8 Reteplase

Reteplase is a deletion mutant of t-PA, consisting of kringle 2 and the
protease domain of t-PA, but the finger, epidermal growth factor and the kringle 1
regions of the native t-PA have been deleted (Kohnert er al., 1992). It also lacks
carbohydrate side chains (Smalling, 1997). These mutations endow a prolonged half-
life (about 15 min), thereby allowing its administration as two intravenous boluses,
given 30 min apart (Smalling et al., 1995). Like SK, reteplase has an efficacy and
safety profile, similar to that of t-PA (GUSTO 111, 1997).

2.44.9 TNK tissue-type plasminogen activator

TNK tissue-type plasminogen activator, another variant of t-PA, has been
specifically bioengineered to retain full fibrinolytic activity of wild-type t-PA, while
significantly improve upon some features like prolonged half-life, resistance to PAI-1
and greater fibrin-specificity than t-PA (Keyt et al., 1994; Refino et al., 1993; Cannon
et al., 1998). With a half-life of about 20 min, TNK-t-PA can be administered as a
single intravenous bolus (Cannon et al., 1997). Large phase III trails are required to
determine whether the enhanced fibrin-specificity of TNK-t-PA renders greater safety

than t-PA or not.

2.4.4.10 Lanoteplase

Lanoteplase is a t-PA deletion mutant in which the finger and the epidermal
growth factor domains have been removed and the glycosylation site in kringle 1
domain has been modified (by replacing Asnl17 with Gln) (Larsen ef al., 1991). It is
ﬁroduced in Chinese hamster ovary cells. The half-life of approximately 30 min
permits its administration via a single intravenous bolus (Ogata ef al, 1996; den
Heijer et al., 1998). It also shows improved lytic activity (with respect to t-PA) in

animal models and reduced fibrin affinity.
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Although a multitude of new plasminogen activators have been engineered
and many are in the process of being developed, clear-cut evidence that these have

advantages of greater efficacy and safety over those currently in use is lacking.

2.5 Streptokinase

Streptokinase is an extracellular protein produced by B-hemolytic streptococci
that is not intrinsically an enzyme, but requires the presence of PG for its action. In
the streptococcal cells that produce SK, it has been projected to play a role in
pathogenesis by virtue of its ability to activate PG into PN, a protease of broad
~ specificity that can result in massive tissue damage and bacterial invasiveness into
secondary infection sites within the host body (Lahteenmiki ef al., 2001; Esmon and

Mather, 1998).

2.5.1 Nucleotide sequence and amino acid sequence of SK

The complete amino acid sequence of SK was determined by sequential
Edman’s degradation analysis of SK fragments produced by cyanogen bromide and
enzymatic methods (Jackson and Tang, 1982). The nucleotide sequence was reported
by Malke and co-workers, in 1985. The amino acid sequence derived from the

nucleotide sequence of SK (Malke et al., 1985) has been shown in Figure 2.3.

2.5.2 Genetics, expression and production of SK

Streptokinase is naturally produced and secreted by various strains of
hemolytic streptococci, best studied of them is Streprococcus equisimilis. The gene
was cloned from Streptococcus equisimilis H46A and expressed in Escherichia coli
(Malke and Ferretti, 1984). Alternative host systems for expression of SK have also
been studied. Streptokinase has been expressed in various Gram-negative and Gram-
positive bacteria including Proteus mirabilis (Laplace et al., 1989), Streptococcus
sanguis Challis strain (Malke ef al., 1984; Jackson et al., 1986), Streptococcus lactis
(Laplace et al., 1989) and Bacillus subtilis (Klessen and Malke, 1986; Wong et al.,
1994). Expression of SK has also been studied in Pichia pastoris (Hagenson et al.,

1989).
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2.5.3 Purification of SK

It becomes pertinent to obtain highly purified preparations of SK both for
therapeutic purposes and for biochemical studies to study the mechanism of its
interaction with HPG. Over the years, several purification procedures for obtaining
highly purified preparations of SK have been reported including chromatography on
DEAE-cellulose followed by density gradient electrophoresis (De Renzo ef al., 1967),
a combination of ion-exchange chromatography and gel filtration (Taylor and Botts,
1968) and a series of procedures including ammonium sulphate based fractionation,
gel filtration and chromatography using DEAE-cellulose (Einarrson et al., 1979). For
single-step purification of SK, Castellino and co-workers in 1976 reported the use of
affinity chromatography on insolubilized diisopropyl fluorophosphate-PN. Rodriguez
and coworkers (1992) described the purification of SK by affinity chromatography on
acylated PG or PN with p-nitrophenyl p'—guanidinobenzoate (NPGB), which yields
purified SK with high specific activity. |

In our laboratory, Nihalani (1997) described a combination of two different
purification procedures viz. hydrophobic interaction chromatography (HIC) and ion-
exchange chromatographies, which could purify extracellular SK from Strepfococcus
equisimilis H46A culture broth to apparent homogeneity ‘with very high specific

activities (~ 200,000 IU/mg) with overall yields ranging from 65-70 %.

2.5.4 Physico-chemical properties of SK

The molecular weight of SK was determined to be 47,600 by equilibrium
sedimentation (De Renzo et al., 1967). The isoeleétric point was estimated to be about
pH 4.7 (De Renzo ef al., 1967). Carbohydrates and lipids were found to be absent
from highly purified preparations of SK (reviewed in Castellino, 1981). Amino acid
analysis showed that SK is also free of cystines and cysteines (De Renzo ef al., 1967).

No synthetic substrates for SK have been found till date. SK forms an
equimolar complex with HPG that catalyzes activation of HPG from plasma of
different mammalian species like human, monkey, baboon, chimpanzee, cat, dog and

rabbit (Sodetz et al., 1972; Wulf and Mertz, 1969).
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2.5.5 Secondary structure analysis

Data analyses of circular dichroism (CD) (Brockway and Castellino, 1974)
and optical rotation (Taylor and Botts, 1968) indicate that the helical content of SK is
of the order of 10-12 %. The conformational properties of SK have been investigated
by Radek and Castellino (1989). Streptokinase was tested for its ability to renature
from a chemically induced unfolding of its native conformation. Streptokinase was
fully capable of renaturing from urea-unfolded state into a conformation that gave
thermal and kinetic patterns similar to the native protein. Thermal and guanidinium
deuterochloride-induced unfolding studies of SK using 'H-NMR spectroscopy
established several distinct unfolding transitions and the existence of a number of
partially folded states of the protein (Teuten et al., 1993). |

Streptokinase was analyzed by DSC in a series of buffer conditions and
different pH values in order to determine the stability of the conformation of the
protein. In the acidic range, SK was stable down to pH of 4.4 and in the alkaline
range, it was marginally stable up to pH 10.4. Further increase in pH led to the
unfolding of the molecule.

The far-UV CD spectra were also analyzed to determine the tertiary structure
class (Levitt and Chothia, 1976) to which SK belongs. Streptokinase is classified as
an ot protein based on the predictions of Johnson (Johnson, 1986) who observed
that a+f3 proteins display a more intense band at 208 nm than as compared to 222 nm,
with the inverse being true for o/} proteins. Secondary structural characteristics were
estimated viz. ~ 17 % a-helix, 28 % B-sheet, 21 % fB-turn and 34 % random coil.
Similar secondary structural characteristics were also revealed from analysis of CD,
Infra-Red and Fourier Transform Infra-Red and Raman spectral studies (Welfe ef al.,
1992; Fabian et al., 1992). A comparative picture of the secondary structural data
from various sources has been presented in Table 2A. A prediction of the secondary
structural elements from the amino acid sequence yielded results similar to those of

experimental techniques (Radek and Castellino, 1989).
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Table 2A Comparative data of the secondary structure elements in SK

Type of Subject % % % % others Reference
spectral of study o-helix B-sheet B-turns
study
CD Native SK 17 28 21 34 Radek and
Castellino,
1989
Fourier Native SK  12-13 30-37 25-26 15-16 Fabian et
Transform- al., 1992
Infra-red
Infra-Red Native SK 16 40 26 19 Fabian et
al., 1992
CD Native SK  14-23 38-46 10-30 12-23 Welfle et
al., 1992
CD Native SK  32.1 33.8 0.4 33.8 Parrado et
al., 1996
ProMotif Crystal 10.7 36.9 18 34.4 Wang et
Program structure of al., 1998
(Hutchinson SK.uPN

and Thornton,
1996)
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2.5.6 Immunobiology of SK

Antibodies against SK can be detected in most humans since humans are
exposed frequently to streptococcal infections. High titres of anti-SK
immunoglobulins are rapidly generated after SK administration; these antibodies have
been shown to persist in patients for up to 54 months (Lee et al., 1993). These
antibodies neutralize SK upon administration (Jalihal and Morris, 1990) or cause a
range of allergic reactions (McGrath and Patterson, 1984; McGrath et al, 1985;
Schweitzer et al., 1991), thereby preventing future therapy with SK.

Therefore, in order to facilitate design of less immunogenic and thereby
improved SK derivatives, a thorough understanding of the interaction of SK and its
antibodies is essential. Several groups have tried to map the segments of
immunodominance (Reed et al., 1993; Parhami-Seren et al., 1996; Bruserud et al.,
1992; Parhami-Seren et al., 1997; Torréns et al., 1999a). Different approaches based
on competitive binding studies with native and truncated SK fragments, random
peptide libraries, affinity-derived mass spectroscopic techniques were utilized to
define the antigenic regions of SK (Coffey et al, 2001, Parhami-Seren et al., 1996;
Parhami-Seren et al., 1997).

Efforts to develop SK molecules with improved clinical efficacy have been
reported. To reduce anﬁgenicity, SK has been modified in vitro with polyethylene-
glycol (Rajagopalan et al., 1985). A mutant lacking the C-terminal 42 amino acids has

been found to be less immunogenic (Torrens. et al., 1999b; Torrens et al., 1999c¢).

2.5.7 Mechanism of action

Several biochemical studies have been carried out for more than three decades
that have provided deep insights into the mechanism of activation of HPG, mediated
by SK. Since SK is neither a protease nor an esterase (De Renzo ef al., 1967; Buck et
al., 1968; McClintock and Bell, 1971), much interest has been evoked as to the
manner in which SK activates HPG.
SK can form a HPG activator by two pathways.
Pathway 1 - SK forms a stoichiometric 1:1 complex with HPG (Wohl ef al., 1978;

Castellino, 1979) resulting in the formation of SK.HPG. As a result of this interaction,
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a conformational transition occurs in the complex yielding SK.HPG’, possessing an
active site as was established by the use of active center-specific reagent, NPGB and
analysis of these complexes by starch gel electrophoresis (McClintock and Bell, 1971)
and SDS-PAGE (Reddy and Markus, 1972). The SK.HPG' is not stable and is rapidly
altered to SK*.HPN. This is accomplished by intra-molecular cleavage (Kosow, 1975,
Bajaj and Castellino, 1977) of Arg561-Val562 peptide bond in SK.HPG', catalyzed
by the active site in HPG moiety of the complex. It appears that the major activator of
HPG is a complex of SK* . HPN, consisting of a proteolytically altered SK* (Reddy
and Markus, 1972; Taylor and Beisswenger, 1973).

This process of zymogen activation is similar among the enzymes of the
trypsin family (Neurath, 1989). As described earlier, HPG activation involves the
proteolytic cleavage of the Arg561-Val562 bond. The amino group of Val562 forms a
salt-bridge with Asp740, which triggers a conformational change producing the active
protease, HPN (Wang et al., 2000b). However, in SK.HPG’, which is functionally
active despite the intact Arg561-Val562 bond, another residue is likely to provide a
counter-ion for Asp740.

Two hypotheses have been proposed to explain the non-proteolytic zymogen
activation of HPG by SK.

Bode and Huber (1976) proposed that the N-terminus of SK forms a salt-
bridge with Asp740 of HPG, inducing a structural change in a manner analogous to
the N-terminal Val562 of HPN (molecular sexuality hypothesis). Jackson and Tang
(1978) reported a similar mechanism that was termed as the N-terminal insertion
hypothesis. Wang and coworkers (1999a) provided experimental evidence of this
hypothesis where the deletion of the N-terminal residue of SK (Ile) abolished HPG
activation by SK under conditions where the conversion of SK.HPG to SK.HPG' is
rate-limiting (at 4°C).

An alternative hypothesis proposes that a residue of HPG itself might form a
salt-bridge and the most likely residue is Lys698 (Renatus et al., 1997, Wang et al.,
1998). This is based on the observation that the analogous residue, Lys156, provides

the counter-ion in zymogen of t-PA (Nienaber et al, 1992; Lamba et al., 1996).
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Support for this hypothesis has also been gauged from the crystal structure of SK with
uPN, where the ¥ domain of SK contacts HPG near to Lys698. This region of HPG
corresponds to the activation domain of trypsinogen (Esmon and Mather, 1998) and is
predicted to structurally position Lys698 for the formation of the critical salt-bridge.
Reports of the SK molecule with non-native terminus being as active as the native
molecule (Lee et al., 1997; Fay and Bokka, 1998) along with mutational analysis of
the y domain (Wu ef al., 2001), which confirm the involvement of the y domain in

Zymogen activation, give credibility to this theory.

Pathway 2 - Alternatively, SK can complex directly with HPN, thereby forming a
HPG activator (Wang et al., 2000b). Trace amounts of HPN are always present in
HPG preparations and HPN appears to have a higher affinity for SK (Gonzalez-
Gronow et al., 1978; Boxrud et al., 2000), thereby resulting in the initiation of
Pathway 2.

The final step in PG activation involves the activation of ‘substrate’ HPG by
the activator complex. The events that take place are schematiéally represented in
Figure 2.4. Plasmin, a broad-spectrum protease having specificity for Arg and Lys
residues, by itself is a very poor activator of HPG (Castellino et al., 1976). However
the binding of SK to HPN modulates the specificity of the active protease such that it
becomes highly specific for ‘substrate’ HPG molecules. Markus and Werkheiser
(1964) elegantly demonstrated this ‘specificity switch’ in HPN molecule bound to SK.
In this experiment, the activation of HPG to HPN by catalytic amounts of SK was
monitored. The activity of free HPN generated was followed using three kinds of
substrate- the esterolytic, proteolytic and specific PG activation activities were
followed using TAME (alpha-N-tosyl-L-arginine methyl ester), azocasein and bovine
PG as substrates, respectively.

The HPN generated was able to catalyze the general protease activity, as well
as the esterolytic activity, but was unable to activate bovine PG. However, with
increasing concentration of SK, while the esterase activity of HPN remained
unaffected, the general trypsin like proteolytic activity of HPN, és observed by

azocasein digestion decreased linearly as a function of increasing SK concentration,
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SK + PN
Path 2
Pathway 1 Il atway

SK+PG <—>  SK.PG < SK.PG’ <> SK*PN

(partner)

PG C—————— PN
(substrate)

Figure 2.4 Schematic representation of the steps involved in the activation of PG by SK. SK forms
a high-affinity complex with PG (Pathway 1) that leads to the generation of an active center in the
complex (SK.PG') prior to scissile peptide bond cleavage in the ‘partner’ PG. This ‘virgin complex’ then
gets converted to SK”.PN, which can also be formed by the direct complexation of preformed PN with

SK (Pathway 2). The activator complex then catalytically acts on ‘substrate’ PG molecules and converts
them into PN.
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reaching a minimum at equimolar concentration of SK with regard to HPG/HPN
(Figure 2.5). Strikingly, concomitant with the decrease in the general protease
activity, the ability of PN to activate bovine PG increased with increasing amounts of

SK.

2.5.8 Regions of SK interacting with HPG

Before the crystal structure of SK was solved in 1998, only low-resolution
NMR data were available (Misselwitz er al., 1992; Welfe et al., 1992; Fabian et al.,
1992; Teuten et al., 1993). These studies revealed that SK is a multi-domain protein
possessing upward of two (Radek and Castellino, 1989), three (Teuten ef al., 1993) or
four (Damaschun ez al., 1992) domains. Different modified (fragmented) forms have
been obtained using chemical (Misselwitz et al., 1992) and biochemical (Nakashima
et al., 1990; Misselwitz et al., 1992; Rodriguez et al., 1994; Shi et al., 1994) methods
or upon expression of SK in Streptococcus sanguis (Jackson et al., 1986) and in
Escherichia coli (Reed et al., 1995; Rodriguez et al., 1995). A series of proteolytic
fragments were generated whose molecular weights ranged from 8 kDa to 44 kDa,
some of which partially retained the PG activation function of intact SK (Brockway
and Castellino, 1974; Summaria ef al., 1974, Markus et al., 1976, Nakashima et al.,
1990; Rodriguez et al., 1994; Shi et al., 1994). Further meaningful insight into the
domain-organization of SK was gleaned through limited proteolysis and other
biophysical techniques (Conejero-Lara et al., 1996; Parrado et al., 1996).

In order to decipher the sub-regions of SK which are involved in either 1:1
high affinity binding with HPG and those that selectively interact with substrate HPG,
a synthetic peptide approach was employed in our laboratory, in which the
overlapping synthetic peptides encompassing the central domain and the N-terminal
domain of SK were synthesized and their HPG activation abilities were systematically
analyzed. Results suggested that regions encompassing residues 250-270, in the core
region of the B domain impart an ability to the SK.HPN complex to bind to substrate
HPG during the activation process, whereas flanking segments spanning residues 230-
250 and 270-290 of B domain of SK bind close to the active center of HPN, and are
involved in 1:1 binding with partner HPG (Nihalani et al., 1997). Similarly, in the N-
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Figure 2.5 Alteration of substrate specificity of HPN upon binding with SK.
Activation of HPG by the addition of catalytic amounts of SK generates HPN that
displays azocasein hydrolysis (triangles) and esterase activities (umoles of
TAME/mg protein/h) (squares). However, it is unable to catalyze the conversion
of bovine PG to its PN form (activator II activity) (circles). When the amount of
SK used in the reaction is gradually increased, the generalized proteolytic activity
of HPN on azocaesin decreases linearly with SK concentration and reaches a low
of about 25 % of the maximum activity. Concomitantly, its activator activity
increases linearly with increasing concentrations of SK and reaches a maximum
at equimolar concentrations of SK and HPG/HPN (adapted from Markus and
Werkheiser, 1964).
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terminal region of SK, site located between residues 16 and 36 of SK contain epitopes
involved in substrate interactions, whereas there is a strong 1:1 affinity region in the
locus composed of residues 37-51 (Nihalani et al., 1998). The linear map of the

regions in SK interacting with HPG has been illustrated in Figure 2.6.

2.5.9 Mutagenesis studies of SK

In order to find out the residues in SK that are involved in binding to partner
HPG or activating substrate HPG, site-directed mutagenesis was carried out in
different regions of SK. Mutagenesis studies in the o domain of SK have indicated
that Gly24 (Lee er al., 1989), Vall9 (Lee er al., 1997), Leud2 (Liu et al., 2000), and
residues Asp41-His48 (Kim et al., 2000) are involved in substrate HPG activation.
Recent mutational studies in the o domain have shown that residues 1-59 in the o
domain of SK play a role in regulation of active-site induction in bound HPG,
resistance to inhibition of the SK.HPN complex to ocz—antiplasrﬁin and control of
fibrin-independent HPG activation (Mundada et al., 2003). Studies on deletions at the
N-terminal region (Lee ef al., 1997; Fay and Bokka, 1998) and the C-terminal region
(Fay and Bokka, 1998; Kim et al., 1996) indicated that deletion of upto 16 residues
from the N-terminus and 41-residue deletion from the C-terminus did not have any
effect on the PG activator activity. Deletions of certain loop regions, for example
residues 48-59 of the o domain of SK have shown the importance of these surface-
exposed regions in substrate recognition and PG activation (Wakeham et al., 2002).

Mutagenesis of the lysine residues in the region 244-352 (Lin ef al., 1996) has
revealed the crucial role played by the lysine residues in SK.HPG interaction. The
importance of the f domain of SK substrate docking and processing was validated by
mutational studies on charged residues in the central domain of SK (Chaudhary et al.,
1999).

Similar studies on the C-terminal domain (Wu et al, 2001) have provided
deep insight regarding the involvement of charged residues in the coiled coil region of

SK ¥ in non-proteolytic activation of partner HPG and stabilization of the activator

complex. The y domain of SK has also been proposed to contribute, along with the 3
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Figure 2.6 Functional map of the regions in SK that interact with
HPG. Both the o domain (residues 1-143) and the B domain (residues
143-293) of SK contain loci that are bi-functional, that is, they interact
with HPG in ‘partner’ as well as ‘substrate’ modes. While residues 36-51
in the o domain and residues 230-250 and 270-290 in the B domain have
been proposed to be involved in the formation of high affinity complex
with HPG (shaded grey); residues 16-51 in SK o and residues 250-270 in
SK B (shaded red) were involved in the binding and docking of ‘substrate’
HPG to the activator complex between SK and HPG (Nihalani et al.,
1997; Nihalani ef al., 1998). ‘N’ and ‘C’ represent the N-terminus and the

C-terminus of the 414 amino acid long SK protein, respectively.
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domain, to the species specificity of SK, upon forming a PG-activator complex (Kim
et al., 2002; Gladysheva et al., 2002). Recently, the C-terminal flexible peptide in the
y domain of SK encompassing residues 375-414, has been shown to play a functional
role in active site formation and substrate recognition in HPG activation (Zhai et al.,
2003).

Fusion proteins have also been constructed where domains of one protein have
been swapped with those of other related proteins; these give interesting clues viz. the

basic functionalities of SK domains (Kim ef al., 2002; Gladysheva et al., 2002).

2.5.10 X-ray diffraction studies of SK

The crystal structure of SK complexed with the catalytic domain of HPN,
described at 2.9 A by Wang and coworkers (1998) wa‘s one of the major achievements
in this field in the last decade (Figure 2.7). Streptokinase was shown to be composed
of three domains (o, f and y) separated by two coiled coils. Both the o and B domains
contain a major 3-sheet of five mixed P-strands and an o-helix, a structure that is
characteristic of the B-grasp folding class (Murzin et al., 1995). The y domain, on the
other hand, lacks an a-helix; consists of four B-strands and a coiled coil. There are
some disordered segments in the crystal structure that include the N-terminal fifteen
residues of SK, the C-terminal thirty two residues (Jackson ef al., 1986; Young et al., -
1995), residues 46-70 in the oo domain of SK, and residues 170-182 and residues 251-
264 in the B domain of SK. The diffraction studies also reveal that all the three
domains> of SK interact with uPN, with the maximum interaction being with o,
followed by y and then B. The oo domain (B; and B, strands) interact with the loop
regions of uPN (residues 713-721), whereby Arg719 of uPN (Dawson ef al., 1994)
forms a salt-bridge with Glu39 and Glul34 and also has Van der Waal’s contact with
Vall9 (Lee et al., 1997). The SK a domain has also been shown to network with HPG
near the residues constituting the catalytic triad (His603 and Asp646). The crystal
structure also revealed that the coiled coil region and the B; and P, strands of the SK vy

domain bind to uPN viz. the calcium-binding loop spanning residues 622-628 and the
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Figure 2.7 Crystal structure of SK in complex with the catalytic domain
of HPN, solved at 2.9 A. The structure indicates that SK is composed of three
structurally homologous domains, o (shaded light green), p (shaded dark
green) and y (shaded violet), which are connected by coiled coils. The three
domains of SK surround pPN (shaded blue), the catalytic domain of HPN,
forming a ‘valley’, that is proposed to be optimum for docking of ‘substrate’
HPG via its catalytic domain (adapted from Wang et al., 1998). However, the
role of kringle domains, if any, of either ‘partner’ HPG or the macromolecular

substrate, is not explained by this structure.



Chapter 11

autolysis loop covering residues 692-695, which lead to extensive charged and

hydrophobic interactions.

The crystal structure also elucidates how the three domains of SK surround the
UPN active site in the form of a ‘valley’ with the active center at the base and SK
forming the rim. Thus the activator complex seems to be optimally positioned for the
stereo-chemical ‘docking’ of the substrate HPG molecule. Computer simulations
studies on the docking of a model of uPG substrate show that there are extensive
interactions with the substrate and the SK domains, maximally with the oo domain of
SK.

Though several biochemical studies have unequivocally shown the
involvement of the  domain of SK in HPG binding and activation (Lin et al., 1996;
Chaudhary et al, 1999), the interaction of the central domain with pPN in the
structure proposed by Wang and coworkers (1998) is quite ambiguous, probably due
to large thermal factors and absence of the kringle domains of the activator complex
as well as substrate HPG with which it is known to interact. Also, the SK molecule
was getting cleaved between Lys257 and Ser258 that rendered the entire region

disordered in the structure.

2.5.11 Crystal Structure of SK- domain

Since the crystal structure of SK in complex with uPN was silent on the (3
domain, Wang and coworkers (1999b) determined the structure of the isolated P
domain at 2.4 A. The overall folding of SK B is of the B-grasp folding class. The X-
ray diffraction studies show the presence of two loops, namely the 170-loop and the
250-loop. The 170-loop spanning residues 170-182, is located between strands (3; and
B>. The fact that this loop contains three Asp residues and other charged residues and
is positioned close to the presumed substrate-binding site indicates that this might be
interacting with substrate HPG. This epitope has also been implicated in the
immunogenicity of SK (Torrens et al., 1999a). The 250-loop, encompassing residues
251-264 of SK and strands B¢" and B¢"", forms a hairpin structure and projects out into

the solvent. It has three Glu residues at the stem and two Lys residues at the tip. The
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loop faces away from the interface of SK B and pPN (SKp) in the SK.uPN complex
and is therefore uniikely to participate directly in 1:1 binding that has validated by
biochemical studies (Lin ef al., 1996; Nihalani et al., 1997). Two buried salt bridges
Arg219-Glu272 and Arg248-Asp68, which are conserved in SK B among the SK
family (Malke, 1993) are buried in the core and probably help to maintain structure

stability.

Though the crystal structure provides deep insight into the interaction between
the three domains of SK on one hand and partner uPN, it lacks accurate information
regarding the sites in SK that interact with complementary epitopes in the substrate
and there is a lot of ambiguity regarding the precise protein-protein interactions that
play a cardinal role in substrate HPG recognition and activation.

In addition, it would also be intriguing to know whether the isolated oo domain
of SK that bears é high degree of structural homology with SAK (a single-domain
HPG activator), displays cofactor activity or not, and even if it shows traces of
activity, whether the activity could be further enhanced through a systematic protein
engineering approach. This treatise was carried out with an objective to address these

issues.
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CHAPTER III

INVOLVEMENT OF A NINE-RESIDUE LOOP OF STREPTOKINASE
IN THE GENERATION OF MACROMOLECULAR SUBSTRATE-
SPECIFICITY BY THE ACTIVATOR COMPLEX THROUGH
INTERACTION WITH SUBSTRATE KRINGLE DOMAINS



Abstract

Computer modeling studies of the three domains of SK superimposed on each other revealed a
discrete surface-exposed epitope (residues 254-262; termed the 250-loop) in the [3 domain that
is absent in the other two otherwise structurally homologous domains. The deletion of this
nine-residue loop in SK led to significant decrease in the rates of substrate HPG activation by
the mutant (SKy.pss062). A kinetic analysis of SKy.ps4.06; revealed that its low HPG activator
activity arose primarily from a 5-6 fold increase in K, for HPG as substrate, with little
alteration in k., rates. Under these conditions, the k., for the small peptide substrate tosyl-
glycyl-prolyl-lysine-4-nitranilide-acetate was essentially unchanged. Remarkably, the
observed increase in the K), for the macromolecular substrate was proportional to a similar
decrease in the binding affinity for substrate HPG as observed in a new Resonant Mirror based
assay for the real-time kinetic analysis of the docking of substrate HPG onto pre-formed
binary complex, although under those conditions, the 1:1 affinity of SKps4.262 for partner
HPG was minimally changed. In contrast, kinetic studies on the interaction of the two proteins
with pPG showed no difference between formation of ternary complex with uPG by
preformed equimolar complexes of HPG with either SK or SKeps4.262, NOr between the rates
of activation of uPG to pPN under conditions where native HPG was activated differentially
by SK and SKgepsa-262- This clearly indicated a kringle-mediated mechanism for the role of the
250-loop of SK in substrate docking/recognition. The involvement of kringles was further
established by a hyper-susceptibility of the SKgepsqz62.HPN activator complex to EACA-
mediated inhibition of substrate HPG activation in comparison to that of the native SK.HPN
activator complex. Further, ‘ternary’ binding experiments on the Resonant Mirror showed that
the binding affinity of kringles 1-5 of HPG to the preformed binary complex of the 250-loop
deleted mutant and HPG was reduced by about 3-fold in comparison to that of SK.HPG.
Overall, these observations identify the 250-loop of SK as an important structural determinant
of the inordinately stringent substrate specificity of the SK.plasmin(ogen) activator complex
and demonstrate that this structural epitope in the 3 domain promotes the binding of substrate

HPG to the activator via the kringle/s during the HPG activation process.
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3.1 INTRODUCTION

Streptokinase, a bacterial protein secreted by the Lancefield Group C -
hemolytic s.treptococci, is widely used as a thrombolytic agent in the treatment of
various circulatory disorders, including myocardial infarction (ISIS-3, 1992).
Biochemical and structural studies have revealed that SK is composed of three
structurally similar domains (termed o, § and y), separated by random coils and small,
flexible regions at the amino and carboxyl termini (Parrado et al., 1996; Conejero-
Lara et al., 1996; Wang et al., 1998). The recently solved crystal structﬁre of the
catalytic domain of HPN complexed with SK strongly indicates how SK might
modulate the substrate-specificity of HPN by providing a “valley” or cleft in which the
macromolecular substrate can dock through protein-protein interactions, thus
positioning the scissile peptide bond optimally for cleavage by the HPN active site,
thereby conferring a narrow substrate preference onto an otherwise ‘indiscriminate’
active center. In this structure, SK does not appear to induce any significant
conformational changes in the active site residues directly but, along with ‘partner’
HPG, seems to provide a template on which the substrate molecule can dock through
protein-protein interactions, resulting in the optimized presentation of the HPG
activation loop at the active center of the complex (Esmon and Mather, 1998; Wang,
et al., 1998). However, the identity of these interactions, and their contributions to the
formation of the enzyme-substrate intermediate/s remains a mystery so far.

Besides the well-recognized “switch” in substrate preference (Markus and
Werkheiser, 1964), the binding of SK to HPN results in a several-fold enhancement of
the K for diverse small molecular weight (MW) chromogenic peptide substrates but
relatively little alteration in their k., values as compared to free HPN indicating that
the primary, covalent specificity characteristics of the active center of HPN upon SK
binding are unchanged but result in steric hindrance/reduced accessibility for even the
small molecular weight (MW) peptide substrates. Thus, the remarkable alteration of
the macromolecular substrate specificity of HPN by SK is currently thought to be due
to ‘exosites’ generated on the SK.HPN complex, as shown recently by the elegant use
of active site-labeled fluorescent HPN derivatives (Boxrud et al., 2000). ‘Peptide
Walking’ studies in our laboratory had also indicated that short peptides based on the
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primary structure of SK, particularly those derived from selected regions in the o and
B domains, displayed competitive inhibition for HPG activation by the pre-formed
SK.HPN complex under conditions where the 1:1 complexation of SK and HPN was
essentially unaffected (Nihalani et al., 1997; Nihalani et al., 1998). However, the -
crystal structure of SK complexed with microplasmin(ogen) (Wang et al., 1998),
while providing a high degree of resolution of the residues involved in the SK.uPN
complexation, yielded few unambiguous insights regarding the interactions
engendered between the activator complex and ‘substrate’ HPG. This is likely due to
the binary nature of the complex that is, an absence of a juxtaposed substrate
molecule, large average thermal factors especially in the P domain, and a total
absence, in both partner and substrate HPG, of the kringles which are known to be
important in HPG activation (Lin et al., 2000). Thus, despite a detailed and high-
resolution exposition of the overall nature of protein-protein interactions in the
SK.uPN binary complex, discrete structures/epitopes of SK, if any, that are directly
involved in the exosite formation process by the full-length activator complex have
not yet been identified.

Previously, charged side-chains, both in HPG, particularly around the active
center (Dawson ef al., 1994) as well as in SK in the beta domain (Chaudhary et al.,
1999) have been shown to be important for HPG activation ability. However, a clear-
cut identification of a structural epitope/element in conferring substrate HPG affinity
onto the SK.HPG activator complex has not been demonstrated till now. Of the three
domains of SK, the central B domain displays maximal affinity for HPG (Conejero-
Lara et al., 1998), the N-terminal oo domain displays relatively lesser affinity, with
much less affinity exhibited by the isolated y domain for HPG. Solution and structural
studies suggest that both o and B domains are involved in the substrate recognition
phenomena (Nihalani et al., 1998; Wang et al., 1998). Although some mutagenesis
studies have implicated positively charged residues in the B domain to be important
(Chaudhary et al., 1999), others failed to show that such residues are directly involved
in substrate recognition by the binary complex (Lin et al., 1996).

We undertook this study to probe more conclusively for epitopes in SK, if any,
that may be involved in interaction with substrate PG, during the activation

phenomenon and chose the B domain as the first ‘target’ for this investigation.
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Accordingly, in the present study, we have identified a structural motif that is
functionally an important component of the macromolecular substrate-specific exosite
operative in the SK.HPN complex and interacts with substrate HPG via its kringle/s
domains. This represents a very stimulating insight into the mechanism of operation of
the SK.HPN activator complex since the substrate kringles are structurally far
removed from the target of the enzyme complex, that is, they are distinct from the

scissile peptide bond in the macromolecular substrate.

3.2 MATERIALS AND METHODS
3.2.1 Reagents

Glu-plasminogen was either purchased from Roche Diagnostics GmbH
(Penzberg, Germany) or purified from human plasma by affinity chromatography
(Deutsch and Mertz, 1970). Both commercially obtained PG as well as plasma-
purified PG had trace contamination of free HPN (less than 0.01 %) and Lys-PG (less
than 2 %). The T7 RNA polymerase promoter-based expression vector, pET-23d and
Escherichia coli strain BL21 (DE3) were products of Novagen Inc. (Madison, WI).
Thermostable DNA polymerase (Pfu) was obtained from Stratagene (La Jolla, CA),
and restriction endonucleases, T4 DNA ligase and other DNA modifying enzymes
were acquired from New England Biolabs (Beverly, MA). Oligonucleotide primers
were supplied by Integrated DNA Technologies Inc. (Indianapolis, IN). Purifications
of DNA and extraction of PCR amplified products from agarose gels were performed
using kits available from Qiagen GmbH (Germany). Automated DNA sequencing
using fluorescent dyes was done on Applied Biosystems DNA sequencing system
Model 310. The N-terminal amino acid sequencing was done with Applied
Biosystems sequencer, Model 476A. Plasmin was prepared by digesting Glu-HPG
with UK covalently immobilized on agarose beads (Stults ef al., 1989) using a ratio of
300 Plough units/mg HPG in 50 mM Tris.CL, pH 8.0, 25 % glycerol and 25 mM L-
Lysine at 22 °C for 10 h (Chaudhary et al, 1999). Urokinase, EACA, sodium
cyanoborohydride and L-Lysine were purchased from Sigma Chemical Co., St. Louis,
USA. Phenyl Agarose 6XL and DEAE Sepharose (Fast Flow) were procured from
Pharmacia Biotech, Uppsala, Sweden. All other reagents were of the highest analytical

grade available.
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3.2.2 General methods

In general, the standard methods and techniques routinely used in recombinant
DNA technology work were employed in this investigation. These are readily
available from several protocol manuals of molecular biology and gene-cloning, for
example, Sambrook and coworkers (1989), Sambrook and Russell (2001), and are not
elucidated here in any detail. In all cases, all the fundamental protocols, for example,
DNA quantitation, restriction endonuclease (RE) digestions, PCR, DNA ligation,
transformation and measurement of transformation efficiencies were first validated

and optimized using standard systems.

323 Genetic constructs
3.2.3.1 Cloning of recombinant SK in pET-23d vector (pET-23d-SK)

The design and construction of the pET vector containing the SK gene (pET-
23d-SK) has been described in Yadav (1999). It involved the cloning of the SK gene
from Streptococcus equisimilis HA6A in pBR 322 (Pratap et al., 1996), followed by
subcloning into pET-23d, an expression vector containing a highly efficient ribosome
binding site from the phage T7 major capsid protein (Studier and Moffatt, 1986) and
further modification of the 5' end of the gene to minimize the propensity for formation
of secondary structure. It had an in-frame juxtaposition of an initiation codon for Met
at the beginning of the open reading frame encoding SK so as to express the protein as

Met-SK. The circular map of pET-23d-SK has been depicted in Figure 3.1.

3.2.3.2 Cloning of the isolated B domain of SK in pET-23d vector (pET-23d-3)
The construction of the cDNA encoding the B domain (sequence
encompassing residues 144-293 of SK, based on limited proteolysis data reported in
Parrado et al., 1996) has been described earlier (Vasudha, 2002). Briefly, it involved
the PCR amplification of the selected region of the gene encoding for SK, using
specific upstream and downstream primers. The amplified product was digested with
REs, Nco I and BamH [, and cloned into pET-23d vector at corresponding sites. This
approach allowed the ligation of the cDNA in-frame with the initiation codon at the
Nco I site. The sequence of the construct was confirmed by automated DNA

sequencing.
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Figure 3.1 Circular map of pET-23d-SK. The circular map highlights a
few selected, unique RE sites on the pET-23d vector, a T7-RNA
polymerase promoter-based expression vector (Studier ef al., 1990) and the
incorporated gene encoding for SK that was used for the construction and

expression of mutants of full-length or truncated SK.
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3.2.4 Site-directed mutagenesis using overlap-extension based polymerase
chain reaction
The 250-loop deletion in the context of SK and P was carried out using the
overlap-extension based polymerase chain reaction (Ho et al., 1989). This approach
involves the generation of DNA fragments that, by virtue of having incorporated
complementary oligo primers in independent reactions, can be effectively ‘fused’ by
combining them in a second primer extension reaction. The method is illustrated in

Figure 3.2.

3.2.4.1 Design and construction of SKe2s54.262 and Byer2s4-262

A set of mutagenic and either standard upstream or downstream primers
corresponding to the ends of the gene, carrying unique restriction sites, were used in
polymerase chain reactions to generate DNA fragments having overlapping ends. The
sequences of the mutagenic and flanking primers used for the mutagenesis
experiments are given in Table 3A. The diagnostic RE sites introduced in the primers
by translational silent mutagenesis, used to screen clones have also been indicated in
Table 3A.

The first two PCRs were carried out using Pfu thermostable DNA polymerase
in a reaction volume of 100 pl containing 100 ng of template DNA, 1x polymerase
buffer, 200 uM dNTPs and 20 pmol each of mutagenic and flanking primers. These
were subjected to a ‘hot start’ (94°C, 5 min) followed by 30 cycles of denaturation
(94°C, 45 sec), annealing (50°C, 1 min), extension (72°C, 1 min) and a final extension
(72°C, 10 min). The PCR amplification products were purified from agarose gels,
using the Qiagen gel extraction kit.

Thereafter, the purified PCR-generated DNA fragments from the initial set of
reactions were mixed in equal molar ratios and subjected to overlap-extension PCR
reactions (Ho et al., 1989) using the two standard upstream and downstream flanking
primers. The reaction conditions used for the fusion of the two PCR-generated
fragments were identical to those used to generate the fragments. The resultant
amplification products were digested with REs and ligated with pET-23d-SK (or pET-

23d-B) digested with the same enzymes; and further transformed into chemical
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Figure 3.2 Schematic diagram showing how deletion mutation may be generated
by the overlap extension method. The double stranded DNA and primers are
indicated by lines with arrows indicating the 5’ to 3’ direction. The sequence to be
deleted is depicted by the red lines. The blue and black lines indicate the template
sequence on either side of the point of deletion. Primers ‘b’ and ‘c” are designed such
that their 3" ends hybridize to template sequence on one side of the deletion, and the 5~
ends are complementary to template sequence on the other side of the deletion.
Upstream primer, ‘a’ and downstream primer, ‘d’ flank the 5’ and 3’ ends of the gene
respectively. The ‘AB’ and ‘CD’ products generated from the PCR reaction, using
these primers are therefore overlapping across the deletion point. These denatured
fragments then anneal at the overlap and are then extended 3’ to finally form the

deletion product.



Table 3A Sequences of primers used for the construction of SKgeps54.262 and Pyenzsa.262"

Mutation Sequence of primer RE site”
mutagenic U* for the 5'AACAGGCTTATAGGGAAATAAAC- EcoR V
construction of SKeiss.262 AACACTGACCTGATATCTGAGAAA 3’

(soe2-us)

mutagenic D for the 5" TGTTGTTTATTTCCCTATAAGCC-

construction of SKaepss-262 TGTTCCCGATTTTTAA 3

(soe2-ds)

flanking U for the 5" ATTTATGAACGTGACTCCTCAA- BseR 1
construction of SKyepss-262 TCGTC 3’

(krg 6)

flanking D for the 5'ATAGGCTAAATGATAGCTAGCA- Bsm [
construction of SKyeiss-262 TTCTCTCC 3’

(krg 7)

mutagenic U for the 5"AACAGGCTTATAGGGAAATAAAC- EcoR V
construction of Bgesa-262 AACACTGACCTGATATCTGAGAAA 3’

(soe2-us)

mutagenic D for the STGTTGTTTATTTCCCTATAAGCCT-

construction of Buelss-262 GTTCCCGATTTTTAA 3

(soe2-ds)

flanking U for the 5'GTGGAATATACTGTACAGTTTACT- BsrG 1
construction of Byepss262 ccy

(216 dn)

flanking D for the 5'ATCGGGATCCTATTTCAAGTGACT- BamH 1

construction of Baepsa-262

(p-stop)

GCGATCAAAGGG 3’

*The diagnostic RE sites introduced in the primers by transiational silent mutagenesis, used during the
screening of clones have been underlined. The flanking primers also contained RE sites, unique in the
SK or B cassette, to re-ligate the PCR cassette, containing the deletion mutation, with the expression
vector.

*U represents upstream primer and D represents downstream primer.
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competent cells of Escherichia coli XL1-Blue strain. The positive clones were

selected by screening plasmid DNAs of clones for their respective diagnostic sites.

3.2.5 Purification of SK/SKae1254.262 from Escherichi coli BL21 (DE3) strain.

In order to purify SK/SKgepss-262, the seed culture (pre-inoculum) was
developed by inoculating 10 ml of LB-Amp culture medium with pET-23d-SK/pET-
23d-SKgeizs4-262 culture from a single colony on LB-Amp plate streaked with pET-23d-
SK/pET-23d-SKepsa-262 that was retrieved from -70°C glycerol stock, and further
incubating for 10 h at 37°C under shaking conditions (200 rpm). |

T'his pre-inoculum was used to seed 500 ml of LB-Amp medium at 2 % v/v

and allowed to grow at 37°C at 200 rpm to an O.Dggg nm of 0.5 - 0.6. At this
stage, 1t was induced with IPTG (final concentration of 1 mM) and further grown for
12 h at 37°C. Cells were then harvested from the broth culture by centrifugation at
6000 xg for 10 min. The pellet was then washed twice with ice-cold STE buffer (final
concentrations-100 mM NaCl, 10 mM Tris.Cl, pH 8.0,1 mM EDTA). The harvested
cells were lyzed using Bug-buster® (5 ml reagent per gram wet weight of the cell
pellet), a non-ionic detergent based commercial reagent for rapid bacterial cell lysis,
procured from Novagen (Madison, WI), along with ‘Benzonase’ (a genetically
engineered endonuclease that degrades different forrhs of DNA and RNA) at a ratio of
1 ul per ml of Bug-buster® for 30 min at room temperature under shaking conditions.
Alternatively, the pellet was thoroughly suspended in ice-cold STE buffer and this
was then subjeéted to sonication (Heat System, New York) at 4°C, under conditions
of 30 sec sonic-pulses interspersed with equal periods of rest.

The cell lysate was centrifuged at 12,000 xg for 15 min at 4°C and the resultant
supernatant was then subjected to ammonium sulphate precipitation, till a final
concentration of 60 % was achieved. The precipitated protein was then separated by
centrifugation and the pellet was then resuspended in 20 mM Tris.ClI buffer (pH 7.5).
After centrifugation, the supernatant was subjected to chromatography on a Poros-D
anion exchange column, fitted onto a Bio-Cad Sprint liquid chromatographic
workstation (Perseptivé Biosystems Inc., Framingham, MA). The bound SK/SK4ei254-
262 was eluted in fractions using a linear gradient of NaCl (0 to 0.5 M) in 20 mM

Tris.Cl buffer (pH 7.5) and the amount of protein in each fraction was measured using
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Bradford’s method of protein estimation (1976). The eluted proteins were more than

95 % pure, as analyzed by SDS-PAGE.

3.2.6 N-terminal amino acid sequencing of SK

The purified recombinant SK/SKgensa262 expressed in Escherichia coli was
subjected to N-terminal amino acid sequencing in order to compare its sequence with
that of natural SK from Streptococcus equisimilis H46A. The N-terminal amino acid
sequence of SK was found to be identical with that of natural SK, except for the
presence of an extra Met residue at the N-terminus (the sequencing was carried out for

25 cycles (using ABI, model 476A Protein Sequencer).

3.2.7 Expression and purification of B/Bge1254-262

The B/Bdezsa-262 protein was expressed intracellularly in Escherichia coli BL21
(DE3) cells as inclusion bodies (IBs). The culture was raised, harvested and cells
lysed using a procedure as described above. The pellet obtained after sonication was
taken up in 8 M urea and placed under gentle shaking conditions for 30 min to effect
dissolution. After a high-speed centrifugation step, the protein in the supernatant was
refolded by 20-fold dilution with 20 mM Tris.Cl buffer, pH 7.5. Then it was then
purified to more than 95 % homogeneity by chromatography (as analyzed by SDS-
PAGE) on DEAE Sepharose (Fast Flow) (Pharmacia Biotech, Uppsala,- Sweden) at
4°C, using a linear NaCl gradient (0-0.25 M NaCl in 20 mM Tris.Cl buffer, pH 7.5).

3.2.8 Preparation of human microplasminogen (LPG)

Microplasminogen (uPG), the catalytic domain of HPG (residues Lys530-
Asn790) devoid of all kringles was prepared by cleavage of HPG by HPN under
alkaline conditions (0.1 N glycine/ NaOH buffer, pH 10.5, 10:1 ratio of HPG and
HPN) at 30°C for 24 h. It was purified from the reaction mixture by passing through a
Lys-Sepharose column (Amersham Biosciences), followed by a Soybean-trypsin
inhibitor-Sepharose 4B column to absorb HPN and pPN, as reported (Shi and Wu,
1988). The flow-through was then subjected to molecular sieve chromatography, after
concentration by ultrafiltration, on a column (16 mm x 60 cm) of Superdex-75™
(Pharmacia Biotech). The purity of PG formed was analyzed by SDS-PAGE which

showed a single band moving at the position expected from its molecular size (Shi and
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Wu, 1988). Digestion with UK, which is known to be a good activator of uPG
irrespective of the presence of kringle domains (Shi and Wu, 1988), was used to
establish that the activation of this preparation, when used as substrate, was
comparable to that obtained when using SK.HPN as the activator species; thereby
ensuring that the preparation of uWPG was suitable for use in kinetic and binding

assays.

3.2.9 Preparation of kringles 1-5 (K1-5)

The proteolytic fragment containing all of the HPG kringle domains was
prepared by incubating HPG with urokinase-free HPN (5:1 ratio of HPG to HPN) un

under alkaline conditions (0.1 N glycine/ NaOH, pH 9.0) for 72 h at 25°C.
Under these conditions, the proteolytic conversion of native HPG to K1-5 was found
to be quantitative, with minimal residual HPG. HPN was removed from the reaction
mixture by passing through a Soy bean-trypsin inhibitor-Sepharose column (1.6 mm x
3.6 cm). This was followed by gel filtration on Superdex-75, to obtain K1-5 free of
HPG and pPG. The purity of this preparation was confirmed by SDS-PAGE analysis
(Wuetal, 1990).

3.2.10 One-stage HPG activation assay

The ability of SK/SKe2s54-262 to activate HPG was examihed using one-stage
activation assays (Wohl et al., 1980; Shi et al., 1994). Native SK/SKgeizs4-262 (0.5-50
nM) was added to a 100 ul quartz assay cuvette containing HPG (2 pM) in assay buffer
(50 mM Tris.Cl buffer, pH 7.5) containing 0.5 mM chromogenic substrate (Roche
Diagnostics GmbH, Germany). The generation of activator activity was monitored at
22°C by measuring the change in absorbance at 405 nm as a function of time in a
Shimadzu UV-160 model spectrophotometer. The activator activities were obtained
from the slopes of the progress curves, which were plotted as change in

absorbance/time against time (Wohl ef al., 1980).
3.2.11 Amidolytic activation of equimolar HPG.SK/SK254.262 complexes

An equimolar complex of HPG (5 pM) and SK/SKgeizs4-262 (5.5 uM) was
made in 50 mM Tris.Cl, pH 7.5 containing 0.5 % BSA. Aliquots (50 nM) were
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withdrawn from equimolar HPG.SK/SKgensa262 complexes at regular periods and
transferred to a 100 pl quartz cuvette containing 2 mM Chromozym® PL (Tosyl-
glycyl-prolyl-lysine-4-nitranilide-acetate) and 50 mM Tris.Cl, pH 7.5 at 22°C. The
change in absorbance at 405 nm was monitored to compute the kinetics of amidolytic
activation (Nihalani ef al., 1998; Wohl et al., 1980) by plotting slopes of the activation

curves as a function of pre-incubation times.

3.2.12 Esterolytic activation of equimolar HPG.SK/SKgc1254.262 complexes

Five uM HPG was added to an assay cuvette containing 5.5 pM SK/SKge2sa-
262, 100 uM NPGB and 10 mM sodium phosphate buffer, pH 7.5 and the ‘burst’ of p-
nitrophenol release due to acylation of active center was monitored at 410 nm as a

function of time at 22°C (McClintock and Bell, 1971; Chase and Shaw, 1969).

3.2.13 Determination of kinetic constants for HPG activator activity

Varying amounts of HPG (0.1 to 10 uM) were added to the assay cuvette
containing fixed amounts of SK/SKgeias4-262 (0.5 to 50 nM) and chromogenic substrate
(0.5 mM) and the change in absorbance was monitored at 405 nm as a function of time
at 22°C. Also, the kinetics of HPG activation by HPN.SK/SK 4254262 complexes was
measured by transferring suitable aliquots of preformed HPN.SK/SK ge1254-262
complexes to the assay cuvette containing different concentrations of substrate HPG
(Wohl et al., 1980). The kinetic parameters for HPG activation were then calculated
from inverse Lineweaver-Burke plots (Wohl et al.,, 1980). To compute the k., the
number of HPN active sites was determined using the NPGB reaction (McClintock
and Bell, 1971; Chase and Shaw, 1969; Wohl ef al., 1977).

To study the effect of EACA on substrate HPG activation, catalytic amounts of
the pre-formed equimolar activator complexes between HPN and either SK or SKeizs4-
262 were added to obtain final concentrations of 0.25 nM and 3 nM, respectively in
presence of varying concentrations of EACA (0-1 mM), along with substrate HPG and
chromogenié substrate in 50 mM Tris.Cl buffer (pH 7.5) and the reaction was
monitored at 405 nm at 22°C.
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3.2.14 Determination of the steady-state kinetic constants for amidolytic activity

of SK/SK geizsa-262

SK/SK geins4-262 and HPN were pre-complexed at 4°C in equimolar ratios (100
nM each) for 1 min in 50 mM Tris.Cl, pH 7.5, containing 0.5 % BSA and an aliquot of
the reaction mixture was transferred to a 100-uL. assay cuvette containing 50 mM
Tris.Cl buffer, pH 7.5, and varying concentrations of the chromogenic substrate (0.1-2
mM) to obtain a final concentration of 10 nM of the complex in the reaction. The
reaction was monitored spectrophotometrically at 405 nm for 5 min at 22°C. The

kinetic constants were calculated by standard methods (Chase and Shaw, 1969).

3.2.15 Kinetic analysis of protein-protein interactions using Resonant Mirror
technology
a) Binary interaction analysis - Association and dissociation between HPG and the
SK/SK ¢eis4-262, called hereafter as binary interaction, were followed in real time by
Resonant Mirror based detection using the IAsys Plus™ system (Cambridge, UK)
(Cush et al., 1993, Buckle et al., 1993). In these experiments, streptavidin was
captured on biotin cuvette according to the manufacturer’s prdtocols (IAsys protocol
1.1). This was followed by the attachment of (mildly) biotinylated HPG to the
streptavidin captﬁred on the cuvette. Non-specifically bound HPG was then removed
by repeated washing with PBS followed by three washes with 10 mM HCI. The net
response chosen for the immobilized biotinylated HPG onto the cuvette was 700-800
arc sec in all experiments. Experiments were performed at 25°C in 10 mM PBS, pH
7.4 containing 0.05 % Tween 20 and 50 pM NPGB (binding buffer). The latter was
included in order to prevent HPN-mediated proteolysis (Conejero-Lara ef al., 1998).
After equilibrating the cuvette with binding buffer, varying concentrations of
either SK or SKeps4.262 were added and each binding response was monitored during
the ‘association’ phase. Subsequently, the cuvette was washed with binding buffer
and the ‘dissociation’ phase was recorded (Myszka, 1997). Following each cycle of
-analysis, the cuvette was regenerated by washing with 10 mM HCIl, and baseline was
re-established with binding buffer. In parallel, in the control cell of the dual channel
cuvette, immobilized streptavidin alone was taken as a negative control for the
binding studies. In experiments where EACA was used to examine .its effect on

SK.HPG interaction, the binary complex was formed between ligate SK/SKgei254-262
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and immobilized HPG, in binding buffer (as described above). The dissociation of the
binary complexes was done by washing the cuvette with EACA, instead of buffer
alone. _

The data were analyzed after substraction of the corresponding non-specific
refractive index component(s), and the kinetic constants were calculated.from the
~ sensorgrams by non-linear fittings of association and dissociation curves using the
software FASTfit™, supplied by the manufacturer. The dissociation rate constant (k)
was calculated from the average of four dissociation curves obtained at saturating
concentration of ligate. The equilibrium dissociation constant (Kp) was then
calculated from the extent of association of monophasic curve. The k, was calculated
from the equation k/Kp Values of Kp obtained using this relationship were in good
approximation to those obtained by ks, obtained from the linear fit of k,, versus

ligate concentration (Morton et al., 1995).

b) Ternary interaction analysis - Resonant Mirror technology based biosensor was
also used to measure the rate and equilibrium dissociation constants describing
interactions between soluble ligate (HPG, uPG or K1-5) and SK/SKgei2s4-262
complexed with immobilized HPG, a situation simulating substrate binding to binary
complex and hereafter called as ternary interaction. In binary interaction- studies, it
was evident that when soluble SK/SKgei254-262 was added to immobilized HPG, a rapid
and avid SK.HPG binary complex formation occurs. The dissociation of this complex -
is very slow due to the high stability of the SK.HPG complex, as has been observed
by others also (Conejero-Lara et al.‘, 1998). After allowing the complex to dissociate
maximally (~20 min), the dissociation baseline becomes stable which remains
unaffected even after washing with 2.5 mM EACA. It has been reported that when SK
was pre-incubated with immobilized HPG, EACA was more than 100-fold less potent
at dissociating the binary complex than it was at preventing binary complex formation
when SK and EACA were added synchronously to immobilized HPG (Lin et al,,
2000). Thus this comparative resistance to dissociation of the SK.HPG binary
complex by EACA permitted us to study ternary substrate interaction, under
conditions that did not adversely affect the stability of the binary interaction. In
contrast, EACA was found to be strongly inhibitory to ternary complex formation

(given below).
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In a typical ternary interaction experiment, a stable binary complex was
formed by adding saturating amount of SK/SKgepsape onto HPG, immobilized on
streptavidin captured on biotin cuvette. After maximally dissociating the binary
complex with binding buffer and washing with 2.5 mM EACA, a stable dissociation
baseline was obtained. Varying concentrations of either ‘ternary” HPG (0.1 — 1.0 uM)
or uPG (1-6 pM) or K1-5 (1-6 pM) were then added to monitor the binding by
recording the association phase. Subsequently, the cuvette was washed with binding
buffer three times and the dissociation phase was recorded. After each cycle of
analysis, the original baseline was re-established by stripping off the undissociated
‘ternary’ ligate with 2.5 mM EACA followed by three washes with binding buffer. It
was established that EACA, at this-concentration, completely abolishes the interaction
of ternary HPG with the binary complex, while the binary complex remains stable.
The latter attribute was considered to be a necessary precondition to obtain reliable
and reproducible values of thev kinetic constants for ternary complex formation and
dissociation. In order to test whether this was indeed so, control experiments were
carried out in which the ternary complex formation and dissociation experiments were
done at various time intervals after a stable baseline was attained subsequent to binary
complex formation followed by buffer and EACA washes, as described above. It was
observed that the rate constants so obtained did not differ significantly (within a
margin of + 5 %) as a function of time. In experiments where uPG was used as
soluble ternary ligate, 1 mM EACA was found to be sufficient to strip off the
undissociated uPG, while washing with binding buffer alone resulted in incomplete
regeneration of baseline. Association and dissociation phases at varying ligate (HPG,
uPG and K1-5) concentrations were fitted as described above and the equilibrium
dissociation constant/s were calculated.

The effect of EACA on the binding of soluble ‘ternary’ HPG to SK/SKens54-262
complexed with immobilized HPG was assessed by measuring the binding extents,
measured in arc second units, at equilibrium at a fixed concentration of substrate HPG
(0.4 uM) 1n the presence of varying EACA concentrations (0-2 mM). For the analysis
of these data, binding extent in buffer alone was taken as 100 % and varying extents
of formation of ternary complexes at equilibrium were plotted as a function of EACA

concentration to obtain EACA-dependant binding isotherms for SK and SKej2s4-262-
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As controls, the effect of EACA was similarly examined for dissociation of preformed

complexes between HPG and either SK or SKgensazs in the absence of substrate
HPG.

3.2.16 Circular dichroic analysis of SK/SKge254.262

Far-UV CD spectra of proteins (concentration 0.15 mg/ml in PBS, pH 7.2)
were recorded on a Jasco-720 spectropolarimeter to assess the secondary structures of
SK, SKei2s4-262, B and Paeizsa-262. Measurements were carried out from 200 to 250 nm in
a 0.1 cm path length cell and the appropriate buffer baseline was subtracted from the
protein spectra. The final spectrum analyzed was an average of 10 scans (Radek and
Castellino, 1989). The percentages of various secondary structural features (o-helix,
B-sheet, B-turn and unstructured region) were then calculated using a reference

algorithm provided by the manufacturers (Yang et al., 1986).

3.2.17 Modeling studies

Cartesian coordinates of the kringle 5 domain of HPG (used as a prototypical
representative structure of HPG kringle domains) and those of SK 3 domain, and
SK.uPN complex were retrieved from the Protein Data Bank (codes - SHPG, 1C4P
and 1BML, respectively). The B domain in SK.uPN complex reveals several
disordered loops, including the 250-loop (Wang et al., 1998). The coordinates in this
complex were hence replaced with those of the isolated f domain (Wang ef al.,
1999b). The isolated B domain was superimposed on the § domain of the complex,
and the corresponding set of coordinates was simply replaced. The isolated § domain
has the 250-loop clearly defined, and hence it is more suitable for docking analysis.

Molecular surface for a typical HPG kringle domain was generated using the
kringle 5 co-ordinates (taken as a prototype) with the aid of GRASP (Nicholls et al.,
1991) with standard atomic radii, and the probe radius of 1.4 A. Electrostatic potential
was then mapped onto the molecular surface. There were two distinct regions of
negative charges on the surface. The negatively charged surface of kringles was likely

to interact with the positively charged loop of the SK structure, and therefore these
regions were of particular interest in generating the SK pB.uPN.kringle docked

complex. One of the negatively charged regions was at the interface of the dimeric
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kringle structure. This region was therefore not considered appropriate for docking.
The other negatively charged region was then manually brought into close proximity

of the *250 loop’ of SK B domain.

3.3 RESULTS
3.3.1 Construction, purification and functional characterization of SK/SKgei2s4.

262 and B/Bgei2s4-262

An examination of the crystal structure of the free B domain (Wang ef al,
1999b) and its comparison with the other two SK domains possessing closely similar
(but not identical) structures revealed the presence of a distinct flexible loop in the 8
domain (the 250-loop) that protrudes into the solvent (Figure 3.3). In order to
investigate the functional role of the 250-loop (comprising of residues, Tle254-Asn255
-Lys256-Lys257-Ser258-Gly259-Leu260-Asn261-Glu262) viz. its involvement in the
modulation of substrate specificity of HPN by SK, a deletion mutant (termed SKgeas4-
262) was constructed employing the overlap-extension based PCR method (Ho et al.,
1989). The desired deletion mutation was confirmed by sequencing of both strands of
the cloned DNA. This was followed by sub-cloning of the PCR amplification product
in pET-23d, a T7 RNA polymerase promoter-based expression vector (Studier et al.,
1990). With the nine-residue deletion, we expected that a minimal perturbation of the
underlying B sheet would occur (Figure 3.3), since the two residues flanking the loop
(Tyr252 and Glu263) had a distance of 4 A between the C* atoms (Wang et al.,
1999b).

The Escherichia. coli BL21 (DE3) cells carrying the plasmid were grown in
shake-flasks to mid log phase and the expression of the protein of interest was then
induced by addition of IPTG. SKgyepsang was subsequently purified using a rapid
purification protocol (details given in Materials and Methods). The protein so obtained
was generally more than 95 % pure, as analyzed by SDS-PAGE (Figure 3.4).

To observe the effect of deletion in the B domain alone, we carried out the

deletion at the same site in a truncated gene encoding for the isolated § domain. The

cDNAs encoding for the p domain alone and Pgenss-262 Were then expressed in
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Figure 3.3 Superposition of o and B domains of SK. The o domain of SK is
shown in red and the B domain is shown in green. The 250-loop is a distinct
feature of the B domain, while the rest of the structure between the two domains
overlaps extensively. The residues 253 and 263, where the loop was truncated, are
indicated. The superposition with the y domain of SK showed similar results (not

shown).
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Figure 3.4 Purification of SK expressed in Escherichia coli.
Streptokinase was over-expressed in E. coli cells as soluble protein.
The induced cells were lyzed and the proteins in the supernatants were
precipitated with ammonium sulphate and then subjected to rapid ion-
exchange chromatography on Poros-D matrix, as described under
Materials and Methods. The samples, drawn at various stages of
purification, were analyzed by SDS-PAGE on 10 % acrylamide gel.
Lanes represent: 1- standard MW markers, 2- whole cell lysate of
uninduced cells, 3- whole cell lysate of induced cells, 4- pellet obtained

after precipitation with 60 % ammonium sulphate, 5- ion-exchange

purified SK.
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Escherichia coli and purified to more than 95 % (Figure 3.5) as explained under

Materials and Methods.

When purified SKgensa262 was examined for its ability to activate substrate
HPG (2 uM) using the one-stage activation assay (described under Materials and
Methods), it showed a specific activity that was only about 20 % that of SK, similarly
expressed and purified using the same expression plasmid and host system. On the
other hand, f domain alone and Pgeis4-262 however, showed only traces of activator
activity with substrate HPG (less than 0.0005 % activity, compared to that of full-
length SK).

3.3.2 Physico-chemical characterization of SK/SKge1254.262
3.3.2.1 N-terminal amino acid sequencing analysis

When purified SK and the mutant (SKgepssns2) prepared similarly from
Escherichia coli, employing the same expression vector, were subjected to N-terminal
amino acid sequencing, both the proteins were found to have their N-terminal Met

removed at a 50 % level.

3.3.2.2 Circular dichroism studies

In order to assess whether the deletion of the 250-loop resulted in changes in
the overall folding characteristics of SK, the secondary structure/s of SK/SKgeps4-262
were monitored using CD. The far-UV CD spectra of SK and the mutant (SKgei254-262),
however, did not show any significant discernable differences (Figure 3.6).

However, since a native-like CD spectrum of the mutant could still result if
relatively small, local conformational changes occurred in and around the site of the
deletion in the P domain that might get ‘averaged out’ in the presence of the CD
contributions from rest of the two domains of SK in the full-length molecule, the far-
UV CD spectra of B domain alone and Pgepssae2 were recorded. Interestingly, no
noticeable changes were observed in the secondary structure of Bgeiz54-262 With respect
to B similarly expressed in Escherichia coli also (Figure 3.6), indicating that neither
the overall secondary structure of SK nor that of the B domain alone had been

perturbed by the deletion of the nine-residue loop.
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Figure 3.5 Purification of the } domain of SK from Escherichia
coli. The B domain was intracellularly over-expressed and purified
from the lysate of E. coli cells. The B domain was purified by
chromatography on DEAE-Sepharose. The lanes of the 15 % SDS-
PAGE represent: 1- standard MW markers, 2- whole cell lysate of

induced cells, 3- purified  domain.
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Figure 3.6 Far UV-CD spectra of SK/SKgei 254262 and /B gel 254-262. Far UV-
CD spectra of proteins (concentration 0.15 mg/ml in PBS, pH 7.2) were
recorded on a Jasco-720 spectropolarimeter to assess the secondary structures of
(curves marked A) SK (solid line), SKyepss-262 (dotted line); (curves marked B)
B (solid line) and Bgei2sa-262 (dotted line). Measurements were carried out from

200 to 250 nm in a 0.1 cm path length cell and the appropriate buffer baseline

was subtracted from the protein spectra. The final spectrum analyzed was an
average of 10 scans.
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3.3.2.3 Binding interact_ions between SK/SKgens4-262, and HPG
In order to explore whether the loss in HPG activator activity was a result of
alteration in the affinity of the mutant with partner HPG, the kinetics of interaction
between immobilized HPG and SK were compared with that of SKyepss.a62 by the
Resonant Mirror approach using a semi-automated instrument for measuring protein-
protein interactions in real time (IAsys, Cambridge UK). Preliminary experiments
were performed by immobilizing SK or SKgepssz62 Onto carboxy-methyl dextran
cuvettes, using an amino-coupling protocol recommended by the manufacturers, to
examine the effect of immobilization chemistry on the values of kinetic constants. The
kinetics of association and dissociation of HPG with immobilized SK/SK ye1p54-262 Were
then measured as described in Materials and Methods. In another approach,
biotinylated HPG was immobilized on streptavidin captured on biotin cuvette and the
binding kinetics with SK were studied as described. For these assays, SK/SK gei254-262
was added at concentrations ranging between 5-80 nM. Relatively fast association
kinetics was observed for the binding of both proteins, which is consistent with a
monophasic pattern of association (Figure 3.7). When the association data for the
interaction were fitted to a single exponential curve, a linear relationship was observed
between k,, and added ligate concentration, according to the equation k,, = ks + k,
- [ligate] (see Figure 3.7, inset). The results show that the mutant exhibited an affinity
that was not significantly different from that of SK (Table 3B). |
Interestingly, experiments perfornied by immobilizing SK/SKgepsa262 0on
carboxy-methyl dextran cuvettes using standard amino-coupling procedures, as shown
by other groups also (Conejero-Lara et al., 1998; Loy et al., 2001) yielded similar
binding constants for SK and SKge2s4-262, indicating that the coupling procedure per se

does not interfere in the binding interaction between SK and HPG significantly.

3.3.2.4 Active site exposure in HPG by SK/SKye254.262

To further explore the underlying reason for partial loss of activator activity
of the loop-deletion mutant, we examined if, like the native protein, it could expose
the active site in ‘partner’ HPG. For this purpose, we employed the active site
acylating agent, NPGB, to test whether the characteristic ‘burst’ that occurs upon
mixing equimolar SK and HPG (McClintock and Bell, 1971; Chase and Shaw, 1969)
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Figure 3.7 Diagrammatic representation of optical biosensor determination
of binding constants for the interaction of SK/SK .., ,., with immobilized
HPG. Overlay plots representing the binding and dissociation of SK to the
immobilized HPG are depicted. Human PG was biotinylated and immobilized on
streptavidin surfaces of IAsys planar cuvettes, as described under Materials and
Methods. For each individual concentration of ligate (only data for SK is shown),
the association or binding to immobilized HPG was monitored. Subsequently, the
cuvette was washed with binding buffer and the dissociation phase was monitored.
For the sake of clarity, only dissociation at saturating ligate concentration is
shown. The value of £, for the binding curves for each ligate concentration was
determined using FASTf t™ program, supplied by IAsys Ltd., UK. and each
value was plotted against the corresponding concentration of the ligate. Inset: The
plot of k£, against ligate concentration for SK (squares) or SK ., ., (circles),
which gives a straight line. The kinetic constants were calculated as described
under Materials and Methods.



Table 3B Association and dissociation rate constants and apparent equilibrium
dissociation constants for the binding of immobilized HPG to the derivatives of SK *

Ligate ks (x 10%) kqa(x1073) Kp (x10 )
™M 'sT s ™M

SK 1.98 + 0.08 1.81 +0.21 0.91 +0.34

SK der254-262 1.43 +0.07 227+0.15 1.58+0.79

* Biotinylated HPG was immobilized on streptavidin captured onto biotin cuvette. Different
concentrations of the SK/SK ye254.260 Were then titrated, as described under Materials and Methods.
The pseudo-first order rate constant (k,,) was determined using the FASTfit™ program. The
dissociation rate constant (k,) value was calculated from the average of four dissociation curves
obtained at saturating concentration of ligate. The equilibrium dissociation constant (Kj;) was than
calculated from the extent of association of monophasic curve. The k, was calculated from the
equation k,/Kp. Values of K, obtained using this relationship were in good approximation to those
obtained by k%, obtained from the linear fit of k,, versus ligate concentration.
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was also observed with the mutant. Neither SK nor HPG alone give the burst, but only
once the two are mixed in equimolar proportions is this burst, characteristically
associated with a rapid NPGB hydrolysis, observed due to the formation of a ‘virgin’
SK.HPG complex and consequent acylation at the cryptic active site of HPG with
NPGB (McClintock and Bell, 1971). When the recombinant SK (used as a control)
was tested with this reagent in the presence of equimolar HPG, the characteristic
colorimetrically detectable burst was indeed observed. A similar response was evident
in the case of SKgens4262 as well (Figure 3.8, inset).

The mutant (SKess.262) was then further verified for its ability to activate
partner HPG by carrying out amidolytic assays of its equimolar mixtures with HPG. In
this case too, it exhibited a similar, though slightly delayed time-course of generation
of amidolytic activity with respect to SK (Figure 3.8) suggesting that it could open the
active site in partner HPG. Thus, these results demonstrated that the observed lower
HPG activator activity of SKgepns4-260 was not due to any major effect on its ability to

activate partner HPG at the binary complex formation stage.

3.3.2.5 Steady-state kinetics of HPG activation and amidolysis by SK/SKe254-262

In order to obtain a glimpse of the functional characteristics of the active site,
the kinetic constants associated with the substrate binding and processing of both
macromolecular substrate, HPG and the small molecular weight (MW) amidolytic,
peptide substrate, tosyl-glycyl-prolyl-lysine-4-nitranilide acetate were measured by the
equimolar complexes of HPN with either SK or SKgepsa-262. Remarkably, the results
for the steady-state kinetic analysis of the activation of substrate HPG by the
equimolar SKgepss262. HPN complex revealed a 5-6 fold increase in the K, for HPG
when compared to that of SK.HPN, with relatively little alteration in the k., values
(Table 3C). This clearly indicated that the loop-deleted mutant formed an activator
complex with HPN that had an apparent decreased affinity for the macromolecular
substrate as compared to that of the native SK.

On the other hand, the k., values exhibited either by SK.HPN or SKgejs4-
262.HPN for the small MW peptide substrate were essentially unaltered as compared to
that of ‘free’ HPN (suggesting that the primary covalent specificity characteristics of
the active site in HPN remained unchanged), but, revealingly, the K, for this substrate

was decreased as compared to that of SK.HPN.
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Figure 3.8 Time-course of the generation of amidolytic activity of SK and
SKgei2s4-262. Equimolar SK.HPG and SKgepss-262. HPG complexes were made and
aliquots were withdrawn at regular periods and transferred into a micro-cuvette
containing 2 mM chromogenic substrate. The generation of amidolytic activity
was monitored at 405 nm at 22°C, as described under Materials and Methods. The
% of maximum amidolytic activity as a function of pre-incubation time by
SK.HPG complex (blue squares) and SKyezs4-262. HPG complex (magenta circles)
are plotted. Inset: Active site titration of HPG on complexing with SK or SKeps4-
262 using the active site acylating agent, NPGB. The figure shows progress curves
of NPGB hydrolysis by SK.HPG (black squares), SKgeips4-262.HPG (red, inverted

triangles) and control reaction (grey circles).



Table 3C  Steady-state kinetic parameters for HPG activation by equimolar
complexes of HPN and SK/SKge1254.262

Activator protein Ky ko Keat /Kyt
(LM) (min™') (min™ /uM)

SK.HPN 0.5+0.05 11+0.5 22.0

SKel2s4-2620 . HPN 25403 9.7+0.52 3.9

®Fixed, catalytic amounts of the respective pre-formed activator complexes of each protein with
HPN were added to the cuvette containing HPG as the substrate and Chromozym® PL in 50 mM
Tris.Cl buffer, pH 7.5, and the reactions were monitored at 405 nm at 22°C. The kinetic
parameters for substrate HPG activation were determined, as described under Materials and
Methods. The data represent the mean of three independent determinations.
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The present results on the abolishment of the ‘K, shift’ (Table 3D) in SKer2s4-
262 suggest that the 250-loop interacts with a region in partner plasmin{(ogen) that is
situated close to the active center, a surmise that is entirely consistent with its
proposed role in sequestering substrate HPG to the activator complex and with peptide
inhibition experiments reported earlier (Nihalani et al., 1997). Noticeably, the k., for
the hydrolysis of the low-molecular weight peptide substrate by the 1:1 HPN complex
of the deletion mutant remained unchanged (Table 3D). These results clearly
demonstrate that the affinity for macromolecular substrate (HPG) was selectively
decreased in the case of SKgepsa262. HPN, without a concomitant alteration in the

processivity of the small MW peptide substrate.

3.3.2.6 Ternary interactions between the activator complex and substrate HPG

on the Resonant Mirror

The foregoing results on increased Kj, for HPG in case of SKgepnsa62,
prompted us to explore the comparative affinities of activator complexes of SK.HPG,
on one hand and SKes4-262. HPG on the other, for substrate HPG using a more direct
physico-chemical approach. For this purpose, a new ‘docking’ assay for ternary
complex formation between SK and two molecules of HPG, one in the binary mode,
and the other docked as a substrate was devised based on a real-time approach
utilizing Resonant Mirror based biosensor equipment. Earlier, a ‘static’ analysis of the
formation of such a ternary complex with radioactively labeled substrate HPG bound
onto the binary complex of immobilized HPG and SK on plastic surfaces has been
reported (Young et al., 1998). Though such an assay can provide a clear estimate of
affinity in terms of equilibrium dissociation constants (Kp), it fails to give insight into
the dynamics of the interaction of the activator complex with the macromolecular
substrate. In order to establish the authenticity of ternary complex formation with
substrate HPG onto the preformed binary SK.HPG complex on Resonant Mirror
cuvettes, two criteria were used: (a) sensitivity of the ternary complex, and
comparative refractoriness of the preformed binary complex, to EACA, and (b)
distinctive concentration range-dependence of binary (low nM) and ternary
complex/es (high nM range) to HPG binding (see Materials and Methods for detailed
protocols). It has been well-established that the pre-formed SK.HPG complex is highly

refractory to EACA whereas the action of the activator complex on the substrate is
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Table 3D  Steady-state kinetic parameters for amidase activity of equimolar

complexes of HPN and SK/SKge2s4.262 *

Protein R ¢ _ Keat Kear/ Kns
(mM) (min™) (min™ /mM)
HPN 0.17+0.03 310+ 18 1823.53
SK.HPN 0.6 +0.02 370 £ 15 616.67
SKgel2s4-262 . HPN 0.2 +0.07 320+ 14 1600

? For the determination of the amidolytic parameters, SK/SK ger254-262 and HPN were pre-
complexed in equimolar ratio and an ali%uot of this mixture was assayed for amidolysis at
varying concentrations of Chromozym™ PL, as detailed under Materials and Methods.
The data represent the mean of three independent determinations.
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susceptible to inhibition in the low millimolar range (Lin et al., 2000), a fact which we
also observed, while the same concentration of EACA potently inhibited the
interaction of substrate HPG with preformed SK.HPG complex. This comparative
resistance of the pre-formed binary complex, and susceptibility of the ternary complex
to EACA allowed us to selectively examine the interaction of ‘ternary’ HPG with
SK.HPG binary complex. Similarly, due to the comparatively low affinity of the
substrate HPG towards the SK.HPG binary complex (Wohl et al., 1980), higher
concentration of substrate HPG was required, while the SK.HPG binary interaction,
due to its intrinsically high affinity, could easily be monitored at the sub- and low-
nanomolar ranges of concentration (Tables 3B and 3E). A composite picture of
IAsys™ Resonant Mirror-based real-time kinetic analysis to explore the ternary
interactions between substrate HPG and equimolar binary complex of SK and
immobilized HPG has been shown in Figure 3.9. The results obtained for the
interaction of substrate HPG, pPG and K1-5 with either SK or SKe2s4-262 complexed
with immobilized HPG are given in Table 3E. It is clear that substrate HPG interacts
with SKgesa-262. HPG binary complex with a 5-fold lower affinity (Kp ~ 0.75 uM) as
compared with SK.HPG binary complex (Kp ~ 0.15 uM). This decrease in affinity is
remarkably proportionate to the increase in the Ky for substrate HPG (5-6 fold) using
enzymatic activity as the criterion for discrimination between SK and mutant. These
results clearly indicate the importance of the 250-loop in ‘capturing’ substrate HPG

molecules by the activator complex.

3.3.2.7 Effect of EACA on substrate HPG activation with binary complexes of

SK.HPN and SKgezs4.262. HPN

To understand the role of kringles in substrate affinity, the HPG activator
activities of SK and the mutant were compared in the presence of varying
concentrations of EACA, a lysine analogue that is well known to inhibit HPG
activation by SK as well as disrupt ternary complex formation through kringle-
mediated mechanism (Castellino, 1981; Lin et al., 2000; Young et al., 1998). Kinetic
studies to check the effect of varying concentrations of EACA on substrate HPG
activation by SK.HPN and SKep54-260. HPN showed that the mutant exhibited a greater
susceptibility to EACA-mediated inhibition of substrate HPG activation than SK

(Figure 3.10), in a concentration range that did not affect the activity of the two binary
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Table 3E  Association and dissociation rate constants and apparent equilibrium
dissociation constants for the interaction of substrate HPG, uPG and K1-5 with
SK/SKyci254-262 complexed with immobilized HPG *

[Ligand] [Ligate] ko (x 10°) kex1071 Kp(x 109
M's™) (s™) (M)

SK.HPG HPG 10.70 + 1.30 1.76 £ 0.23 0.16 £ 0.04
SK.HPG uPG 0.75 +0.02 1.29 +0.74 1.72 £0.91
SK.HPG - K1-5 0.29 £ 0.06 1.1940.17 4.10 £ 0.62
SKgensa262 .HPG ~ HPG 4.62£0.51 3.35+0.13 0.72 % 0.09
SKensaa62 HPG PG 0.90 + 0.03 1.33+£0.12 1.48 £0.20
SKesaz62 HPG  KI-5 0.28 +0.12 3.41+0.21

12.18 £2.08

* Kinetic constants for the interactions of substrate HPG, uPG and K1-5 with SK.HPG or SKeps4.
262 .HPG binary complex were determined by applying the FASTfit™ program to the binding data
obtained using IAsys biosensor, as described under Materials and Methods. A stable binary
complex between SK/SKeizss260 and HPG immobilized onto the cuvette was made and then the
binding of varying concentrations of either substrate HPG (0.1-1 pM), pPG (1-6 uM) or K1-5 (1-
6 uM) was monitored, as described in the legend of Figure 3.9.
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Figure 3.9 Tracings from the IAsys™ Resonant Mirror based system to quantitate

the interactions between substrate HPG and the equimolar binary complex of SK

and immobilized HPG. The experiment was carried out at 25°C in binding buffer as

described under Materials and Methods. Human PG was biotinylated and immobilized on

streptavidin captured onto the biotin cuvette. A stable binary complex was formed by
adding saturating concentration of SK onto immobilized HPG. After washing with
binding buffer (point of addition of binding buffer, as depicted by arrow marked a’), a
stable dissociation baseline (arrow marked ‘b’) was obtained due to high affinity and
stability of the SK.HPG binary complex, which remained unaffected even after washing
with 2.5 mM EACA (data not shown). Thereafter, varying concentrations of substrate
HPG (0.1-1 uM) were then added (point of addition of substrate, as depicted by arrow
marked ‘c’) to monitor the association phase and subsequently, the cuvette was washed
with binding buffer thrice (point of addition depicted by arrow marked ‘d’), and
thereafter, the dissociation phase was recorded. After each cycle of analysis, the
undissociated substrate HPG was stripped off with 2.5 mM EACA (point of addition of
EACA, as shown by arrow marked ‘e’), followed by re-equilibrating the cuvette with
binding buffer (depicted by arrow marked ‘f’) that re-established the original baseline
(arrow marked ‘g’). The immobilized streptavidin alone was taken as the negative control
and it was subjected to the same kind of treatments as given to the test cell containing
immobilized HPG. No significant non-specific binding was observed (data not shown).
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Figure 3.10 Differential susceptibility to EACA of substrate activation by SK and
SKgazse262- The effect of different concentrations of EACA (0-1 mM) on the substrate
HPG activation by SK (blue squares) and SKgpss.262 (magenta circles) was examined.
Controls containing 10 nM each of SK and HPN (light grey triangles), or HPN alone
(dark grey, inverted triangles) are also shown. The HPG activator activity of constant,
catalytic amounts of the pre-formed equimolar activator complexes between HPN and
either SK or SKgepss.262 to obtain final concentrations of 0.25 nM and 3 nM, respectively
in presence of varying concentrations of EACA, along with substrate HPG and
chromogenic substrate in 50 mM Tris.Cl buffer, pH 7.5, was monitored at 405 nm at
22°C. The initial velocities in different concentrations of EACA are expressed relative to
the controls not containing any EACA (taken as 100 %). Similar differential effects
between SK and SKcpss62 were observed at HPG concentrations of 0.5 uM, 2 uM and 4
1M, though the 1Cs, values were different (data not shown).
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complexes or the activity of free HPN. It has been shown earlier (Lin ét al., 2000;
Young et al., 1998), using sandwich-binding assay that EACA completely abolishes
the docking of substrate HPG onto SK.HPG binary complex formed on plastic surface.
However, this do¢s not allow the measurement of the rates of binding and dissociation

of substrate HPG with the high affinity binary complex.

3.3.2.8 Effect of EACA on ternary interactions on the Resonant Mirror
Experiments were also carried out to see the effect of EACA on the ternary
complexation of substrate HPG to SK/SKgepss.262 pre-complexed with immobilized
HPG on Resonant Mirror cuvettes, as described earlier. With SKeps4.262. HPG binary
complex, an ICsy of 0.3 mM was obtained which is approximately 3-fold less than the
ICs (1 mM) obtained with SK.HPG binary complex (Figure 3.11). These data clearly
support the conclusion that the binary complex of the mutant, with the 250-loop
deleted,‘ interacted with substrate in a manner that is more vulnerable, as compared to
SK.plasmin(ogen), to disruption with the lysine-binding site competitive ligand,

EACA.

3.3.2.9 Kinetic and physico-chemical studies of ternary interactions with
substrate microplasminogen
Interestingly, kinetic studies using uPG as the substrate showed no
discernable difference between SK and SKgepps4-262 With respect to initial velocities of
substrate uPG activation (Kjs~ 2 pM), under conditions where the activator activities
of the two complexes (SK.HPN and SKej2s4-262.HPN) showed a remarkable difference
when the substrate (native HPG) contained the kringle domains (Figure 3.12).

To further establish that kringles are involved in activator-substrate
interactions, ternary binding experiments on the Resonant Mirror where the binding of
the substrates, pPG and K1-5 of HPG, to the binary complex pre-formed between
either SK or the mutant with immobilized HPG were carried out (Table 3E).
Remarkably, in consonance with kinetic data, uPG showed the same affinities for
both SK and SKgensa-262 complexed with HPG. When K1-5 was used as the docking
‘substrate’ during ternary complex formation, the SK.HPG binary complexr showed an

affinity of 4.1 uM for K1-5, while that of SKyensa.262. HPG complex was determined to
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Figure 3.11 Effect of EACA on the physical binding of substrate HPG to
SK.HPG or SKgei254-262. HPG binary complex examined by Resonant Mirror
technique. Binding of substrate HPG (0.4 puM) to either SK.HPG (blue
triangles) or SKgens4-262.HPG (magenta circles) binary complex was measured at
various concentrations of EACA (0-2 mM) using IAsysTM system, as described
under Materials and Methods. The maximal extent of binding under varying
concentrations of EACA was quantitated and the maximal binding in buffer
alone was used to normalize the extent of binding under different experimental
conditions. The extent of substrate HPG binding is plotted as a function of
EACA concentration. The effect of respective EACA concentrations on the
binary SK/SKgeis4-260.HPG complex was checked, that was taken as control
(represented by grey diamonds).
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Figure 3.12 Abolishment of the differential substrate activation
phenomenon by SK and SKgepsszs2 by using substrate pPG. Fixed,
catalytic amounts of the respective pre-formed activator complexes of each
protein with HPN were added to the cuvette containing HPG or uPG as the
substrate and Chromozym® PL in 50 mM Tris.Cl buffer, pH 7.5, and the
reactions were monitored at 405 nm at 22°C. The figure shows progress
curves of activation of (A) HPG by SK (blue diamonds) and SKgepss-262
(magenta triangles) and of (B) pPG by SK (black circles) and SKgensa6, (red

squares).
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be 12 uM, indicating approximately a 3-fold higher affinity for SK (Table 3E). Again,
these results strongly argue that the 250-loop of the B domain of SK interacts with

substrate HPG via the latter’s kringle domains.

3.3.2.10 Modeling studies

Molecular modeling studies wherein the intermolecular surfaces between the
B domain of SK and the isolated kringle 5 (which was used as a typical representative
structure of the five HPG kringles, and does not necessarily indicate any preferred role
in the substrate-activator complex interplay; however, see below) were explored for
mutual complementarities (see under Materials and Methods for details) indicate that a
kringle structure can indeed dock the 250-loop in a remarkably optimal fashion. The
best-docked complex is shown in Figure 3.13. Remarkably, the surface of the kringle
showed nearly perfect complementarity to the surface of the SK.uPN complex. The
mode of docking also revealed that the C-terminal of the kringle domain is within
connecting distance of the N-terminal of the pPN moiety, as would be expected in the
physiological situation. Thus, the close complementarities of kringle and SK.uPN
surfaces, the perfect electrostatic match among the two structures, and the proximity
between connecting peptide units suggest that indeed, the kringle might dock onto

SK.uPN in the mode shown in Figure 3.13.

3.4  DISCUSSION

It is well-known that SK indirectly activates HPG through a unique three-step
mechanism that involves (i) a high affinity binding of SK with HPG, followed by (ii)
structural rearrangement of the zymogen to generate an active site in the complex and
(iii) finally, binding of substrate PG by the activator and catalysis (Summaria and
Robbins, 1976; Summaria et al., 1968; Reddy and Markus, 1972; Schick and
Castellino, 1974). A truly intriguing aspect of this system which has been a subject for
many active investigations is the structural basis of conversion of the broadly specific
serine protease, HPN to a highly substrate (HPG)-specific protease, virtually with
exclusive propensity for acting on the target scissile peptide bond in HPG once
complexed with ‘cofactor’ SK (Parrado er al., 1996; Esmon and Mather, 1998;
Conejero-Lara et al., 1996; Wang et al., 1998; Parry et al., 2000; Boxrud et al., 2000;
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Kringle domain

250-loop of SK B of HPG

Figure 3.13 Docking of kringle 5 of HPG with the B domain of SK.
Connolly surfaces of the 3 domain (shown in blue) and kringle 5 of HPG
(depicted in cyan) were calculated by using the GRASP program. Kringle 5
has been used here as a typical representative structure of the five HPG
kringles. In order to generate the molecular surface, the radius of a water
molecule was considered to be 1.4 A. Electrostatic potentials were mapped
onto the surfaces with GRASP. The 3 domain showed a distinct patch of
positive charges in the 250-loop. Similarly, the kringle domain also showed a
distinct patch of negative charges. The two patches were brought in close
proximity by manual docking, which showed close surface and electrostatic
complementarities (see Materials and Methods for details).
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Nihalani et al., 1997; Nihalani et al., 1998). Though modeling studies based on the X-
ray data of SK.uPN (Wang et al., 1998) has highlighted several potential contacts in
SK between the activator complex and the substrate, it is silent on the precise points of
interaction between SK and HPG that could be important for substrate docking and
catalysis.

In this present study, we have endeavored to identify and establish that an
epitope in the central B domain of SK viz. the -250-100p is involved in substrate HPG
activation phenomenon. Deletion of this 250-loop adversely affected the substrate
HPG activation properties of the molecule. A similar effect has been previously
observed when the two Lys residues (Lys256, Lys257) in the core region of the [3
domain of SK were subjected to site-specific mutagenesis (Lin ef al., 1996; Chaudhary
et al., 1999). Far-UV CD studies were carried out which ruled out the possibility that
the deletion of the loop resulted in destabilization of the entire structure of SK or 3 per
se, that could possibly explain the low rates of HPG activation. Further on, ‘gd check
whether the reduction in activation rates was due to decrease in 1:1 affinity for partner
HPG or not, a highly sensitive Resonant Mirror-based approach to measure real-time
kinetics of interaction between molecules was used and it was found that the 1:1
affinity for HPG in the mutant was not adversely affected.

Also, SKyeipss-262 When combined with HPG, displayed esterolytic activity
similar to that of the SK.HPG activator complex, in presence of NPGB. However, the
maximal level of these bursts was approximately half of that observed with natural SK
prepared from Streptococcus equisimilis. It has been demonstrated recently that a free
N-terminal (Ile) is required for the NPGB reaction of native SK due to the
participation of the a-amino group of the N-terminal residue (Wang ef al., 1999a), as
also some flanking residues (Boxrud ef al., 2001), in the auto-activation of HPG by
SK. However, the positive NPGB reaction of SK, albeit less than that of natural SK,
was easily explained when N-terminal sequence analysis of the purified SK and
SKgeizs4-262 showed that approximately 50 % of the purified protein fractions had (like
natural SK) a free Ile at the N-terminus, probably due to partial processing by host
methionyl aminopeptidase (Hirel et al., 1989). The mutant could also amidolytically
activate partner HPG in as facile a manner as SK, indicating that the loss in activity in

the mutant was not because if its inability to activate partner HPG.
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To critically look at the characteristics of the active site per se, the kinetics of
amidolysis of small molecular-weight chromogenic substrates was carried out. It is
known that the complexation of SK with free HPN leads to an overall reduced
accessibility of the HPN active site by small molecular weight substrates and
inhibitors probably due to steric hindrance brought about by SK binding in the vicinity
of the active site; this phenomenon is manifested, for example, in a signiﬁcant increase
in the Kjs for the amidolysis of chromogenic substrates by SK.HPN complex
compared with that of HPN alone (Wang et al., 1998; Robbins er al., 1981; Wohl,
1984). The characteristic increase in K, of HPN for amidolytic substrates has also
been observed with the isolated § domain (Nihalani et al., 1997). The present results
on the abolishment of the ‘K, shift’ in SKyeps4-262 suggest that the 250-loop interacts
with a region in partner plasmin(ogen) that is situated close to the active center, a
surmise that is entirely consistent with its proposed role in sequestering substrate HPG
to. the activator complex and with peptide inhibition experiments reported earlier
(Nihalani et al., 1997). Noticeably, the k., for the hydrolysis of the low-molecular
weight peptide substrate by the 1:1 HPN complex of the deletion mutant remained
unchanged.

However, when the steady-state kinetics of SKes4-262 with fully opened active
site (HPN as partner) was carried out, they revealed that the affinity for interaction
with substrate HPG has reduced 5-fold compared to that of SK. This alludes to the
1dea that this nine-residue loop is giving crucial anchorage to substrate HPG during the
activation process. These results clearly demonstrate that the affinity for
macromolecular substrate (HPG) was selectively decreased in the case of SKgensa-
262.HPN, without a concomitant alteration in the processivity of the small-molecular
weight peptide substrate.

The increase of K, for activation of substrate HPG encouraged us to look at
ternary interaction studies of HPG with SK/SKgeipsa.260. HPG binary complex using
Resonant Mirror based approach. Similar studies have been reported earlier using
solid phase assay (Young et al., 1998). Though such an assay can provide a clear
estimate of affinity in terms of equilibrium dissociation constants (Kp), it fails to give
insight into the dynamics of the interaction of the activator complex with the
macromolecular substrate. Real-time based kinetics indicated a 5-fold increase in Kp

in the ternary interaction of SKgeipss-262. HPG with substrate HPG as compared with
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SK.HPG binary complex. This decrease in affinity is remarkably proportionate to the
increase in the Kj, for substrate HPG (5-6 fold) using enzymatic activity as the
criterion for discrimination between SK and mutant. In addition, no such difference in
affinity for binding was observed in case when pPG (kringle-less catalytic domain of
HPG) was used as the substrate whereas a 3-fold decrease in affinity in case of the
mutant was observed when K1-5 was used as ‘docked’ substrate onto binary complex
on the IAsys. These results clearly specify the importance of the 250-loop in
‘capturing’ substrate HPG molecules by the activator complex.

Recent biochemical studies suggest that an ‘exosite’ mediated substrate HPG
binding, independent of the primary covalent specificity of the HPN active site,
represents the major mechanism of SK-induced changes in the macromolecular
substrate specificity of HPN (Boxrud et al., 2000; Nihalani et al., 1998). The structural
basis whereby such an exosite contributes towards the change in substrate specificity
of the HPN active site consequent to SK binding has, however, remained essentially
unknown so far. The data presented here clearly implicate the 250-loop of the B
domain as an important determinant of the macromolecular substrate specificity of the
SK.HPG activator complex.

The presence of two tandem lysine residues at the tip of the 250-loop suggests
that interactions with the kringle domain/s in substrate HPG may be the operative
mechanism behind this interaction. To validate this point, both kinetic studies as well
as ternary interaction studies on the Resonant Mirror to check the effect of varying
concentrations of EACA (the lysine-binding site competitive ligand) on substrate HPG
activation by SK.HPN and SKgeps4.262.HPN were carried out that showed that the
mutant exhibited a greater vulnerability to EACA-mediated inhibition of substrate
HPG activation than SK, in a concentration range that did not affect the activity of the
two binary complexes or the activity of free HPN. It has been shown earlier (Lin et al.,
2000; Young et al, 1998), using sandwich-binding assay that EACA completely
abolishes the docking of substrate HPG onto SK.HPG binary complex formed on
plastic surface. However, this does not allow the measurement of the rates of binding
and dissociation of substrate HPG with the high affinity binary complex. However, it
is worth noting that if all of the kringle mediated interactions between activator and
substrate had been abolished by the deletion of the loop, the mutant should have been
completely resistant to inhibition by EACA. The fact that the mutant is suscepﬁble to
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lower concentrations of EACA suggests that other EACA-sensitive, kringle-dependant
interactions are still operative, but at least one of the critical interactions has been
abolished by the selective deletion of the 250-1o0p.

If the observed difference in substrate affinities between SK.HPG and SKgei254-
262-HPG activator complexes is indeed kringle-mediated, it is reasonable to assume
that the rates of activation of substrate pPG, which is devoid of all five HPG kringles,
by SK and SKgepss262 should not substantially differ from each other.
Microplasminogen is known to be a poor substrate for the preformed SK.PG activator
complex' (Shi and Wu, 1988). Interestingly, kinetic studies using pPG as the substrate
failed to show any stark difference between SK and SKgepssasp With respect to
substrate uPG activation, under conditions where the activator activities of the two
complexes (SK.HPN and SKgeps4-262.-HPN) with substrate HPG (containing all the
kringle domains) showed a remarkable difference. These observations prove
convincingly that interactions involving lysine binding site/s in the kringle domains
are intimately involved in the mechanism of operation of the macromolecular
substrate-specific exosite in the SK.plasmin(ogen) activator complex.

Although whether kringle 5 per se or any other kringle is involved in this
interaction cannot be judged at this stage, during the course of this work, another
report was published which demonstrates the involvement of kringle 5 in the 1:1
binding with the  domain of SK (Loy et al., 2001). Although speculative at this stage,
this offers a tantalizing possibility that this kringle-mediated interaction at the levels of
both binary and ternary complex formation, operate through kringle 5. If this scenario
is correct, the loop might “switch” its binding specificity towards partner or substrate
depending on the temporal stage in the catalytic cycle, a possibility that is
strengthened by a previous observation (Nihalani et al., 1997) that a synthetic peptide
encompassing the 250-loop exhibits bifunctional behaviour by competitively
inhibiting both SK.HPG binding as well as HPG activation by preformed SK.HPN
activator complex. On the other hand, the current evidénce does not rule out that the
different kringles in substrate and partner HPG are directed to different sites in SK.
Whatever the exact mechanism, this study provides unmistakable evidence of the
direct involvement of a discrete epitope in SK in substrate recognition and binding via
the kringle/s of HPG. Undoubtedly, further studies are needed to identify the relative

contributions of the kringle/s versus the catalytic domain of the substrate towards the

55



Chapter 11

latter’s recognition, docking and turnover in the ‘valley’ formed by the activator
complex. This would aid in a better understanding of this enigmatic interaction at the
molecular level.

It needs to be realized, however, that the observation that even after the
excision of the 250-loop, the HPG activation reaction still survived (albeit with
increased Kj,), indicates that this loop is not the sole determinant of the SK.HPN
exosite property. Indeed, earlier studies had suggested that the o« domain as well as the
B domain, together, contribute to the generation of HPG specificity in the activator
complex (Nihalani er al., 1998). The potential of the o domain to interact with
substrate HPG is also evident from the SK.uPN crystal structure (Wang et al., 1998),
although whether it does so by interacting with kringle/s of substrate is still unclear. It
is also established from recent work that the B domain contributes a major share .
towards SK’s affinity for partner HPG as well (Nihalani et al., 1998). However, the
fact that mutagenesis of several residues in the B domain that, without altering the
overall folding of the protein or its affinity for partner HPG, resulted in appreciable
diminution in the k., for activator activity with little change in the K, for HPG per se
(Chaudhary et al., 1999), suggests that regions other than the 250-loop in this domain
are also intimately involved in the modulation of the substrate specificity of the
activator complex. We have observed that mutations of residues immediately flanking
the 250-loop (e.g., SKvas2a, £2636) lead to further increase in the molecule’s K, for
substrate HPG (to about 15-fold that of SK) with only minimal alteration in the k., of
its complex with HPN, suggesting that the regions immediately flanking the loop are
somehow related to catalysis. We believe that the loop is most probably, making
decisive and direct contact with substrate kringle/s, juxtaposing it in the right
orientation, during the cycle of catalysis, but it is the molecular motion/flexibility of
the contours of the loop that determine the decoupling phenomenon viz. the
dissociation of the substrate and release of product and thereby, the rate of turnover.
What is essentially occurring in these ‘sizzling’ areas still remains to be uncovered.

It is quite intriguing that the B domain provides a major portion of the
intermolecular affinity of SK for HPG necessary for the formation of the tightly held
equimolar activator complex (Conejero-Lara et al., 1998), and at least some of the

affinity required for the (transient) interaction of the latter with substrate HPG, as the
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present study indicates. This arouses curiosity whether this domain would, by itself,
possess HPG activator activity, however compromised at a quantitative level, since
two seemingly fundamental requirements for a single-domain HPG activator protein
viz. ability to bind with partner plasmin(ogen) and to then interact with substrate, are
present in this domain. This question assumes significance because SAK, a single-
domain bacterial HPG activator, is also known to work as a ‘protein co-factor’ in a
fashion akin to that of SK (Esmon and Mather, 1998), and has both these distinctive
HPG interacting properties. The ternary structure of uPN.SAK.uPN suggests that
SAK appears not to modify the active site conformation of the enzyme, but creates
new exosites that indirectly alter the substrate specificity of uPN (Parry et al., 1998).
Identification of such functional ‘hotspots’ in PG activators in general, and SK in
particular, that help in exosite mediated modulation of substrate specificity may

greatly aid the future de novo design of improved HPG activators.
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CHAPTER 1V

RESUSCITATION OF COFACTOR ACTIVITY IN THE
INTRINSICALLY INACTIVE ALPHA DOMAIN OF
STREPTOKINASE THROUGH PROTEIN ENGINEERING



Abstract

Although the isolated oo domain of SK shares remarkable structural homology with
SAK, it displays virtually negligible cofactor activity (Loy et al., 2001; Vasudha et al.,
2003), whereas SAK (also a single-domain molecule) displays high cofactor activity.
Nevertheless, the fact that a low but genuiné, intrinsic cofactor activity survives in the
isolated o. domain indicates that it might be possible to enhance this activity to higher
levels, perhaps even to that of SAK, if critical features of the o domain that might have
been lost during the evolutionary divergence of a common prototypic domain into the
single-domain SAK structure and the three-domain SK molecule, are
“grafted”’sucessfully onto the deficient o domain. In order to possibly engineer such
changes, we first compared the structures obf o. domain with that of SAK. This exercise
identified a small loop present in SAK, but one that is completely absent in SK o.
However, before setting out on a loop-grafting approach, preliminary studies on the’
HPN-mediated susceptibility of ctyiig-ype Were carried out, which revealed that the ctyijg.
wpe Was highly susceptible to proteolysis at a single peptide bond, viz. Lys59-Ser60.
When the Lys59 was mutated to Ala, a dramatic stability in proteolysis was observed,
with a concurrent 8-fold increase in cofactor activity over Og.ype. However, a greater
than 100-fold increase in catalytic efficiency was obtained over that of aiig.ype When
the SAK loop was grafted into o;seg, followed by improving the ‘sequence-context’ of
the heterologous loop by random mutagenesis of the flanks of the loop. A detailed
kinetic analysis revealed that improvements in substrate affinity as well as the catalytic
turnover rate contributed to this observed overall enhancement accrued through this
protein engineering approach. Mechanistic studies using uPG versus full-length HPG,
used as substrate, established that the observed increase in the catalytic efficiencies
largely emanated from improved interactions between the combinatorial mutant and the

kringle domains of substrate HPG.
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41 INTRODUCTION

Streptokinase is composed of three structurally similar domains, o, B and v,
that are separated by coiled coils (Wang et al., 1998). Unlike other well-known
thrombolytic proteins like UK and t-PA, SK does not possess intrinsic proteolytic
activity. It forms an equimolar complex with ‘partner’ HPG or HPN that then activates
‘substrate’ molecules of HPG by the cleavage of scissile peptide bond and then
transforms them into HPN. Plasmin alone is essentially a serine protease with broad .
substrate specificity, but once combined with its protein cofactor SK, it becomes
highly specific for the target Arg561-Val562 scissile peptide bond in HPG (Markus
and Werkheiser, 1964). An understanding of the molecular basis of this enhanced
specificity of HPN consequent to complexation with SK has important fundamental as
well as application implications especially in the design of better clot-dissolver protein
drugs.

The crystal structure of SK complexed with the pPN, the catalytic domain of
HPN, devoid of the kringle domains has provided initial insights regarding the
molecular mechanism by which SK switches the substrate specificity of the active
center of HPN by forming a three-sided valley around pPN (Wang et al., 1998). It has
also shed light on the fact that out of all the three domains of SK, the maximum area
of contact with uPN is that of the o domain of SK. This raises a pertinent question
whether the isolated oo domain of SK possesses any HPG activator or cofactor activity,
even if highly compromised. This is relevant also because of the fact that another
‘indirect” HPG activator, SAK that has only a single domaih and shares high structural
homology with each of the three domains of SK (see Figure 4.1). A recent study had
attempted to address this issue, but found very low activator activities associated with
individual SK domains; of all the three doméins of SK, o exhibited the maximum
activity, but one that was barely 0.002 % of the native activity of SK (Loy et al.,
2001). Previous studies in our laboratory on the cofactor activities of the individual
domains of SK have shown that none of the isolated domains of SK was found to have
significant cofactor activity (Vasudha, 2002). However, the absence of cofactor
activity at a level comparable to native SK, or even SAK (which possesses relatively

lower cofactor activity compared to SK) may be due to loss of critical structural
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Figure 4.1 Ribbon plot representation of SAK and the three domains of SK. The three domains
of SK are structurally homologous to each other and also to the single-domain PG activator, SAK

(adapted from Parry et al., 2000).
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features during the evolution of the prototypic single domain into the three-domain
structure of SK and/or increased vulnerability of the isolated domain to HPN-mediated
proteolysis. These considerations prompted us to re-examine the structural differences
between the SAK and the o domain of SK more carefully so as to possibly account for
the observed vast disparity between the cofactor activities of SAK, and the nearly
inactive isolated a domain of SK. Also, we reasoned that if a native-like activity could
be engineered into the a domain, it would validate the assumption that the same
prototypic fold has been utilized through evolution to develop the three-domain SK,
two-domain SUPA and the single domain SAK. It is possible that through this
exercise, meaningful insights may be gleaned that would allow the re-design of a PG
activator based on the o domain alone through the resuscitation of its ‘latent’
biological activity by subtly manipulating its structural features. In the present study,
we show that a dramatic enhancement of the catalytic efficiency of the intrinsically,
nearly inactive, a domain of SK to nearly that of SAK could be accomplished through
a loop grafting and combinatorial (semi-random) mutagenesis strategy. The results of

the study are presented below.

42  MATERIALS AND METHODS
4.2.1 Reagents and chemicals

Glu-plasminogen (human) was purchased from Roche Diagnostics GmbH,
Germany. The T7 RNA polymerase promoter-based expression vector, pET-23d and
Escherichia coli strain BL21 (DE3) were obtained from Novagen Inc. (Madison, WI).
Thermostable DNA polymerase (Pfu) was acquired from Stratagene Inc. (La Jolla,
CA), and restriction endonucleases, T4 DNA ligase and other DNA modifying
enzymes were products of New England Biolabs (Beverly, MA). Oligonucleotide
primers were obtained from Integrated DNA Technologies Inc. (Indianapolis, IN) and
BioBasic Inc. (Canada). Purifications of plasmid DNA and extraction of PCR
amplified products from agarose gels were performed using kits available from
Qiagen, GmbH (Germany). Automated DNA sequencing using fluorescent dyes was
done on an Applied Biosystems DNA sequencing system Model 310. The N-terminal
protein sequencing was carried out on an Applied Biosystems Protein sequencer,

Model 476A. Phenyl Agarose 6XL, DEAE Sepharose (Fast Flow) and Chelating
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Sepharose® (Fast Flow) were procured from Pharmacia Biotech, Uppsala, Sweden.

All other reagents were of the highest analytical grade available.

4.2.2  Genetic constructs
4.2.2.1 Expression plasmid containing the cDNA encoding for the o domain of
SK (pET-23d-a)

The construction of the intracellular expression plasmid for the o domain of
SK has been described in detail elsewhere (Vasudha, 2002). Briefly, it involved the
PCR-amplification of the a domain of SK using specific primers, followed by the
double-digestion of the PCR product with suitable REs and further cloning of this
DNA fragment into the pET-23d vector, at corresponding sites. The circular map of

pET-23d-o is shown in Figure 4.2.

4.2.2.2 Plasmid vector pBluescript containing the SK gene (pBS-SK)

The cloning of the gene encoding SK in pBluescript I1 KS (-) vector has been
illustrated in detail in Yadav, 1999. The plasmid contains the SK gene downstream of
an ompA (outer membrane protein A of Escherichia coli) signal under the lac
promoter. The presence of ompA signal facilitates the secretion of SK into the culture
medium, as tested by Western blotting using anti-SK antiserum (data not shown). It
also contains the gene for resistance to ampicillin for drug selection of bacterial

clones containing the plasmid.

4.2.3  Construction of mutants of o
4.2.3.1 Site-directed mutagenesis using overlap-extension based polymerase
chain reaction

The insertion of the eight-amino acid residue SAK loop in the o domain of SK
was carried out using the overlap-extension based PCR (Ho et al., 1989) that has been
described earlier in Chapter 111, under Materials and Methods. To construct the loop-
grafted o (ouoep), Mutagenic upstream primer (a3soe-us, carrying a unique restriction
site, BseR I) and a flanking downstream primer (T7 Term-mod) were first used in
PCR I reaction. Thereafter, mutagenic downstream primer (a3soe-ds) and flanking

upstream primer (T7 Pro-mod) were used in PCR II reaction. These reactions
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generated DNA fragments having overlapping ends (sequences of the primers have
been enlisted in Table 4A). Thereafter, overlap-extension PCR reaction (Ho et al.,
1989) was done, resulting in the amplification of the o gene carrying the insertion
scquehcc, which was cloned into the pET-23d vector. The positive clones were

confirmed by automated DNA sequencing.

4.2.3.2 Construction of site-directed mutants in the oo domain of SK by

‘megaprimer’ PCR-based method

Site-directed mutation in the a domain of SK was also carried out using the
‘megaprimer’ PCR based method that was introduced by Kammann and coworkers
(1989) and later modified (Sarkar and Sommer, 1990; Sarkar and Sommer, 1992) and
Landt and coworkers (1990). This method involved two rounds of PCR that utilize
two ‘flanking’ primers and one internal mutagenic primer, containing the desired base
substitution(s). The schematic representation of the construction of site-directed
mutants by this method has been shown in Figure 4.3. The sequences of the
mutagenic primer and the upstream and downstream flanking primers used to make
site-directed mutations are listed in Table 4B. The first PCR is performed using the
mutagenic internal primer and the first flanking primer. The product of this first PCR,
the ‘megaprimer’ is purified and is used, along with the second flanking primer, as a
primer for a second PCR. The final PCR product contains the desired mutation in a
particular DNA sequence. In the first PCR, 100 ng of DNA template (pET-23d-c, as‘
the case may be), 200 uM dNTPs, 20 pmol cach of forward and reverse primers, 1
unit of Pfu polymerase and 1x of Pfu polymerase buffer were taken in a total volume
of 100 ul. After a ‘hot-start’ of 5 min at 95°C, 30 amplification cycles of 94°C for 45
sec, 50°C for 1 min and 72°C for 1 min were performed. This was followed by a final
extension of partially completed daughter strands at 72°C for 10 min. Then the PCR
amplification product was purificd by gel-extraction using the Qiagen gel-extraction
kit. The amplified DNA was then used as the megaprimer for the second PCR
reaction. The second PCR-premix contained template DNA and megaprimer in the
weight-to-molar ratios of 1:400 (5 ng of templatc DNA and approximately 150 ng of
megaprimer), 200 pM dNTPs, 20 pmol of forward primer, 1 unit of Pfu polymerase
and 1x of Pfu polymerase buffer in a total volume of 100 pl. The PCR-premix was
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Table 4A Sequences of primers used for the transposition of the SAK loop into the
o domain of SK

Mutation Sequence of primer RE site®
mutagenic U 5S'"CGATATGACAAGAATAAGAAGAAGGAG- BseR 1
(a3soe-us) GAGAACGGCAAGGTCTACTTCGCTGA 3’

mutagenic D | 5" CTCCTTCTTCTTATTCTTGTCATATCGG-

(a3soe-ds) TCAGTAATGGTTGCATCGCTTG 3’

flanking U 5" GAAATTAATACGACTCACTATAGGGGA-

(T7 Pro-mod) ATTGTG 3’

flanking D 5" CCAAGGGGTTATGCTAGTTATTGCTCA3'

(T7 Term-mod)

® The diagnostic RE sites introduced in the primers by translationally silent mutagenesis, used
during the screening of clones, have been underlined. .

U represents upstream primer and D represents down stream primer.

Parentheses describe the names of the primers.
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Figure 4.3 Diagrammatic representation of the ‘megaprimer-extension’
based PCR method used for the construction of site-directed mutants of
SK a. The double-stranded DNA and primers are indicated by lines, with
arrows indicating the 5’ to 3’ direction. The first round of PCR (PCR I) uses a
‘mutagenic’ primer (one carrying a predefined mutation) and the downstream
primer to generate a fragment with the desired mutation. The resulting product
is used subsequently in a second round of PCR (PCR II) alongwith the
upstream primer, and the extended final fragment is then purified and
subjected to digestion with REs prior to cloning into the appropriate vector.



Table 4B Sequences of primers used for the construction of site-directed mutant of

SK a, in order to minimize HPN-mediated proteolysis

Mutation Sequence of primer RE site®
mutagenic U 5" AGGCTTAAGTCCCGAGTCAAAACC- Aval
(K59E) ATTT 3/
flanking U 5' GAAATTAATACGACTCACTATAGG-
(T7 Pro-mod) GGAATTGTG 3’
flanking D 5' CCAAGGGGTTATGCTAGTTATTGC-

"~ (T7 Termmod) TCA 3’

* The diagnostic RE sites introduced in the primers by translationally silent mutagenesis, used
during the screening of clones, have been underlined.

U’ represents upstream primer and D represents down stream primer.

Parentheses describe the names of the primers.
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first subjected to a ‘hot-start’ of 5 min at 95°C, which was followed by 25
amplification cycles of denaturation (94°C for 45 sec), annealing (50°C for 2 min) .
and extension (72°C for 1 min) and a final extension at 72°C for 10 min. Then the

PCR ampliﬁcation product was purified on agarose gel and was subjected to digestion
with REs, PshA I and Xho I. The insert obtained from RE digestion of the PCR
product and the vector sequence obtained after digestion of the pET-23d-a construct
with PshA I and Xho I, were purified from agarose gel, ligated with each other and
transformed into Escherichia coli chemical competent cells. The positive clones were
selected by restriction analyses of the mini-preps, using RE diagnostic sites that have
been introduced in the mutagenic primers (see Table 4B). The sequences of the

positive clones were confirmed by automated DNA sequencing.

4.2.4 Cloning of open reading frame encoding the o domain of SK into
pBluescript vector (pBS-a)

The PCR-amplification product of pET-23d-o, using primers ‘apmg-up’ and
‘apmg-dp-Not I’ (sequences depicted in Table 4C) was gel-extracted using Qiagen Gel
Extraction Kit and further subjected to digestion with REs, PshA I and Not 1. The
digested PCR product (insert) was again gel-extracted and ligated with the vector
comprising of pBS-SK plasmid, digested with the same -two REs (the site for PshA I is
present at the N-terminal region in SKo, while site for Not I is'present C-terminal to the
SK gene, in the vector pBS). The ligation mixture was then transformed into chemical
competent cells of XLI1-Blue host strain. The sequences of positive clones were
confirmed by automated DNA sequencing. The circular map of pBS-a is given in
Figure 4.4. The gene encoding the oo, Was also sub-cloned into pBS-SK vector, by a

procedure similar to one mentioned above.

4.2.5 Localized random mutagenesis, cloning and screening for improved
function
As described above, the oy construct was cloned in pBluescript KS II (-)
containing an ompA signal sequence upstream of the o sequence that directs the
secretion of low levels of oo into the culture medium. The region immediately

flanking the loop in the a domain of SK was subjected to random mutagenesis
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Table 4C  Sequences of primers used for combinatorial mutagenesis

Mutation Sequence of primer RE site®
mutagenic U’ S'ATTGATTTTGCAAGCGATGCAACCNNNNNNNNN-  + Bsml
(rdmip-fp) NNNTATGACGCGAATGCGAATGCGAAGAAGGAG 3!

mutagenic U 5' TACCGATCCATCTTTGTCAGCAAAGTANNN-

(rdmlip-dp) NNNNNNNNNCTCCTTCTTCTTATTCTTGTCATA 3'

flanking U S'TGTTGAGGGGACGAATCAAGACATTAGTCTTAA- PshA 1
(apmg-up) ATTTTTTGAAA 3 .

flanking D 5' TTCCTTTTGCGGCCGCTTAAACGCGCACATGTC- Not I
(apmg-dp-Notl)  CGTTAGAACAAA3'

flanking D S'ATCTTGCTCGAGAACGCGCACATGTCCGCTTA- Xho I
(143Xhol) GCAA3'

flanking U 5'GAAATTAATACGACTCACTATAGGGGAATTGTG 3’

(T7 Pro-mod)

flanking D 5" CCAAGGGGTTATGCTAGTTATTGCTCA 3’
(T7 Term-mod)

* The diagnostic RE sites introduced in the primers by translationally silent mutagenesis, used
during the screening of clones, have been underlined.

U represents upstream primer and D represents down stream primer.

Parentheses describe the names of the primers.
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Figure 4.4  Circular map of pBS-a. This figure shows the gene
encoding SK a in the pBluescript IT KS (-) vector. The RE sites, PshA 1
and Not I, which were used to clone SK a gene in the vector are also
indicated. The map also shows the presence of the ompA signal upstream
to the o gene to facilitate the secretion of the protein out of the plasma
membrane.
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(localized to four amino acid residues on both sides of the SAK loop in o) using
overlap-extension PCR (Ho et al, 1989). The sequences of mutagenic primers
(rdmlp-fp and rdmlp-dp) and the upstream (apmg-up) and downstream (apmg-dp-Not
[) flanking primers have been listed in Table 4C. The randomly mutagenised
amplification product was double-digested with REs, PshA I and Not I, gel-purified
and ligated with similarly digested pBS-o, generating a plasmid library of ctoop
mutants. The library containing the PCR-mutagenized gene was used to transform
XL10-Gold® Ultracompetent cells of Escherichia coli (Stratagene Inc.). The resulting
transformants were initially screened for higher plasminogenolytic ability, indicated
by larger zones of clearance when compared to the zone formed by the parent
plasmid, using the casein-HPG-agarose overlay method (Malke and Ferretti, 1984).
The schematic representation of the procedure followed for random mutagenesis has
been given in Figure 4.5.

This was followed by purification of o from the open reading frames
corresponding to the clones with bigger haloes, followed by their detailed functional
analyses after expression under the T7 RNA polymerase promoter in pET-23d vector.
To transfer each mutein cassette from pBluescript vector to pET-23d vector, PCR
amplification of the gene using primers, apmg-up and 143Xhol was carried out. The
PCR product was then digested with PshA I and Xho I; and the digested product was
then ligated with the similarly cut pET-23d-o.. After transformation, clones were
screened and the sequences of positive clones confirmed by automated DNA

sequencing.

4.2.6 Casein-HPG overlay assay for detection of SK activity

Bacterial colonies producing SK were detected by overlay of casein and HPG
in soft agar (Malke and Ferretti, 1984). After spread-plating the LB-Amp agarose
plate with IPTG (final concentration of 50 mM), each clone corresponding to a
random mutant was picked up and pitch-patched on the plate, taking care such that
cross-contamination was minimized. The plate was then incubated at 37°C for 10 h;
thereafter, casein-HPG-agarose plate was prepared by gently pouring the mixture of
solutions A and B on top of the plate containing the colonies. Solution A was

prepared by heating 0.52 g of skim milk (7 %) in 7.5 ml of 50 mM Tris.Cl (pH 7.5),
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Figure 4.5 Schematic representation of the strategy of localized random mutagenesis and screening for ‘hyperactive
clones’. PCR mutagenesis was localized to the region of pBS-0,,, in the immediate vicinity of the SAK loop inserted into
the oo domain of SK (as described under Materials and Methods). The amplification product was digested with restriction
enzymes PshA I and Not I, extracted and ligated with the vector, generating a mutant library that was transformed into
competent cells. Thereafter, screening was done to select ‘hyperactive’ clones, using the in situ radial caseinolysis plate
assay.
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after which it was maintained at 37°C in a water-bath till further use. Solution B was
prepared by heating 0.19 g of agarose in 7.5 ml of 50 mM Tris.Cl (pH 7.5) at 50 °C.
After tempering the solution to 37°C, 3 ul of TritonX-100 (0.04 % v/v) and 100 pg
HPG was added. The plate was then incubated at 37°C and observed for the

generation of zones of clearance due to casein hydrolysis, following HPG activation.

4.2.7 Expression and purification of different constructs of o domain

The single-domain construct o and all its mutants were expressed as proteins
with Hise-tag extensions at their C-termini to aid their purification by affinity
chromatography on Ni**-immobilized metal affinity chromatography (IMAC) (Porath
et al., 1975). A detailed description of the method of purification has been given in
Vasudha (2002). Briefly, the Escherichia coli cells containing the pelleted IBs were
first lyzed with Bug buster reagent (Novagen), and then the IBs were dissolved in 8 M
urea and diluted fifteen-fold in 50 mM sodium phosphate buffer (pH 7.5) containing
10 mM imidazole and 250 mM NaCl. The mixture was then loaded on a Ni*%
_chelating Sepharose (Fast Flow) matrix-containing column, pre-equilibrated with 50
mM sodium phosphate buffer (pH 7.5) containing 10 mM imidazole and 250 mM
NaCl. Successive washes with 50 mM sodium phosphate buffer (pH 7.5) containing
60 mM imidazole and 250 mM NaCl were given to remove unwanted, loosely bound
proteins, and the His-tagged protein was finally eluted with 50 mM sodium phosphate
buffer (pH 7.5) containing 250 mM imidazole and 250 mM NaCl. The protein eluted
from Ni*?-IMAC column was then subjected to DEAE-ion exchange chromatography.
The protein from the IMAC column was diluted fifteen-fold with Tris.Cl buffer (pH
7.5) such that the final concentration became 20 mM Tris.Cl (pH 7.5), after which it
was loaded onto a column packed with DEAE-Sepharose (Fast Flow) pre-equilibrated
with 20 mM Tris.Cl (pH 7.5). After washes with buffer containing 20 mM Tris.Cl (pH
7.5), the protein was eluted with buffer containing 20 mM Tris.Cl (pH 7.5) containing
0.4 M NaCl. This process yielded imidazole-free o/oo mutant preparations that were
routinely more than 95 % pure as analyzed by SDS-PAGE.

With a view to rapidly purify several proteins simultaneously, a strategy was
devised. The IBs of different o derivatives were prepared by the procedure discussed
above, that were then resuspended in 8 M urea, further diluted ten-fold and then

loaded onto syringes containing Ni+2-chelating Sepharose (Fast Flow) matrices whose
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tips had already been inserted into a vacuum manifold (Promega’s Vac-Man),
attached to a vacuum source. The rate of loading was adjusted using the stopcock,
taking care that the resins did not dry. Further washes were given with 50 mM sodium
phosphate buffer (pH 7.5) containing 60 mM imidazole and 250 mM NaCl and
finally, the protein was eluted manually with 50 mM sodium phosphate buffer (pH
7.5) containing 250 mM imidazole and 250 mM NaCl. This yielded homogeneous
o/a. derivative with an overall purity of more than 95 %. This model was used for a
number of oo mutants and they showed very consistent results. Thus this method can

be used to rapidly purify many proteins at a single time, during the screening process.

4.2.8 Preparation of microplasminogen

Microplasminogen (UPG) was prepared by cleavage of HPG by HPN (10:1
molar ratio of HPG and HPN) under alkaline conditions (0.1 N glycine/NaOH buffer,
pH 10.5) at 30°C, as described in Chapter III, under Materials and Methods (Shi and
Wu, 1988). The purity of uPG formed was analyzed by SDS-PAGE and the identity of

the protein was confirmed by N-terminal protein sequencing.

4.2.9 Assay for measurement of very low intrinsic cofactor activities

Catalytic amounts of o/o mutant were added to the assay buffer (100 mM
phosphate buffer, pH 7.5) containing 2 uM of HPG and chromogenic substrate (0.5
mM) and the change in absorbance was monitored spectrophotometrically at 405 nm
as a function of time at 22°C. In order to detect intrinsically low HPG activation
capability that may otherwise not be detected due to inability to activate partner HPG
unless provided with a preformed HPN active site, equimolar complexes of HPN and
o/mutant were prepared, and catalytic amounts (5 nM) were withdrawn and added
into assay cuvettes containing 2 uM HPG and chromogenic peptide substrate (0.5
mM) in the assay buffer, 100 mM phosphate buffer, pH 7.5. The reactions were
recorded spectrophotometrically at 405 nm and the progress curves obtained from
corresponding control reactions (containing HPG and same amounts of HPN, but no o
domain) were subtracted from the test reactions. The resultant curves so obtained
were used to determine the rate of HPG activation, which was then expressed as %

activity, relative to SAK.
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In order to explore whether Ouilg-type OF its mutants had genuine activator
activities over and above that associated with the ‘background’ of the host cells,
Escherichia coli BL21 cultures transformed with the pET—23d vector but not
containing o, after induction with IPTG, were harvested and lyzed similarly as ones
prepared for purifying a. These cell lysates were subjected to exactly the same
treatments as the ones prepared from cultures harbouring plasmids for o, including
IMAC and desalting steps. The fractions from ‘control’ columns (on which the lysates
containing just the expression plasmids without o were processed) identical in volume
to the corresponding eluted protein fractions from the ‘test’ columns (from which the
domain was being purified) were collected in parallel and these were then used for
assessing cofactor activities, as described above. Thus, the ‘control’ fractions served
to measure the background Escherichia coli cell-associated HPG activator activity
(Lundrigan and Webb, 1992; Mangel er al, 1994), if any, present in the ‘test’

fractions.

4.2.10 Determination of kinetic constants for cofactor activity

Varying amounts of HPG (0.5-7 uM) were added to the assay cuvette
containing fixed amounts of preformed complexes of HPN and a/o. mutant (5 nM)
and chromogenic substrate (0.5 mM) and the change in absorbance was monitored at
405 nm as a function of time at 22°C. To compute the k.., the number of functional
HPN active sites was determined by titration with an active-site acylating reagent,

NPGB (McClintock and Bell, 1971; Chase and Shaw, 1969).

4.2.11 Kinetic Analysis of Protein-Protein Interactions using Resonant Mirrer

Technology

Binary interaction analysis- Association and dissociation between HPG and o/a
mutants were followed in real time by resonant mirror-based detection using IAsys
Plus™ system (Cambridge, UK) (Cush er al, 1993; Buckle et al, 1993). In these
experiments, biotinylated HPG was allowed to bind to the streptavidin captured on the
biotin cuvette. Nonspecifically bound HPG was then removed by repeated washing with
phosphate-buffered saline followed by three washes with 10 mM HCIl. Experiments
were performed at 25°C in 50 mM phosphate buffered saline, pH 7.5 containing 0.1 %
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Tween 20, 250 mM NaCl, and 50 uM NPGB (binding buffer). The latter was included
in order to prevent HPN-mediated proteolysis. Thereafter, varying concentrations of
either o/ a derivatives were added, and each binding reéponse was monitored during the
‘association’ phase. The cuvette was then washed with the binding buffer, and the
‘dissociation’ phase was then morﬁtored (Myszka, 1997). The cuvette was washed with
10 mM HCI, after each cycle, and base line was re-established with the binding buffer.
In parallel, in the control cell in the dual channel cuvette, immobilized streptavidin
alone was taken as a negative control for the binding studies. The data were analyzed
and the binding constants were than calculated as mentioned in Chapter III, under

Materials and Methods.

Ternary interaction analyses were also carried out to measure the rate and
equilibrium dissopiation constants describing interactions between HPG and o/a
derivatives complexed with immobilized HPG. Varying concentrations of ‘ternary’
HPG (0.1-1.0 uM) were then added to monitor the binding by recording the association
phase. Subsequently, the dissociation phase was recorded after washing the cuvette with
the binding buffer. After each cycle of analysis, the original base line was re-established
by stripping off the undissociated ternary ligate with 2.5 mM EACA followed by wash
with binding buffer. It was earlier established that EACA, at this concentration,
completely abolishes the interaction of ternary HPG with the binary SK.HPG complex,
while the binary complex remains stable. Equilibrium dissociation constant/s were
determined by analysis of the extent of association as well as from ky/k,. Dissociation
and association constants were calculated by the procedure similar to the one followed

in case of binary interaction analysis.

4.2.12 Proteolytic stability of o/a derivatives

Purified o/o mutants were pre-incubated with HPN at 22°C in the assay
buffer, for varying time periods (0, 60, 180 and 300 sec). Samples were withdrawn
after each time point, and the reactions stopped by addition of 100 uM NPGB (to stop
HPN-mediated proteolysis; Chase and Shaw, 1969; Conejero-Lara et al., 1998)
followed by 5x SDS-PAGE sample buffer. These were then analyzed for extent of

proteolytic degradation on a 15 % polyacrylamide gel.
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4.2.13 N-terminal amino acid sequencing of o/ o mutants

The purified recombinant o/oo mutants expressed in Escherichia coli were
subjected to N-terminal amino acid sequencing in order to compare their sequences
with that of natural SK from Streprococcus equisimilis H46A. The N-terminal amino
acid sequences of the degradation products obtained from the proteolysis studies were
also determined (the sequencing was carried out for 25 cycles using an ABI-PE model

476A Protein Sequencer).

4.2.14 Fibrin clot lysis study

Fibrin clot lysis in microtiter plates was carried out with minor modifications
of the method suggested by Wu and co-workers (2003). Fibrin clots were formed by
adding human thrombin (final concentration of 0.6 NIH units/ml) and CaCl, (final
concentration of 2 mM) to human fibrinogen (I mg/ml, final concentration) in
HEPES-buffered saline (0.01 M HEPES, 0.13 M NaCl, pH 7.5). Aliquots of 100 pl
each of the polymerizing fibrin solution were pipetted into the wells of micro-titer
plates (Falcon 3912 flat-bottom polyvinyl chloride plates, Becton Dickinson Labware,
New Jersey, USA), immediately after mixing, and clot formation was allowed to
proceed for 1-2 h at 37°C. A 100 pl solution containing HPG (final concentration of 2
uM) and SAK/SK/o/ow derivatives (3 uM, final concentration) in HBS was then
layered onto each clot. Thereafter, the changes in clot turbidity with time were
monitored by measuring changes in the absorbance at 405 nm at 25°C, using an Emax
precision microplate reader (Molecular Devices, U.S.A.) till the absorbance reached a
value that was observed in a control well in which no thrombolytic agent had been
added. Duplicate wells were prepared for each concentration and the experiment was

repeated three times.

43 RESULTS
4.3.1 Expression and purification of the oo domain of SK

In order to successfully consign meaningful structure-function correlations in
any array of mutants, it becomes crucial to evolve simple and rapid screening and/or

purification methods that would yield proteins of adequate purity that can be utilized
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directly for binding and kinetic studies. The o. domain of SK was first cloned after
PCR amplification of the desired sequence using specific upstream and downstream
primers which not only contained pre-selected restriction enzyme sites to allow for
facile, directional docking of the amplified fragment into pET-23d, but also contained
additional codons for six His residues at the C-terminal end for facile Ni**-affinity
chromatography. In Escherichia coli, this modified open reading frame was expressed
primarily in the form of IBs. These were harvested, washed and refolded (see
Materials and Methods), and then purified to near-homogeneity (see Figure 4.6)
through Ni*2-affinity chromatography procedure, followed by ion-exchange
chromatography. This method was also amenable to medium-throughput purification

using a vacuum manifold system (described in Materials and Methods).

4.3.2 Cofactor activity of wild-type a domain of SK
After purification, the otwig-type Was checked for its functional ability to activate
substrate HPG using assay procedures sensitive enough to detect specific activity for
“HPG activation as low as 0.0001 % that of native SK (see Materials and Methods).
Substrate HPG activation by SK is known to proceed along two pathways (Wang et
al., 1999a). In Pathway 1, a high-affinity complexation occurs between SK and partner
HPG molecule, after which a virgin active site is formed in the zymogen even before
any proteolytic cleavage has taken place (McClintock and Bell, 1971; Reddy and
Markus, 1972). However, this complex rapidly converts to SK.HPN, the activator
species that catalytically activates molecules of substrate HPG, after the partner HPG
has been proteolytically converted to HPN. A functional SK.HPN activator complex
can also be formed directly (Pathway II), wherein SK complexes with the active
protease, HPN, which then can activate substrate HPG. Thus, generation of HPG
activator activity is accomplished via two distinct, yet partially overlapping pathways,
one through an intramolecular activation of zymogen, and second, via formation of
activator complex between SK and preformed HPN (Castellino, 1981).
Apparent activities observed with purified Ouiig-type Using human Glu-PG
(Pathway I), were not more than 0.002 % when compared to that of SK, measured

under similar conditions. This observation supports the report of Loy and coworkers
(2001) that the isolated o domain displays extremely low, virtually negligible, HPG

activator' activity. However, such meager levels of activator activity in these

69



kDa

94
67
43
30 —
20.1 c s .
14.4
1 2 3 4

Figure 4.6 Purification of o/a mutants expressed in Escherichia coli.
The o/o mutants were expressed as inclusion bodies and purified using
Ni*2-affinity chromatography. The lanes of the 15 % polyacrylamide gel
represent: 1-standard MW markers, 2-whole cell lysate of uninduced cells,

3- whole cell lysate of induced cells, 4-purified protein.
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constructs pronipted us to investigate further whether this is ‘true’ activity or not since
it is known that an outer membrane protein, termed omptin, present in certain strains
of Escherichia coli also possesses HPG activator activity (Lundrigan and Webb,
1992; Mangel et al., 1994). Indeed, in our experiments as well, crude cell-free lysates
from Escherichia coli BL21 host cells transfected with expression plasmids without
the o domain of SK, revealed a low, but easily measurable, HPG activator activity
despite the fact that the host strain employed was ompT negative. This could be
probably because several other genes closely homologous to ompT are also known to
be present in Escherichia coli (Mangel et al., 1994), thus raising the possibility that
the Escherichia coli BL21 cells could be responsible for the low cofactor activity
observed in the purified o domain of SK.

In order to explore whether the isolated oo domain had genuine activator
activities over and above that possibly associated with the ‘background’ cells, we
subjectéd the lysates obtained from Escherichia coli BL21 cultures transformed with
the pET-23d vector, but without the oo domain-encoding ¢cDNA insert, to exactly
similar procedures of lysis and purification including the various purification steps
viz. Ni“-affinity chromatography followed by DEAE-Sepharose ion-exchange
chromatography (see Materials and Methods). The fractions from ‘control’ columns
(on which the lysate containing just the expression plasmid without the gene encoding
o domain was processed) were collected in ‘parallel’ to the ones eluted from the ‘test’
columns (from which the o domain was being purified), and these were then used for
assessing HPG activator activity. Interestingly, although a distinct, concentration-
dependent HPG activation activity was detected even in the ‘mock’ purified fractions,
the purified oo domain showed an activity distinctly higher that of the background
BL21 (DE3) cells, establishing that the low activity associated with Cwiig-type Was

indeed genuine.

4.3.3 Cofactor activity of the o. PN activator complex against substrate HPG
Since the cofactor activity with substrate HPG (Pathway I) was very low, we

examined the cofactor activity of Owilg-ype, after pre-mixing with equimolar amounts

of HPN (Pathway II) to ascertain if the zymogen activation of partner HPG could be a

rate-limiting step in expression of significant HPG activator activity in Olwiid-type-
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Remarkably, the activity associated with that of Olwitg.ype Was found to be highly
dependent on HPN since a 25-fold increase in activity (0.05 % when compared to that
- of SK) was observed compared to the activity measured with HPG alone (0.002 %
when compared to SK) (see Figure 4.7). However, though a genuine activator activity
of the SAK type (that is, one that required preformed active site, in the form of HPN)
existed in the o domain of SK, it still represented, at best, a very small fraction of that

engendered by native SK.

4.3.4 Susceptibility of awiig.type to HPN-mediated proteolysis

In order to assess if the activity associated with the oo domain of SK was not
under-estimation due to possible HPN-mediated proteolysis during the assay, Olwiid-type
was examined for stability by SDS-PAGE after exposure to conditions similar to
those employed for our HPG activation assays (see Materials and Methods). Indeed,
SDS-PAGE analysis by observing the time-dependent proteolysis profile showed
signs of degradation of olwild-type after initiation of the reaction, indicating that it was
very labile to proteolytic scission (Figure 4.8). When the degradation band/s were
subjected to N-terminal amino acid sequencing, the results revealed that the principal

target of scission of ctwiig-type by HPN was at the Lys59-Ser60 peptide bond.

4.3.5 Construction, expression, purification and characterization of oksor
With a view to possibly decrease the highly pronounced susceptibility of the
Lys59-Ser60 peptide bond in SK to proteolysis mediated by HPN (which is like
trypsin, specified for the C-terminal side of Arg and Lys residues), a single-point
mutation (K59E) was introduced in the oo domain, using the ‘megaprimer’ PCR-based
method (see Table 4B, for sequences of primers used). In the past also, it has been
shown that the mutation of this peptide bond results in stabilization of native SK and
survival of cofactor activity in presence of HPN (Wu et al., 1998; Shi et al., 1998).
The resultant construct, axsog, was then purified in a manner similar to that of Owiig-type
and thereafter analyzed for proteolytic susceptibility to HPN, as well as cofactor
activity. This analysis showed that oxsor was considerably stabilized against HPN-
mediated proteolysis when compared to Ouiig-ype (Figure 4.8), showing little signs of

degradation even after 15 min of incubation with HPN under conditions where otyiig-
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Figure 4.7 Activation of substrate HPG by o, . and op.. An
equimolar mixture of either o, or o

wildtype «sop Was prepared with HPN (0.5 uM
each) and catalytic amounts of the complexes were added to the assay cuvette,
already containing HPG (2 uM) and chromogenic substrate (0.5 mM) in assay
buffer. The reaction was then monitored spectrophotometrically at 405 nm. The
figure shows progress curves of HPG activation by varying concentrations (2
and 5 nM) of o..HPN complexes (black squares and red circles,

respectively) and o, .HPN complexes (green triangles and blue inverted

‘wild-type
triangles, respectively). Also shown are the basal activation (cyan diamonds)
with a ‘control’ protein (from cells transfected with plasmid not containing the
gene for o) that was purified from IBs by IMAC, using a protocol identical to

that for a domain, and control HPN (magenta ‘plus’ symbols).
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Figure 4.8 Composite picture of 15 % SDS-PAGE gel showing HPN-
mediated proteolysis of ot ., . and oy An equimolar mixture of o ;.
type/(legE and HPN was made and aliquots were withdrawn after requisite
time-intervals (0 s, 60 s, 180 s and 300 s) in case of U yild-type (lanes 2-5,
respectively) and a, .o (lanes 6-9, respectively). The reactions were rapidly
quenched using NPGB (100 uM) followed by addition of 5x sample buffer.
The arrow indicates the degradation band observed in case of a. P that

was N-terminally sequenced to examine the principal site of HPN-mediated

cleavage of SK a.
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type Was completely degraded to small-MW products. Also, when axsor was assessed
for its ability to activate HPG, under similar conditions of assay as employed for
Owild-type (that is, using HPN as partner), there was a remarkable increase in cofactor
activity, nearly an order of magnitude compared to that of ctwiig-ype (Figure 4.7). Thus
the low activity of ctwid-ype became strikingly enhanced when its intrinsic proteolytic
vulnerability towards HPN-mediated degradation was decreased through the mutation
of one of the key sites (Lys59-Ser60 peptide bond) that is highly susceptible to HPN-
mediated proteolysis.

Thus, these results reveal that there certainly exists a potential for relatively
high cofactor activity in the isolated o domain of SK, and which was overlooked
earlier (Loy et al., 2001) since HPN-mediated proteolysis was not examined as one of
the causes for rapid decay of biological function of the isolated Olilg-type domain.
However, our results clearly establish that once the proteolysis is minimized by
mutation, the potential capability of this domain to activate HPG becomes
increasingly manifest. The steady-state kinetic parameters associated with substrate
HPG processing for SK o and SAK were then compared in order to compare the
relative capabilities of the respective proteins. The kinetic data reveal that despite the
addition of preformed HPN and minimizing the HPN-mediated proteolysis, the
catalytic efficiency of osor was still considerably lower (approximately 28-fold) than

that of SAK.

4.3.6 Transposition of an eight-residue SAK loop into the oo domain of SK

dramatically enhances catalytic efficiency

In view of the fact that cofactor activity of the isolated oo domain of SK was
low as compared to that of SAK despite proteolytic stabilization, a question arises
whether there are certain epitopes/ microstructures that are present in SAK, but absent
in o, whose inclusion and correct juxtaposition into the ‘deficient’ o domain of SK
might lead to enhanced catalytic efficiency. With this in mind, we carried out an
analysis of the sequence homology between the different domains of SK and SAK
and an examination of these crystal structures (Wang et al., 1998; Parry et al., 1998;
Parry et al., 2000). This exercise strongly suggested the presence of an eight-residue

loop in SAK (Tyr-Asp-Lys-Asn-Lys-Lys-Lys-Glu) that is abseht in SK o (see Figure
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4.9). In the recent past, mutations in this region of SAK have been shown to affect the
Kur of SAK wit}; HPG (Rajamohan ef al., 2002). Therefore, with the premise that this
loop in SAK might be involved in substrate sequestering and/or recognition in a
manner demonstrated in case of the 250-loop in the B domain of SK (Dhar et al.,
2002), an insertion mutant (termed oueep) With the SAK loop grafted between the
Argl12 and Asnl13 amino acid residues of the o domain of SK was constructed,
employing the overlap-extension PCR method (see Table 4A and Materials and
Methods for details). When expressed in pET-23d, fairly good expression levels for
this ‘hybrid’ were observed. It was then purified by a one-step Ni*-IMAC
chromatography, followed by an ion-exchange step to remove the imidazole in the
purified preparation, and then subjected to kinetic assays with HPG.

When the ‘loop-grafted’” mutant (termed oyoep) was assayed for HPG
cofactor specific activity after mixing with equimolar HPN, the construct showed a
nearly two-fold higher cofactor-activity than ogsoe. To obtain an insight into the
increased catalysis of aioep fOr processing substrate HPG, analysis of its steady-state
kinetic constants with HPG as substrate was then carried out. This showed a dramatic,
nearly 6-fold decrease in Ky, for HPG (0.33 pM for oueep versus ~ 2 puM for aksog),
thereby strongly indicating that besides a nearly 2-fold improved k.., the otgep had an
appreciably increased affinity for macromolecular substrate as compared to that of

either Olwild-type OT OLKSOE-

4.3.7 Random mutagenesis of the flanking residues of the transposed SAK loop

in a leads to further dramatic enhancement of catalytic efficiency

Since the cofactor activity of oo, Was considerably lower than that of SAK, one
could reason that the presence of the SAK-derived loop in o domain, though
structurally advantageous, was perhaps still not optimized with respect to its
heterologous ‘background’ sequence (that is, SK derived) in this domain. It may be
mentioned here that SAK and the o domain of SK, though structurally similar, display
very little sequence homology between each other (Parry er al., 1998). In other words,
although grafting of the SAK loop into the oo domain of SK did result in perceptible
improvement in biological functioning, it might still not be optimally suited with

respect to critical variables such as its contacts with the side-chains of the flanking
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Figure 4.9 Sequence alignment of SAK and SK a. The alignment is based on the homology of their three-
dimensional structures. Residue numbers are indicated at the beginning of each line. The secondary structure
elements of SAK and SK a are shown at the bottom; P strands as arrows, and o helices as cylinders (adapted
from Parry et al., 2000). The amino acid residues in SK o, which are marked in black, are the flanks of the SAK
loop in o, that were subjected to random mutagenesis.
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residues, flexibility characteristics etc. thereby resulting in less-than optimal cofactor
activity in the derivative that is less than its optimal capacity to induce.

Therefore, with a view to possibly optimize the stereo-chemical positioning
and/or side-chain compatibility of the SAK loop in the o domain, localized random
PCR- mutagenesis was carried out for the flanking residues on either side of the loop.
Accordingly, oligonucleotides were synthesized in which twelve bases coding for four
amino acid residues on each side of the SAK loop were randomized, and these were
subsequently employed in overlap-extension PCR reactions to generate a library of
mutant-PCR products with randomization of four residues on both flanks of the SAK
loop (see Figure 4.5). The resultant amplification product was ligated with a suitably
digested pBS-o vector to generate a repertoire of mutants (the sequences of primers
used for this ‘randomization’ are depicted in Table 4C and the schematic representation
has been given in Figure 4.5). If the assumptions implicit in carrying out this exercise
were valid, the ‘correct’ primary structure/s that allow a more efficient functioning of
the loop in the SK a context may be selected out in an in situ plate assay. Therefore, the
library was expressed from the secretory plasmid in E. coli, and the screening for clones
with bigger haloes on the casein-HPG plates was carried out (Malke and Ferretti, 1984).
The in situ radial caseinolysis plate assay was adapted such that it allowed facile
screening of hundreds of PG activator secreting clones at the same time, thereby
bypassing laborious and time-consuming assay-based evaluation methods (see
Materials and Methods for details). Approximately 10,000 clones were screened using
the overlay assay and around five hundred clones showed ‘bigger haloes’ on the plates.

After this screening, minipreps of plasmid DNA from several of the clones
exhibiting larger zones of casein clearance as compared to aue0p Were then made and
subjected to automated DNA sequencing. The sequencing data revealed a pool of loop
sequences with random mutations in the four amino acid residues immediately flanking
the two sides (see Table 4D). Remarkably, all the clones selected for hyperactivity were
found to have mutations in the amino acid residues only on one side of the loop and
none had mutations on both flanks simultaneously. Though a ready answer is not
available at this stage for this observed ‘bias’, it is possible that alteration on both sides
of the loop simultaneously adversely affects either the stability of the genetic construct
or the secretion process, or it may be that mutations on both flanks at the same time are

not conducive to higher functionality. To explore whether in the gamut of clones, clones
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Table 4D Amino acid sequences of some of the combinatorial mutants constructed
by limited random mutagenesis and selected based on the results of their larger
zones of clearance on casein-HPG-agarose overlay plates.

Combinatorial mutant variant

Amino acid sequence

loop

CM

CM1

CM2

CM3

CM4

CM5

5'- ITDR- loop -NGKV -3’
5'- ITDR-loop- SAST -3’
5'-AGVR-loop -NGKV -3’
5'- ITDR-loop -QMTT -3
5'- ITDR-loop-RKLV -3
5'- ITDR-loop-YAQF -3’

5'- ITDR-loop-QRTS -3
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having mutations in both flanks exist or not, forty clones were randomly selected (but
not on the basis of a larger zone of clearance/ but ones which were like the wild-type
controls) and subjected to automated sequencing. In this case, ~ 3 % of the clones
sequenced were indeed found to contain mutations in all eight residues, four each on
either side of the loop (see Table 4E) suggesting that mutations in all eight residues are
‘tolerated’ at the genetic level (although the frequency is low) but are not apparently

consistent with improved functioning.

4.3.8 Characterization of the combinatorial mutants

To investigate whether the greater zones of clearance on the casein overlay
plates observed with some clones were actually representative of greater HPG
activator activities (and not, say, just a result of improved secretion), six ‘best
hyperclones’ were selected based on the plate assay, and each of these was then
transferred to pET-23d expression vector by a single-step PCR-based sub-cloning
procedure using specific primers (apmg-up and 143Xhol) for docking the o mutein
cassette back into the pET vector (see Materials and Methods, and Table 4C). The
DNA sequences of each of these mutants in pET vector were then reconfirmed by
automated DNA sequencing.

Since all the oo mutants carried His-tags at their C-termini, this process enabled
rapid and facile purification of the mutants after expression in E. coli BL21 (DE3) by
Ni*%-IMAC affinity chromatography (see Materials and Methods for details). All six
purified mutant proteins were then assayed for co-factor activities. These
combinatorial mutants displayed specific activities that were 3-6 fold higher than
oksoe. One of the combinatorial mutants exhibited cofactor-activity that was ~ 6-fold
higher than ogsog. Remarkably, the steady-state kinetic analyses of this ‘best’
combinatorial mutant (designated as ocy) showed a catalytic efficiency for HPG

activation nearly that of SAK (see Table 4F and Figure 4.10).

4.3.9 Interaction of o/ o mutants with HPG
The successful resuscitation of a significantly enhanced catalytic activity in
o domain of SK by protein engineering prompted us to examine the mechanistic basis

of this effect, in order to derive beneficial structure-function insights. For this
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Table 4E  Variation in the amino acid sequences of twenty combinatorial mutants®
to explore for the presence of simultaneous mutations on both sides of the SAK loop

S.No. Combinatorial mutant variant Deduced amino acid sequences of the residues
flanking .the loop that were subjected to random

mutagenesis

1 CMa 5-ITDR-loop -APPG-3"
2 CMb 5’-ITDR-loop-RGQQ-3"
3 CMc 5"-ITDR-loop-PKDV-3"
4 CMd 5’-ITDR-loop-QKSP-3"
5 CMe | 5" -ITDR-loop-PAPD-3’
6 CMf . 5-WSRG-loop-NGKV-3"
7 CMg 5’-ITDR-loop-ASRP-3’
8 CMh 5°-ITDR-loop-SAPV-3’
9 CMi 5"-ITDR-loop-APPG-3’
10 CMj 5"-LGHG-loop-NGKV-3’
11 CM k 5"-GVVY-loop-NGKV-3’
12 CM | 5-GRSK-loop-NGKV-3"
13 CMm 5-GVPR-loop-NGK V-3’
14 CMn 5"-RHVG-loop-NGKV-3~
15 CMgq 5"-ITDR-loop-NPNQ- 3°
16 CMr 5'-ITDR- loop-ARTQ-3’
17 CMs 5'-ITDR- loop-PREA-3’
18 CMt 5'-GNGV-loop-SAAR-3’
19 CMu 5'-ITDR- loop-PAGN-3’
20 CMv 5’-ITDR-loop-PLCL-3"

* These mutants were not associated with a greater zone of HPG-casein clearance, but were
selected to examine whether simultaneous eight-residue mutations across the transposed loop of
SAK were indeed generated in the ensemble of mutants or not.



Table 4F Steady-state kinetic parameters for HPG activation by equimolar
mixtures of HPN and o/o. mutants *

Activator species Ky Kcar Kkear/ Ky
(uM) (min ™) (min '/ pM)

SAK.HPN 25+0.5 20+£0.3 0.8

ocm.HPN 04+02 0.28+0.1 0.7

Olioop. HPN 033£0.1 0.1+0.03 0.3

oksoe- HPN 1.8+0.5 0.05+0.2 0.028

Olwild-type- HPN 1.7£0.5 0.0063 £0.2 0.0037

® The kinetic parameters for co-factor activity against macromolecular substrate HPG were
measured at 22°C, as described under Materials and Methods. The data represent the mean of
three independent determinations.
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purpose, first various real-time binding parameters such as association and
dissociation rate constants and equilibrium dissociation constants for binary
interactions between immobilized biotinylated-HPG, and the o on one hand, and its
various mutated constructs, on the other, were compared by the Resonant Mirror
approach using a real-time semi-automatic molecular interaction system (IAsys Ltd.,
U.XK.). The kinetic parameters so obtained for the binary interaction between
immobilized HPG and o/a. mutants are presented in Table 4G. These observations
indicate that ‘partner’ HPG binds to oksor and ocy with nearly the same affinity (Kp
~114 nM for ogsog as against ~116 nM for acym). It may be noted that this is much
weaker than SAK, which has a Kp ~ 1 nM (like SK). Since the binary complex of o
or any of its mutants is much weaker as compared to SAK, this provides the first
rational ‘weakness’ in this system, that is, full SAK-like activity may not be just
achievable by virtue of this weakness. However, the fact that binding constants are
still in the nanomolar range (in contrast to the micromolar range used during the assay
conditions) some association (even if transient) must be occurring to generate a stable
binary complex. Thus this aspect of activator.HPG interaction is most likely not the
reason for the enhanced activity observed in acm. The Kp of binding to partner HPG
in case of atoep (~ 142 nM) was also in the range of that was observed for acm.

After examining the 1:1 interaction between Oliid-type and the o mutants with
HPG, ternary interactions between ‘substrate’ HPG and oxsop/Clicop/0lcm  pre-
complexed with immobilized HPG were examined using an approach also based on
the Resonant Mirror technique. The application of the Resonant Mirror technique to
studying ternary interactions in the SK.HPG system has been described earlier in
Chapter III, in which biotinylated HPG was first immobilized onto the surface of a
Resonant Mirror biotin-cuvette onto which a thin film of streptavidin had earlier been
layered (‘sandwiched”), followed by washing with buffer to remove excess unbound
HPG. According to this procedure (see Materials and Methods) the immobilized HPG
is then allowed to interact with o domain to form equimolar «.HPG complex. The
binary complex so formed is washed with buffer, followed by the addition of different
concentrations of excess ‘substrate’ HPG. This yields additional ‘ternary signals’ over
and above that obtained earlier at the binary complexation stage, and thus the kinetics

of formation of a ternary HPG.o.. HPG complex can be observed and studied in real
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Table 4G Association and dissociation rate constants and apparent equilibrium
dissociation constants of ‘partner’ HPG with o/ o mutants *

Activator protein kg, kq Kp
(M'sT) (sT) (M)

oxsop. HPN 0.14+0.05x 10’ 1.6+£2.0x 10" 114+ 10x 107

Oloop-HPN 0.14+£0.04x 10"  2+19x10" 142 £ 15x 107

acm. HPN 0.18+0.05x 10’ 21+1.7x10" 116+9x 107

® The kinetic constants for the binary interaction between immobilized biotinylated-HPG and a/a
mutants were determined by applying the FASTfit™ program (IAsys Ltd., U. K.) to the binding
data obtained using the IAsys plus biosensor system, as described under Materials and Methods.



Figure 4.11 Composite pictures of IAsys™ Resonant Mirror-based real-time kinetic
analysis to explore the termary interactions between substrate HPG and equimolar
binary complex of o/a derivatives and immobilized HPG. The experiment was carried out
at 25°C in binding buffer as described under Materials and Methods. Human PG was
biotinylated and immobilized onto a layer of streptavidin captured on the biotin cuvette
surface. Stable binary complexes were then formed by adding saturating concentration of
either agsog (1 UM, panel A), oo, (1 pM, panel B), and ocy (1 uM, panel C) onto the
immobilized HPG. The point of addition of o/ou derivatives (viz. a, panel A; Ougop, panel B;
o, panel C) in the top three panels (A-C) is depicted by vertical arrows, all marked 1. After
washing with binding buffer (point of addition of binding buffer depicted by arrow marked
2), a stable dissociation baseline (except in case of o domain, panel A) was rapidly obtained
due to the high affinity and stability of the binary complexes. Thereafter, various
concentrations of substrate HPG (0.1-1uM) were added onto the binary complexes.
However, for clarity in the figure, only a single (saturating) concentration of HPG (1 pM) is
depicted (shown in panels A and B by arrows, marked 3). The association phases were
monitored for ~5 min and subsequently the cuvettes were washed with the binding buffer
(point of addition depicted in panels A and B by vertical arrows marked 4). After each cycle
of analysis in A and B, the undissociated substrate HPG was stripped off with 2.5 mM
EACA, followed by re-equilibrating the cuvette with binding buffer, which re-established the
original baseline (data not shown). The non-specific binding interaction between added
substrate HPG with the HPG immobilized onto the cuvette in the absence of any a/a
derivatives is depicted in panel D (arrow 1 depicts the addition of protein, arrow 2 depicts the
addition of binding buffer, arrow 3 depicts the addition of HPG and arrow 4 depicts the
dissociation of non-specific HPG with the binding buffer). Note that the non-specific signal
was found to be less then 20% of the ternary signal in case of a/a derivatives. In a separate
experiment, the immobilized streptavidin alone was also taken as a negative control, and it
was subjected to the same kind of treatments as given to the test cell containing immobilized
HPG. Under these conditions no significant non-specific binding was observed (data not

shown).
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Table 4H Association and dissociation rate constants and apparent equilibrium

dissociation constants of ‘substrate’ HPG with o/o. mutants ?

Activator protein k, ky ‘KD
(M's™) (s") ™)

SAK.HPN 1.0 £0.4x10° 4+03x10° 04+0.1x10°

Otksop. HPN nd.” n.d. n.d.

Oloop-HPN 6.1+0.5x 10 9.7+0.2x 107 0.16 +£0.01 x 10°

e HPN 45+04x10° 45+05x107? 0.1+ 0.005x 10

?The kinetic constants for the binary interaction between immobilized biotinylated-HPG and o/o. mutants
and thereafter, those of the ternary interaction of substyate HPG with o/o. mutants were determined, as
mentioned under Materials and Methods. A stable binary complex between o/a mutant and HPG
immobilized onto the cuvette was first made, and then the binding of varying concentrations of HPG (0.1-1
uM) was monitored. The kinetic constants were determined by applying the FASTfit™ program to the
binding data obtained using the IAsys plus biosensor system, as described under Materials and Methods.

" n.d.: could not be determined (see text for details)
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time, as depicted in Figure 4.11. Thus, altered substrate-interacting capability, if
exhibited by a given o mutant, can be potentially observed using this procedure of
‘docking’ substrate HPG onto a pre-formed binary complex, provided the latter is
stable on the time-scale of such an experiment. Earlier, we have seen that this
approach works well with SK. When this assay was carried out with o/o. mutants, it
was observed that real-time kinetic constants for ternary complexation, in case of
either olwilg-type/ 0tk soe could not be determined with reliability (Figure 4.11, panel A),
due to the intrinsically weak affinity of this protein for binary complex formation with
HPG even at the highest possible concentration of substrate HPG employed (1 puM).
Under the same conditions, however, ternary complexation by SK.HPG as well as
SAK.HPG, were clearly detectable. In contrast to Olwiid-type/Oks598, however, whose
binary complex with immobilized HPG dissociated rapidly even by moderate buffer
washing conditions, the respective binary complexes of oueop and ooy with HPG were
relatively more stable to washing (see Figure 4.11, panels B and C) and hence, ternary
B interactions with substrate HPG could be measured (see Table 4H). The K of the
ternary interaction of substrate HPG with acm (~ 0.1 pM) was found to be slightly
lower when compared to that of ouo, (~ 0.2 pM) (see Table 4H). Also, the
dissociation rate constant (k) in case of QUoop Was observed to be twice that of acwm,
these enhanced off-rates (lesser residence time) could be indicative of the observed
biological properties of atoop and oicm. These results clearly demonstrate that ocm is
capable of docking macromolecular substrate, a property that o lacks virtually
completely. In contrast to the oo mutants, when the ‘ternary’ interaction of the binary
complex of SAK and HPG was analyzed, the equilibrium dissociation constant was
found to be approximately 4-fold higher than that of oy which is not inconsistent
with the differences observed in their Kjs parameters for HPG activation viz. 2.5 pM
for SAK and 0.4 uM for acwm (see Table 4E). Under these conditions, the non-specific
signal resulting from binding interactions between added substrate HPG with the HPG
immobilized on the cuvette, in absence of o/o. derivatives, was found to be
considerably less than the ternary signal in case of a/o derivatives (Figure 4.11, panel
D). The foregoing results indicate that atleast one of the principal mechanistic reasons

for enhancement in the cofactor activity associated with oy over that of oueep Was via
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an increased affinity of the ternary complex between binary complex for substrate

HPG.

4.3.10 Interaction of o/a derivatives with microplasminogen (LPG)

If the difference in substrate affinities between activator complexes of
0K 598/ QUioop/ OcM 1S arbitrated by the kringle domains of HPG, it is logical to presume
that the rates of activation of substrate pPG, which is devoid of all five HPG kringles,
by respective HPN complexes of o sor/ctioop/0cm should not substantially differ from
each other. Microplasminogen was prepared by HPN-mediated enzymatic cleavage of
HPG. Activator assays using PG as the substrate and the activator complexes formed
between HPN and different o/oo mutants were carried out. Interestingly, all of them
showed an activity of ~ 1 %, When uPG was used as the substrate; in other words, no
discernable difference was observed between o soe. HPN, otioop. HPN and ocm.HPN
with respect to initial velocities of substrate uPG activation, under conditions where
the activator activities of the activator complexes (oksoe HPN, aioop. HPN and
acm.HPN) had shown substantial differences when native HPG was used as substrate.
These observations strongly point out that the kringle domains of substrate might be
involved in the latter’s recognition by the activator complex of oioep.HPN or
ocm.-HPN.

To further establish that kringles are indeed involved in improving activator-
substrate interactions in ocwm, ternary binding experiments on the Resonant Mirror
where the binding of substrate uPG onto the preformed binary complexes of o/a
derivatives with immobilized HPG were carried out. As shown previously with HPG,
in case of aksog, real-time kinetic constants for ternary complexation could not be
determined due to the weak affinity between o and immobilized HPG, as a result of
which the complex dissociated rapidly even with moderate washing with buffer.
However, the binary complexes of auep and acm with biotinylated HPG were stable
enough to ‘capture’ the ternary interactions with pPG. Remarkably, otoop and oM
showed very similar affinities for substrate pPG in the ternary interaction mode (Kp ~

0.28 uM).
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The above-described results give credence to the premise that the loop of
SAK, once juxtaposed in the oo domain of SK helps to recognize the kringle domains
of substrate HPG during the catalytic cycle, resulting in an appreciable increase in the
affinity of the activated complex for the macromolecular substrate. Lbcalized random
mutagenesis in the flanks of the loop led to further optimization of the turnover rates
for HPG activation with the loop-inclusive derivative, probably via either an
improvement of the stereochemistry of the interaction with substrate HPG, or via a
favourable alteration in the flexibility of the loop, thereby leading to a catalytic
enhancement in the ‘hybrid’ molecule over the one in which the SAK loop had been

placed in the SK sequence context without an alteration in sequence.

4.3.11 Fibrin clot-lysis

It was of interest to investigate whether the higher levels of HPG cofactor
activity engendered into the various o derivatives compared to that of Otwiid-type Were
also actually translated into an increased ability to lyse fibrin clots. For this purpose,
fibrin clot lysis assays were carried out using an ELISA plate protocol (Wu et al.,
2003) in which the various constructs as well as SAK were allowed to act upon
preformed fibrin clots, prepared in vitro by the action of thrombin on human
fibrinogen. The loss in turbidity on the ELISA plate was then continuously monitored
over time at 405 nm. Interestingly, like SAK and SK that are well known to dissolve
clots, acm was also able to mediate clot-lysis with nearly a similar efficacy, a fact that
supports its action in beihg able to sustain clot lysis in vivo as well. This capability
was in contrast compared with owilg-type Which failed to show effective clot lysis even
after prolonged duration (Figure 4.12). This indicated that that the observed increase
in cofactor activity employing HPG activator assays did actually translate into
improved clot-dissolving ability as well, and not merely an artifact of the

chromogenic peptide/in vitro HPG activation assays.

4.4 Discussion

The design of ‘miniaturized’ proteins, that is, small polypeptides that have
acquired novel properties or that have retained significant activities of their original
‘parent’ polypeptides, is a daunting task. In the recent past, several attempts have been

made to design functional ‘mini-proteins’ with mixed success (Vita et al., 1995;
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Figure 4.12 Representative curves showing time course of fibrin clot
lysis. Fibrin clots were prepared on the wells of an ELISA plate and then
incubated with SAK (red circles), SK (black squares), o, (green
triangles), o, (blue, inverted triangles) and o, . (black, hollow
circles). The decrease in absorbance at 405 nm with time was used to
calculate % relative clot turbidity after different time intervals (as
mentioned under Materials and Methods). Control clots treated with buffer
only (data not shown) indicated that the readings were stable during the

incubation period.
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Braisted and Wells, 1996; Cunningham and Wells, 1997; McColl et al., 1999;
Domingues et al., 1999; Segal and Barbas, 2000). In this regard, three-dimensional
structural information has proved to be an invaluable aid to protein engineering (Kast
and Hilvert, 1997).

With a view to design a ‘miniaturized’ SK-based HPG activator, the crystal
structures of SK and SAK were examined; this revealed that of all the three
structurally similar domains of SK, the o domain is structurally the closest to SAK,
particularly given the fact that its orientation during the interaction of SK with partner
HPG whilst in the SK.uPN activator complex is closely comparable to that of SAK in
the SAK.uPN complex (Parry et al., 1998; Wang et al., 1998). An exciting corollary
of this proposal, if correct, is that the oo domain, on its own, should mimic the
functional attributes of SAK, particularly HPG activator activity, as well. If true, this
would help to validate the intriguing proposal that a single prototypic module, or
domain, has been utilized to evolve to form all of the present-day indirect PG
activators found in the bacterial kingdom, viz. SK, SAK and perhaps the two-domain
SUPA. Although attractive, this interesting hypothesis has never actually been
experimentally validated and, indeed, actually been somewhat relegated in status with
the recent demonstration of almost negligible cofactor activity in the isolated o
domain (Loy et al., 2001). However, given that considerable evolutionary divergence
between o and SAK proteins may have already occurred due to the former being part
of a three-domain structure (and hence, by implication, one in which, an enhanced
adaptation to a greater inter-domain co-operative mode of action may have evolved),
the presence of an intrinsically low cofactor activity in o once ‘taken out’ from the
SK molecule probably can also be argued to be equally probable. In this light, a
critical test of the validity, or otherwise, of this hypothesis would not only be the
presence of a ‘convincing’ degree of independent activator activity in the isolated o
domain, but also one that could be further enhanced, possibly to SAK-like levels, if
‘appropriate’ modifications could be introduced that thwart or overcome the ‘weak
spots’ left over from the single-domain to three-domain divergence phenomenon.

In the past, investigations along this line have been pursued in our as well as
other laboratories that suggested that a low HPG activator activity was indeed

associated with some of the SK domains (Nihalani et al., 1998; Rodriguez et al,
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1995; Shi et al., 1994; Conejero-Lara et al., 1998). In all cases, however, the domains
of SK were prepared by proteolytic scission of native SK through limited proteolysis.
Therefore, there existed a finite possibility of contamination with traces of native SK
in preparations of the domains, giving rise to the low activity. Therefore, in the
present study, in order to carefully measure the HPG activator activities of the single
isolated o domain and its mutants, the constructs were prepared by recombinant DNA
methods in which the respective cDNAs encoding were amplified and cloned in pET-
23d, a T7 phage RNA polymerase promoter-based vector (Studier er al, 1990).
Purification of o and its derivatives using Ni‘’-IMAC chromatography yielded
purified proteins, observed as single bands on SDS-PAGE. Measurement of the
cofactor activity of alwiig-ype Showed that it exhibits distinct biological activity over
and above a small background associated with the host cells.

The fact that the purified o domain is capable of exhibiting measurable cofactor
activity independently even in the wild-type state indicates that the evolution of a three-
domain organization in SK has not brought about a complete suppression of the
intrinsic capability of the basic prototypic SK domain to engender a functional
macromolecular substrate-specific exosite, provided a functional HPN active center is
present in the reaction milieu. However, since the activity engendered is so low, the
enigma persists as to why the o domain of SK, despite sharing high structural
homology with the single-domain HPG activator, SAK, displays a co-factor activity
only 0.25 % of that of SAK. Studies on the HPN-mediated proteolytic susceptibility of
native o provided unmistakable evidence that Owig.ype Was highly vulnerable to
proteolysis, with the site of cleavage being the Lys59 in the domain. Once this residue
was mutated to Ala, the resultant construct’s cofactor activity jumped by an order of
magnitude.

To further explore strategies to enhance the cofactor activity of a, computer-
modeling studies were carried out, in which the o domain of SK and SAK were
superimposed on each other. This exercise pointed out the presence of a loop unique to
SAK and absent in the oo domain. Protein grafting, that involves installing a functional
epitope (comprising of residues critical for recognition in their native context) onto an
existing stable scaffold, is emerging as a powerful technique to create ligands with

improved biological function (Domingues ef al., 1999; Zondlo and Schepartz, 1999;
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Vita ef al., 1999; Chin and Schepartz, 2001; Montclare and Schepartz, 2003), while
minimally altering protein conformation, thereby retaining the stable native fold of the
template protein (Sia and Kim, 2003). Therefore, we employed a strategy involving
grafting of the SAK loop into the loop-deficient oo domain of SK, and then studied the
functional consequences. Indeed, such a transposition of the loop into the oo domain of
SK resulted in a remarkable reduction (~ 5-fold) in K, for macromolecular substrate,
but only a relatively moderate (~2-fold) increase in catalytic turnover rates. The
enhancement of substrate affinities by steady-state kinetics was further validated by a
more direct physico-chemical approach, in which the ternary interaction of substrate
HPG with the binary complex of a0, and biotinylated HPG could be monitored on the
Resonant Mirror, wherein in contrast to a highly unstable owiid-type. HPG binary complex
that failed to show any ternary inf‘eraction with substrate HPG, the oo, showed a 3-
fold increase in affinity for the macromolecular substrate.

Thus the eight-residue long SAK loop, once incorporated into the o domain of
SK, allowed an improved interaction of the activator with the kringle domain/s of
substrate HPG, thereby helping to enhance the intrinsically low cofactor activity of o
domain. However, the exact manner whereby catalytic rates are enhanced is presently
unclear, although what is undeniable is that the loop provides additional substrate
affinity. The catalytic enhancement rates, however do suggest that events that are
important post-substrate docking are also being positively accentuated once the loop
sequence is ‘corrected’ in its new context viz. in the backdrop of the SK sequence.
Presumably, not only is the formation of the enzyme-macromolecular substrate adduct
formation critical for catalysis, subsequent steps whereby the scissile peptide bond in
PG is cleaved, and the nascently formed product (HPN) expunged from the active
site, are also likely equally important for bringing the catalytic process to completion.

It 1s worth noting that despite a distinct increase in substrate affinity, the
catalytic efficiency of aueep Was still lower when compared to that of SAK. Large-scale
random mutagenesis of moderate-sized polypeptides is laborious and time-consuming
since the number of mutants that have to be screened becomes nearly astronomical
(Zhao and Arnold, 1997; Miyazaki et al., 1999; Sroga and Dordick, 2001‘; Cohen et al.,
2001). Therefore, as a compromise, in order to further augment the catalytic efficiency

of the SK o-based miniaturized HPG activator, a ‘limited site’ but essentially
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combinatorial protein engineering approach was employed in which the residues
flanking the loop in the o domain were subjected to random mutagenesis, and
hyperactive mutants were selected using an in situ screening assay. This strategy was
based on the premise that such a limited site random mutagenesis followed by
screening would allow the selection of mutants with optimized contacts of the loop with
its neighboring residues that might favour enhanced interactions with the
macromolecular substrate (as apparent in reduced K), values). Alternatively, this
process may as well facilitate selection of sequences that are more conducive to better
substrate turnover due to an optimized flexibility of the loop or its substrate interaction
sites; this effect should be manifest in an improved catalytic turn-over rates. This
strategy, therefore, allowed the generation, screening and selection of mutants with
specifically improved k., and K, properties.

The fact that the combinatorial approach of site-directed mutagenesis to
minimize proteolysis, ‘loop-grafting’ followed by random mutagenesis allowed us to
transform a molecule with virtually negligible activity into one that was capable of
reasonably high HPG activation as well as clot-dissolution properties offers new
approaches for protein re-design, particularly for miniaturization of ‘old’ proteins.
Also, such a truncated derivative of SK is expected to result in activation with lower
immunogenicity, thus helping to overcome a problem that limits therapeutic use of
SK to one or two administrations. |

The present study also unveils the critical function played by a small solvent-
exposed, flexible and ‘mobile’ loop structure that is present in SAK, but ‘jettisoned’
by the evolutionary process in SK. Clearly, thus it appears that nature has adopted two
different design plans for evolving the two different PG activator proteins, SK and
SAK, from a common structural motif, wherein a single basic unit is utilized to drive
catalysis successfully in case of SAK, but three such units are harnessed for the same
function of SK. It has been recently shown that the three domains of SK co-operate
closely together to engender high native-like catalytic rates by exploiting long-range
protein-protein interactions specifically with substrate kringles (Sundram et a/., 2003),
which might be considered as ‘levers’ for optimization of the catalytic efficiency of
SK. On the other hand, SAK, although it has catalytic efficiencies that are much lower
than that of SK (Robbins et al., 1981) (which might perhaps indeed be in consonance

with its survival requirements in its in vivo niches) utilizes the eight-residue loop to
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‘substitute’ for the functionalities provided by the other two (that is, B and y) domains
of SK in terms of kringle-mediated enzyme-substrate interactions. Even though this
phenomenological aspect has been brought out by this work, it is an altogether
different and practical challenge to design a functional module that begins to attain
native-like catalytic efficiency (that is, with respect to SAK), starting from a hitherto
inactive o domain. The fact that loop-grafting followed by sequence-optimization
using ‘localized’-random mutagenesis has allowed the selection of a molecule with
substantial superior qualities when compared to the native wild-type domain, clearly
indicates the strengths of a combinatorial approach.

Also, understanding the mechanistic details of protein-protein interactions via
these microstructures and their manipulation provide deep practical insight into the
mode of action bacterial PG activator proteins, and also paves a way for the

development of newer HPG activators with improved therapeutic value.
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Acute coronary ischemic syndromes and strokes are caused by thrombosis in
arteries where obstruction leads to ischemia of the heart or brain, respectively.
Thrombolytic therapy has become a cornerstone of treatment for acute myocardial
infarction and the development of SK as a thrombolytic agent in the developed world
earlier, and ﬁow in India, has given a fresh lease to life, especially because of its low
cost and high potency as a HPG activator. However, it is imperative to have a detailed
insight into the structure-function aspects of SK and its mechanism of action in order
to design and develop more efficacious molecules or molecules with novel properties.

Although named as a ‘kinase’, SK is an inert molecule by itself, but becomes
active once it binds to HPG in a 1:1 stoichiometric complex, thereby forming the
‘activator complex’. This activator complex then further acts on other ‘substrate’ HPG
molecules to convert them into HPN. Unlike free HPN, however, which is essentially
a trypsin-like protease with broad substrate-preference, the SK.HPN complex displays
an extremely narrow substrate specificity. This remarkable modification of the
macromolecular substrate specificity of HPN by SK is currently believed to be due to
‘exosites’ generated on the SK.HPN complex (Nihalani et al., 1998; Boxrud et al.,
2000). However, although solution and structural studies have suggested that SK
along with partner HPG, seems to provide a template on which the substrate molecule
can dock through protein-protein interactions, resulting in the optimized presentation
of the HPG activation loop at the active center of the complex, the identity of these
interactions, and their exact contributions to the formation of the enzyme-substrate
intermediate/s still remain largely an ambiguity.

In order to clearly identify a structural epitope/element that has a role in
conferring substrate HPG affinity onto the SK.HPG activator complex, the three-
dimensional structures of the isolated three domains of SK were superimposed through
computer modeling studies that revealed the presence of a distinct, solvent-exposed
flexible loop in the B domain (residues 254-262; 250-loop) of SK that is absent in the
other two otherwise structurally homologous domains. A deletion mutant, SKge2s4-262
was constructed, using overlap extension-PCR reaction that was cloned in the pET-
23d expression vector. Both SKenss262 as well as native SK proteins were expressed
intracellularly in Escherichia coli BL21 (DE3) cells after induction with IPTG and

purified using a rapid purification method. The eluted proteins were more than 95 %
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pure, as analyzed by SDS-PAGE. To check whether the deletion of the 250-loop
resulted in changes in secondary structure, the far-UV CD spectra of SK and the
mutant (SKgepsa262) were studied. No significant differences were observed. In
addition, the far-UV CD spectra of the B domain alone and B domain containing the
deletion (Bgeinsa262) were also checked to obviate any ‘averaging’ effect of local
changes due to the CD cqntributions from rest of the two domains of SK in the full-
length molecule. For this, the isolated p domain with the deletion at the same site was
constructed. The cDNAs encoding for the § domain alone >and Bdezsa-262 wWere then
expressed in Escherichia coli and purified from IBs to more than 95 % homogeneity
by ion-exchange chromatography. Interestingly, no discernable changes were
observed in the secondary structure of Bgeizsa-262 With respect to Buwilg-type, indicating
that neither the overall secondary structure of SK nor that of the f domain alone had
been perturbed by the deletion of the nine-residue loop from the protein.

When the mutant was checked for HPG activator activity, significant decrease
in the rates of substrate HPG activation by the mutant (SKg.254-2¢2) were observed. In
order to explore whether the deletion of the 250-loop resulted in any significant
alteration in the affinity of the mutant with partner HPG, the kinetics of interaction
between immobilized HPG and SK were compared with that of SKges4.262 by the
Resonant Mirror approach using a semi-automated instrument for measuring protein-
protein interactions in real time. To examine the effect of immobilization chemistry on
the values of kinetic constants, preliminary experiments were performed by
immobilizing SK/SKgepsa-26; onto both carboxy-methyl dextran cuvettes (using a
amino-coupling protocol recommended by the manufacturers) and onto biotin cuvettes
in which biotinylated HPG was immobilized on streptavidin captured on this cuvette.
The kinetics of association and dissociation of HPG with immobilized SK/SKgej254-262
indicated that the mutant exhibited an affinity that was not significantly different from
that of SK. Remarkably, both immobilization techniques yielded similar binding
constants for SK and SKgesa.262, indicating that the coupling procedure per se does
not significantly interfere in the binding interaction between SK and HPG.

In order to find out the principal cause of fractional loss in activity, the mutant
was checked whether it could open the active site in partner HPG. It was found that

SKgennss-262 could indeed open the active site and generate amidolytic activity,
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suggesting that the lower activity was not due to any significant effect on the ability to
activate partner HPG at the binary complexation stage.

A steady-state kinetic analysis of SKgepsssr revealed that its low HPG
activator activity arose primarily from a 5-6 fold increase in K, for HPG as substrate,
with little alteration in k., rates. Under these conditions, the k., for the small peptide
substrate tosyl-glycyl-prolyl-lysine-4-nitranilide-acetate was essentially unchanged
indicating that the primary characteristics of the active site remained unaltered.

A new Resonant Mirror based assay was devised for the real-time Kkinetic
analysis of the docking of substrate HPG onto pre-formed binary complex of
biotinylated HPG and SK/SK4e254-262- Remarkably, the observed increase in the K, for
the macromolecular substrate was proportional to a similar decrease in the binding
affinity for substrate HPG, as obtained in case of SKgeipsa-262, although under those
conditions the 1:1 affinity of SKei254-262 for partner HPG was minimally changed.

In contrast, kinetic studies on the interaction of the two proteins with pPG
(having just the catalytic domain of HPG without any of the five kringles) showed no
difference between formation of ternary complex with uPG by preformed equimolar
complexes of HPG with either SK or SKgeis4-262, nor between the rates of activation of
uPG into PN under conditions where native HPG was activated differentially by SK
and SKgensa262, clearly indicating a kringle-mediated mechanism for the role of the
250-loop of SK in substrate docking/recognition.

The involvement of kringles was further indicated by a hyper-susceptibility of
the SKyeinsa-262. HPN activator complex to EACA inhibition of substrate HPG
activation in comparison to that of the native SK.HPN activator complex. Further,
‘ternary’ binding experiments on the Resonant Mirror showed that the binding affinity
of K1-5 of HPG to the preformed binary complex of the 250-loop deleted mutant and
HPG was reduced by about 3-fold in comparison to that of SK.HPG. Overall, these
observations identify the 250-loop of SK as an important structural determinant of the
inordinately stringent substrate specificity of the SK.plasmin(ogen) activator complex
and demonstrate that this structural epitope in the § domain promotes the binding of
substrate HPG to the activator via the kringle/s during the HPG activation process.

The elucidation of the crystal structures of SAK and SK has highlighted the
remarkable structural homology between SAK on one hand, and each of the three

domains of SK, especially the o. domain of SK, on the other. In order to find out
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whether the oo domain of SK displays cofactor activity similar to that of SAK, Otwiig-type
was purified to near-homogeneity using two chromatographic steps, viz. Ni*%-IMAC
followed by ion-exchange chromatography and then checked for its ability to activate
substrate HPG. The wild-type o domain was found to exhibit only 0.002 % activity
when compared to that of SK. To explore whether this meager activity was genuine
activity or was due to the known proteins in Escherichia coli that have been shown to
possess HPG activation ability, lysates of Escherichia coli cultures transformed with
the pET-23d vector alone, without SK o gene, were subjected to exactly the same
purification procedure employed for Ouwiig-type. The purified otwiig-ype protein showed
higher cofactor activity than the ‘mock’ purified proteins.

When the cofactor activity of Owiig-type generated after mixing with equimolar
amounts of HPN was examined, a 25-fold increase in activity was observed compared
to the activity measured with HPG alone, indicating that the activity was HPN-
dependent. ‘In order to investigate whether the cofactor activity of Owiid-type Was an
under-estimation because of HPN-mediated proteolysis, the susceptibility of ctwild-type
to HPN-mediated proteolysis, if any, was checked; this showed that ouiig-type Was
highly prone to proteolysis. The principal target of scission was found to be Lys59-
Ser60 peptide bond in SK o, by N-terminal amino acid sequencing. With a view to
minimize the proteolysis, Lys59 was mutated to an Ala residue. This construct (o soE)
was found to be highly stabilized against HPN-mediated proteolysis and interestingly,
showed a 8-fold increase in cofactor activity, compared to that of cwiid-type. However,
the cofactor activity measured was still much lower than that of SAK.

With a view to further enhance the cofactor activity of oxsog, the structures of
the oo domain of SK and SAK were compared; this revealed the presence of an eight-
residue loop in SAK, which was absent in SK o. The loop was then grafted into SK a
(ouoop) by the overlap extension PCR-based method. The resultant construct, termed
Olioops Showed a 2-fold higher cofactor activity than asoe. A detailed kinetic analysis
showed a 5-fold decrease in Kjs over that of aksoe. In order to optimize the stereo-
chemical contacts of the SAK loop with the rest of the o domain, random PCR-
mutagenesis in the flanks encompassing four amino acid residues on either side of the
loop in o, was carried out. The library of these mutants was expressed in a secretory

vector, and nearly ten thousand clones were screened, using the in sifu radial
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caseinolysis plate assay (Malke and Ferretti, 1984). Five hundred ‘hyperactive’ clones
were selected on the basis of larger zones of clearance on the agarose plates layered
with casein and HPG. The best of these ‘hyperactive’ mutants were then transferred
from the secrefory vector to pET-23d, a T7 RNA polymerase promoter-based
expression vector, and the proteins were purified by Ni”%-IMAC followed by ion-
exchange chromatography. When these combinatorial mutants were assayed for their
cofactor activities, they were found to exhibit ~ 3-6 fold higher activity than aso.
One of the combinatorial mutants (termed ocwm), which showed ~ 6-fold higher
activity than that of oxsoe Was then analyzed further. The steady-state kinetics of ooy
indicated that ooy displayed overall catalytic efficiencies nearly that of SAK.

The HPG-binding interactions of ctwiid-type/Oksoe and o derivatives were then
checked using the Resonant Mirror based approach, in which each of these proteins
was allowed to interact with biotinylated HPG. It was found that the interactions at the
binary level were not greatly altered for these constructs. However, when attempts
were made to study ternary interactions between substrate HPG and Olwitg-type/ 0tk so/0t
derivatives/SAK pre-complexed with immobilized HPG, reliable binding constants
could not be determined in case of oksor because of the weak nature of the binary
complex formed between oksgr and HPG. On the other hand, the binary complex of
oc@M and HPG was stable even after washing with buffer, and therefore, binding
constants for its ternary interactions with substrate HPG could be determined. The
equilibrium dissociation constant of the ternary interaction in case of SAK was found
to be 4-fold higher than that of acm, an effect that was also observed in a
corresponding increase in affinity (Kj,) for substrate HPG in case of the combinatorial
mutant. |

When cofactor assays and Resonant Mirror-based ternary interaction studies
were carried out with uPG as substrate, no discernable differences were detected in
case of Olwild-type/aksoE and ocm, under conditions where substantial differences were
observed, when HPG was used as the substrate. These observations strongly point out
the role of kringles in substrate recognition and overall catalytic enhancement.

To explore whether the higher levels of cofactor activity observed in the o
derivatives over that of Olwilg.ype Were translated into an increased ability to dissolve

fibrin clots, fibrin-clot lysis assays were carried out, using these proteins.
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Remarkably, this miniaturized SK a-based HPG activator was capable of in vitro
fibrin clot lysis, thereby making it a possible candidate for in vivo therapeutic use.
These results clearly point out the critical role played by the eight-residue loop
in SAK, which, upon transposition into the o domain of SK, and, further optimization
by localized random mutagenesis, promotes substrate recognition and turn-over via the
kringle domains of HPG. The fact that protein-grafting followed by random
mutagenesis successfully transformed an intrinsically inactive o domain into a module
that exhibited catalytic efficiency nearing that of SAK, and also carried out clot-
dissolution in vitro provides new insight into the evolutionary process associated with
the bacterial PG activators, and paves the way for the design and development of

miniaturized clot-buster proteins with greater therapeutic value.
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The selective deletion of a discrete surface-exposed
epitope (residues 254-262; 250-loop) in the g domain of
streptokinase (SK) significantly decreased the rates of
substrate human plasminogen (HPG) activation by the
mutant (SKy. 554 _262)- A kinetic analysis of SKy 1054 262
revealed that its low HPG activator activity arose from a
5-6-fold increase in K,, for HPG as substrate, with little
alteration in k_,, rates. This increase in the K,, for the
macromolecular substrate was proportional to a similar
decrease in the binding affinity for substrate HPG as
observed in a new resonant mirror-based assay for the
real-time kinetic analysis of the docking of substrate
HPG onto preformed binary complex. In contrast, stud-
ies on the interaction of the two proteins with micro-
plasminogen showed no difference between the rates
of activation of microplasminogen under conditions
where HPG was activated differentially by nSK and
SKjci254-262- The involvement of kringles was further
indicated by a hypersusceptibility of the SK;. 054 262"
plasmin activator complex to e-aminocaproic acid-medi-
ated inhibition of substrate HPG activation in compar-
ison with that of the nSK:plasmin activator complex.

" Further, ternary binding experiments on the resonant
mirror showed that the binding affinity of kringles 1-5
of HPG to SK . 254_262" HPG was reduced by about 3-fold

'in comparison with that of nSK-HPG. Overall, these ob-
servations identify the 250 loop in the 8 domain of SK as
an important structural determinant of the inordinately
stringent substrate specificity of the SK-HPG activator
complex and demonstrate that it promotes the binding
of substrate HPG to the activator via the kringle(s) dur-
ing the HPG activation process.

Streptokinase (SK),! a bacterial protein secreted by the
Lancefield Group C B-hemolytic streptococci, is widely used as
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a thrombolytic agent in the treatment of various circulatory
disorders, including myocardial infarction (1). Unlike other
human plasminogen (HPG) activators, like tissue plasminogen
activator and urokinase, SK does not possess any intrinsic
enzymatic activity. Instead, SK forms an equimolar, stoichio-
metric complex with “partner” HPG or plasmin (HPN), which
then catalytically activates free “substrate” molecules of HPG
to HPN by selective cleavage of the Arg®®1-Val®®? peptide bond
(2, 3). Tt is believed that consequent to the initial SK-HPG
complexation, there is a structural rearrangement within the
complex, and even before any proteolytic cleavage takes place,
an active center within the HPG moiety capable of undergoing
acylation is formed (3). This activated complex is rapidly trans-
formed into an SK-HPN complex and develops an HPG activa-
tor activity. Unlike free HPN, however, which is essentially a
trypsin-like protease with broad substrate preference, SKFHPN
displays a very narrow substrate specificity (4). The structural
basis of the conversion of the broadly specific serine protease
HPN to a highly substrate-specific protease, once complexed
with the “cofactor” SK, with exclusive propensity for acting on
the target scissile peptide bond in HPG has been the subject of
active investigations with both fundamental and applied im-
plications (5-12).

SK has been shown to be composed of three structurally
similar domains (termed «, 3, and 7v), separated by random
coils and small, flexible regions at the amino and carboxyl
termini (5, 7, 8). The recently solved crystal structure of the
catalytic domain of HPN complexed with SK strongly indicates
how SK might modulate the substrate specificity of HPN by
providing a “valley” or cleft in which the macromolecular sub-
strate can dock through protein-protein interactions, thus po-
sitioning the scissile peptide bond optimally for cleavage by the
HPN active site, thereby conferring a narrow substrate prefer-
ence onto an otherwise “indiscriminate” active center. In this
structure, SK does not appear to induce any significant confor-
mational changes in the active site residues directly but, along
with partner HPG, seems to provide a template on which the
substrate molecule can dock through protein-protein interac-
tions, resulting in the optimized presentation of the HPG acti-
vation loop at the active center of the complex (6, 8). However,
the identity of these interactions and their contributions to the
formation of the enzyme-substrate intermediate(s) remains a
mystery so far.

Besides the well recognized “switch” in substrate preference
(4), the binding of SK to HPN results in a severalfold enhance-
ment of the K, , for diverse small molecular weight chromogenic
peptide substrates but relatively little alteration in their %,
values as compared with free HPN, indicating that the pri-
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mary, covalent specificity characteristics of the active center of
HPN upon SK binding are unchanged but result in steric hin-
drance/reduced accessibility for even the small molecular
weight peptide substrates. Thus, the remarkable alteration of
the macromolecular substrate specificity of HPN by SK is cur-
rently thought to be due to “exosites” generated on the SK-HPN
complex, as shown recently by the elegant use of active site-
labeled fluorescent HPN derivatives (10). Peptide walking
studies in our laboratory had also indicated that short peptides
based on the primary structure of SK, particularly those de-
rived from selected regions in the a and 8 domains, displayed
competitive inhibition for HPG activation by the preformed
SK-HPN complex under conditions where the 1:1 complexation
of SK and HPN was essentially unaffected (11, 12) However,
the crystal structure of SK complexed with microplasmin(ogen)
(8), while providing a high degree of resolution of the residues
involved in the SK-uPN complexation, yielded few unambigu-
ous insights regarding the interactions engendered between
the activator complex and substrate HPG. This is probably due
to the binary nature of the complex (i.e. an absence of a juxta-
posed substrate molecule, large average thermal factors espe-
cially in the 8 domain, and a total absence, in both partner and
substrate HPG, of the kringles that are known to be important
in HPG activation) (18). Thus, despite a detailed and high
resolution exposition of the overall nature of protein-protein
interactions in the SK-uPN binary complex, discrete struc-
tures/epitopes of SK, if any, that are directly involved in the
exosite formation process by the full-length activator complex
have not yet been identified.

Previously, charged side chains, both in HPG, particularly
around the active center (14), and in SK in the 8 domain (16,
17), have been shown to be important for HPG activation
ability. However, a clear cut identification of a structural
epitope/element in conferring substrate HPG affinity onto the
SK-PG activator complex has not been demonstrated until
now. Of the three domains of SK, the central 8 domain
displays maximal affinity for HPG (15), the N-terminal «
domain displays relatively lesser affinity for HPG with the y
domain showing much less affinity of for HPG.2 Solution and
structural studies suggest that both o« and 8 domains are
involved in the substrate recognition phenomenon (8, 12).
Mutagenesis studies have also implicated positively charged
residues in the B domain to be important but have failed to
show that these residues are directly involved in substrate
recognition by the binary complex (17). An examination of the
crystal structure of the free 8 domain (18) and its comparison
with the other two SK domains possessing closely similar
(but not identical) structures revealed the presence of a dis-
tinct flexible loop in the B domain (the 250-loop) that pro-
trudes into the solvent (Fig. 1).

In the present study, we chose to delete this loop based on the
premise that if this structural motif is involved in substrate
recognition, discrete deletion of this loop would lead to a selec-
tive increase in K, of the activator complex. The results ob-
tained provide clear cut evidence of the role played by this
nine-residue loop in substrate recognition and thus identify a
functionally important component of the macromolecular sub-
strate-specific exosite operative in the SK-HPN complex, which
interacts via the kringle(s) in HPG.

EXPERIMENTAL PROCEDURES
Reagents

Glu-plasminogen was either purchased from Roche Diagnostics
Inc. or purified from human plasma by affinity chromatography (19).

2V. Sundram, K. Rajagopal, A. Chaudhary, S. S. Komath, and
G. Sahni, unpublished observations.

Kringle-mediated Streptokinase-Plasminogen Interaction

The RNA polymerase promoter-based expression vector, pET23(d)
and Escherichia coli strain BL21 (DE3) were products of Novagen Inc.
(Madison, WI). Thermostable DNA polymerase (pfu) was obtained
from Stratagene Inc. (La Jolla, CA), and restriction endonucleases,
T4 DNA ligase, and other DNA-modifying enzymes were acquired
from New England Biolabs (Beverly, MA). Oligonucleotide primers
were supplied by Integrated DNA Technologies Inc., (Indianapolis,

-IN). HPN was prepared by digesting Glu-HPG with urokinase co-

valently immobilized on agarose beads using a ratio of 300 Plough
units/mg HPG in 50 mm Tris-Cl, pH 8.0, 25% glycerol, and 25 mM
L-lysine at 22 °C for 10 h (15, 16). All other reagents were of the
highest analytical grade available.

Design and Construction of SKu254-262 And Buitd type! Baeizse-262

A set of mutagenic and flanking primers, carrying unique restriction
sites, were used in polymerase chain reactions to generate DNA frag-
ments having overlapping ends. Thereafter, splicing-overlap-extension
PCR (SOE-PCR) reactions (20) were carried out, resulting in amplifi-
cation products, which were cloned in the pET23(d) expression vector
(16, 21).

Oligonucleotide primers for SOE-PCR for the construction of
SKyeiz54_262 Were as follows. The mutagenic primers were as follows:
upstream primer, 5-AACAGGCTTATAGGGAAATAAACAACACTGA-
CCTGATATCTGAGAAA-3’; downstream primer, 5 TGTTGTTTATTT-
CCCTATAAGCCTGTTCCCGATTTTTAA 3'. The flanking primers
were as follows: upstream primer, 5 -ATTTATGAACGTGACTCCTCA-
ATCGTC-3'; downstream primer, 5 -ATAGGCTAAATGATAGCTAGC-
ATTCTCTCC-3".

Oligonucleotide primers for SOE-PCR for the construction of 8,14 1ype
and Byeizs4-262 Were as follows. Sequences of the mutagenic primers
were as follows: upstream primer, 5'-AACAGGCTTATAGGGAAATAA-
ACAACACTGACCTGATATCTGAGAAA-3'; downstream primer,
5 -TGTTGTTTATTTCCCTATAAGCCTGTTCCCGATTTTTAA-3".
Sequences of the flanking primers were as follows: upstream primer,
5 -GTGGAATATACTGTACAGTTTACTCC-3'; downstream primer,
5-ATCGGGATCCTATTTCAAGTGACTGCGATCAAAGGG-3'.

Expression and Purification of nSK/SK, 054 262

Both proteins were expressed intracellularly in E. coli BL21 (DE3)
cells after induction with isopropyl-1-thio-B-D-galactopyranoside essen-
tially according to the instructions of the supplier (Novagen Inc.). The
host-vector system for the expression of the cDNA corresponding to
mature SK from Streptococcus equisimilis H46A after in-frame juxta-
position of an initiator methionine codon (so as to express the protein as
Met-SK) has been described earlier (16). However, protein sequence
analysis of the purified SK expressed intracellularly in E. coli (referred
to as nSK hereafter) was found to have its N-terminal Met removed at
a 50% level. The same case was seen in the mutant (SKgyeiz54-262)
prepared similarly from E. coli employing the same expression vector.
The pelleted cells were sonicated, and the proteins in the supernatants
were precipitated with ammonium sulfate (16). This fraction, after
dissolution in 20 mM Tris-Cl buffer, pH 7.5, was then chromatographed
on a Poros-D anion exchange column fitted onto a Bio-Cad Sprint liquid
chromatographic workstation (Perseptive Biosystems Inc., Framing-
ham, MA). nSK/SK, 1054262 Were eluted using a linear gradient of NaCl
(0-0.5 M) in 20 mM Tris-Cl buffer, pH 7.5. The eluted proteins were
more than 95% pure, as analyzed by SDS-PAGE.

Expression and Purification of B.a type! Bacizse-262

Both proteins were expressed intracellularly in E. coli BL21 (DE3)
cells as inclusion bodies. The pellet obtained after sonication was taken
up in 8 M urea and placed under gentle shaking conditions for 30 min to
effect dissolution. After a high speed centrifugation step, the protein in
the supernatant was refolded by 20-fold dilution with 20 mM Tris-Cl
buffer, pH 7.5. The B domain was then purified to more than 95%
homogeneity by chromatography on DEAE-Sepharose Fast-flow (Am-
ersham Biosciences) at 4 °C using a linear NaCl gradient (0-0.25 M
NaCl in 20 mM Tris-Cl buffer, pH 7.5).

Preparation of uWPG and K1-5

Microplasminogen, the catalytic domain of plasminogen (residues
Lys®°-Asn"°) devoid of all kringles was prepared by cleavage of
HPG by HPN under alkaline conditions (0.1 N glycine/NaOH buffer,
pH 10.5) at 25 °C. Microplasminegen was purified from the reaction
mixture by passing through a Lys-Sepharose column (Amersham
Biosciences), followed by a soybean-trypsin inhibitor-Sepharose 4B
column to absorb HPN and PN, as reported (22). The flow-through
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was then subjected to molecular sieve chromatography, after concen-
tration by ultrafiltration, on a column (16 X 60 cm) of Superdex-75™
(Amersham Biosciences). The purity of uPG formed was analyzed by
SDS-PAGE, which showed a single band moving at the position
expected from its molecular size (22). The proteolytic fragment con-
taining all of the HPG kringle domains (K1-5) was prepared by
incubating HPG with urokinase-free HPN (5:1 ratio of HPG and
HPN) under alkaline conditions (0.1 N glycine/NaOH, pH 9.0) for 72 h
at 25 °C. Under these conditions, the proteolytic conversion of native
HPG to K1-5 was found to be quantitative, with minimal residual
HPG. HPN was removed from the reaction mixture by passing
through a soybean trypsin inhibitor-Sepharose column (1.6 X 3.6 cm).
This was followed by gel filtration on Superdex-75, to obtain HPG-
and uPG-free K1-5. The purity of this preparation was confirmed by
SDS-PAGE analysis (23). Activation with urokinase, which is known
to be a good activator of uPG irrespective of the presence of kringle
domains (22), was used to establish that the activation of this prep-
aration, when used as substrate, was comparable with that obtained
when using SK-HPN as the activator species.

Characterization of SK.1954_262

Amidolytic Activation of Equimolar HPG-nSK/SK#'2%4-262 Com.
plexes—Aliquots (50 nM) were withdrawn from equimolar HPG-nSK/
SKeizs¢-262 cOmplexes at regular periods and transferred to a 100-ul
quartz microcuvette containing 2 mM tosyl-glycyl-prolyl-lysine-4-nitra-
nilide-acetate (Chromozym® PL) and 50 mM Tris-Cl, pH 7.5, at 22 °C.
The change in absorbance at 405 nm was monitored to compute the
kinetics of amidolytic activation (12, 24).

Esterolytic Activation of Equimolar HPGnSK/SK,, 55, 550 Com-
plexes—Five um HPG was added to an assay cuvette containing 5.5 uM
nSK/SK 41254262 100 uM NPGB, and 10 mM phosphate buffer, pH 7.5,
and the “burst” of p-nitrophenol release was monitored at 410 nm as a
function of time at 22 °C (3, 25).

Determination of Kinetic Constants for HPG Activator Activity of
nSK/SK 1554 26— Varying amounts of HPG were added to the assay
cuvette containing fixed amounts of nSK/SK 554 o6, and chromogenic
substrate (1 mm), and the change in absorbance was monitored at 405
nm as a function of time at 22 °C. Also, the kinetics of HPG activation
by HPN-NSK/SK,. 054060 cOmplexes were measured by transferring
suitable aliquots of preformed HPN-nSK/SKyq 54 060 cOmplexes to the
assay cuvette containing different concentrations of substrate HPG
(24). To compute the k_,,, the number of HPN active sites was deter-
mined using the NPGB reaction (3, 25, 26).

Assay for the Determination of the Steady-state Kinetic Constants for
Amidolytic Activity of nSK/SK,, ,54_06:—NSK/SK 1054 06, and HPN
were precomplexed at 4 °C in equimolar ratios (100 nM each) for 1 min
in 50 mm Tris-Cl, pH 7.5, containing 0.5% bovine serum albumin, and
an aliquot of the reaction mixture was transferred to a 100-ul assay
cuvette containing 50 mm Tris-Cl buffer, pH 7.5, and varying concen-
trations of the chromogenic substrate (0.1-2 mm) to obtain a final
concentration of 10 nM complex in the reaction. The reaction was mon-
itored spectrophotometrically at 405 nm for 5 min at 22 °C. The kinetic
constants were calculated by standard methods (25).

Kinetic Analysis of Protein-Protein Interactions Using Resonant
Mirror Technology

Binary Interaction Analysis—Association and dissociation between
HPG and the nSK/SK;, 1554 062, referred to hereafter as binary interac-
tion, were followed in real time by resonant mirror-based detection
using the IAsys Plus™ system (Cambridge, UK) (27, 28). In these
experiments, streptavidin was captured on biotin cuvette according to
the manufacturer’s protocols (IAsys protocol 1.1). This was followed by
the attachment of (mildly) biotinylated HPG to the streptavidin cap-
tured on the cuvette. Nonspecifically bound HPG was then removed by
repeated washing with phosphate-buffered saline followed by three
washes with 10 mM HCI. The net response chosen for the immobilized
biotinylated HPG onto the cuvette was 700-800 arc seconds in all
experiments. Experiments were performed at 25 °C in 10 mm phos-
phate-buffered saline, pH 7.4, containing 0.05% Tween 20 and 5 X 1072
M NPGB (binding buffer). The latter was included in order to prevent
plasmin-mediated proteolysis.

After equilibrating the cuvette with binding buffer, varying concen-
trations of either nSK or SKgy, 54 06, Were added, and each binding
response was monitored during the “association” phase. Subsequently,
the cuvette was washed with binding buffer, and the “dissociation”
phase was recorded (29). Following each cycle of analysis, the cuvette
was regenerated by washing with 10 mM HCl, and base line was
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reestablished with binding buffer. In parallel, in the control cell in the
dual channel cuvette, immobilized streptavidin alone was taken as a
negative control for the binding studies. In experiments where EACA
was used to examine its effect on SK-HPG interaction, the binary
complex was formed between ligate nSK/SK;, 54 262 and immobilized
HPG in binding buffer (as described above). The dissociation of the
binary complexes was done by washing the cuvette with EACA instead
of buffer alone.

The data were analyzed after subtraction of the corresponding non-
specific refractive index component(s), and the kinetic constants were
calculated from the sensorgrams by nonlinear fitting of the association
and dissociation curves according to 1:1 model A + B = AB using the
software FASTfit™, supplied by the manufacturers. Briefly, the asso-
ciation curves at each concentration of ligate were fitted to the pseudo-
first order equation to calculate the observed rate constant (%,,). Then
the concentration dependence of k,, was fitted using linear regression
to find the association rate constant (k,) from the slope of the linear fit
(80). The dissociation rate constant (k,) was calculated from the average
of four dissociation curves obtained at saturating concentration of li-
gate. The equilibrium dissociation constant (K,) was then calculated as
kylk,. Values of K, obtained using this relationship were in good
approximation to those obtained by Scatchard analysis of the extent of
association (data not shown).

Ternary Interaction Analysis—Resonant mirror technology-based bi-
osensor was also used to measure the rate and equilibrium dissociation
constants describing interactions between soluble ligate (PG, uPG, or
K1-5) and nSK/SKdel,5,_,4, complexed with immobilized HPG, a situ-
ation simulating substrate binding to binary complex and hereafter
referred to as ternary interaction. In binary interaction studies, it was
evident that when soluble nSK/SK 1554 262 Was added to immobilized
HPG, a rapid and avid SK-HPG binary complex formation occurs. The
dissociation of this complex is very slow due to the high stability of the
SK-HPG complex, as has been observed by others also (15). After allow-
ing the complex to dissociate maximally (~20 min), the dissociation
base line becomes stable, which remains unaffected even after washing
with 2.5 mM EACA. It has been reported that when SK was preincu-
bated with immobilized HPG, EACA was >100-fold less potent at
dissociating the binary complex than it was at preventing binary com-
plex formation when SK and EACA were added synchronously to im-
mobilized HPG (13). Thus, this comparative resistance to dissociation of
the SK-HPG binary complex by EACA permitted us to study ternary
substrate interaction under conditions that did not adversely affect the
stability of the binary interaction. In contrast, EACA was found to be
strongly inhibitory to ternary complex formation (see below).

In a typical ternary interaction experiment, a stable binary complex
was formed by adding a saturating amount of either nSK or SKy. 1054 _262
onto HPG, immobilized on streptavidin captured on biotin cuvette.
After maximally dissociating the binary complex with binding buffer
and washing with 2.5 mm EACA, a stable dissociation base line was
obtained. Varying concentrations of either “ternary” HPG (0.1-1.0 um),
uPG (1-6 uM), or K1-5 (1-6 um) were then added to monitor the
binding by recording the association phase. Subsequently, the cuvette
was washed with binding buffer three times, and the dissociation phase
was recorded. After each cycle of analysis, the original base line was
reestablished by stripping off the undissociated ternary ligate with 2.5
mM EACA followed by three washes with binding buffer. It was estab-
lished that EACA, at this concentration, completely abolishes the in-
teraction of ternary HPG with the binary complex, while the binary
complex remains stable. The latter attribute was considered to be a
necessary precondition to obtain reliable and reproducible values of the
kinetic constants for ternary complex formation and dissociation. In
order to test whether this was indeed so, control experiments were
carried out in which the ternary complex formation and dissociation
experiments were done at various time intervals after a stable base line
was attained subsequent to binary complex formation followed by
buffer and EACA washes, as described above. It was observed that the
rate constants so obtained did not differ significantly (within a margin
of +5%) as a function of time. In experiments where wPG was used as
soluble ternary ligate, 1 mmM EACA was found to be sufficient to strip off
the undissociated wPG, whereas washing with binding buffer alone

“resulted in incomplete regeneration of base line. Association and disso-

ciation phases at varying ligate (HPG, uPG and K1-5) concentrations
were fitted as described above, and the equilibrium dissociation con-
stant/s were calculated as k,/k,.

The effect of EACA on the binding of soluble ternary HPG to
nSK/SK;e1254_262 complexed with immobilized HPG was assessed by
measuring the binding extents, measured in arc second units, at
equilibrium at a fixed concentration of substrate HPG (0.4 uM) in the
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presence of varying EACA concentrations (0—2 mwm). For the analysis
of these data, the binding extent in buffer alone was taken as 100%,
and varying extents of formation of ternary complexes at equilibrium
were plotted as a function of EACA concentration to obtain EACA-
dependent binding isotherms for nSK and SK_ 254 _262- As controls,
the effect of EACA was similarly examined for dissociation of pre-
formed complexes between HPG and either nSK or SKg, 254 _262 in the
absence of substrate HPG.

Circular Dichroic Analysis of nSK/SK ;,1054_262

Far-UV CD spectra of proteins (concentration 0.15 mg/ml in phos-
phate-buffered saline, pH 7.2) were recorded on a Jasco-720 spectropo-
larimeter. Measurements were carried out from 200 to 250 nm in a
0.1-cm path length cell, and the appropriate buffer base line was sub-
tracted from the protein spectra. The final spectrum analyzed was an
average of 10 scans (31).

Modeling Studies

Cartesian coordinates of the kringle 5 domain of HPG (used as a
prototypical representative structure of HPG kringle domains) and
those of SK 8 domain and the SK-uPN complex were retrieved from the
Protein Data Bank (codes 5HPG, 1C4P, and 1BML, respectively). The 8
domain in SK-uPN reveals several disordered loops, including the 250-
loop (8). The coordinates in this complex were hence replaced with those
of the isolated 8 domain (18). The isolated 3 domain was superimposed
on the B domain of the complex, and the corresponding set of coordi-
nates was simply replaced. The isolated 8 domain has the 250-loop
clearly defined; hence, it is more suitable for docking analysis.

Molecular surface for a typical HPG kringle domain was generated
using the kringle 5 coordinates (taken as a prototype) with the aid of
GRASP (32) with standard atomic radii, and the probe radius of 1.4 A.
Electrostatic potential was then mapped onto the molecular surface.
There are two distinct regions of negative charges on the surface. The
negatively charged surface of kringles is likely to interact with the
positively charged loop of the SK structure, and therefore these
regions were of particular interest in generating the SK B-uPN-
kringle docked complex. One of the negatively charged regions is at
the interface of the dimeric kringle structure. This region was there-
fore not considered appropriate for docking. The other negatively
charged region was then manually brought into close proximity of the
250-loop of SK B domain. The best docked complex is shown in Fig. 7.
Remarkably, the surface of the kringle showed nearly perfect comple-
mentarity to the surface of the SK-uPN complex. The mode of docking

_also revealed that the C terminus of the kringle domain is within
connecting distance of the N terminus of the uPN moiety, as would be
expected in the physiological situation. Thus, the close complemen-
tarity of kringle and SK-uPN surfaces, the perfect electrostatic match
among the two structures, and the proximity between connecting
peptide units suggest that indeed the kringle might dock onto SK-
uPN in the mode shown in Fig. 7.

RESULTS AND DISCUSSION

To investigate the functional role of the 250-loop (viz. its
involvement in the modulation of substrate specificity of HPN
by SK), we prepared a deletion mutant (SKy.054_242) employ-
ing the SOE-PCR method (20). The desired deletion mutation
was confirmed by sequencing of both strands of the cloned DNA
(see “Experimental Procedures” for other details). This was
followed by subcloning of the PCR amplification product in a T7
RNA polymerase promoter-based expression vector (21). With
the nine-residue deletion, we expected that a minimal pertur-
bation of the underlying f sheet would occur (Fig. 1), since the
two residues flanking the loop (Tyr?*2 and Glu?%®) had a dis-
tance of 4 A between the C* atoms (18). The E. coli BL21 (DE3)
cells carrying the plasmid were grown in shake flasks to midlog
phase, and the expression of the protein of interest was then
induced by the addition of isopropyl-1-thio-B8-p-galactopyrano-
side. SK 1254262 Was then purified from the intracellular mi-
lieu to homogeneity using a rapid, two-step protocol (16). When
purified SKy.054_060 Was examined for its ability to activate
substrate HPG, it showed a specific activity that was only
about 20% that of native-like SK (termed nSK) similarly ex-
pressed and purified using the same expression plasmid and
host system.
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FiG. 1. Superposition of a and 8 domains of streptokinase. The
B domain is shown in green, and the a domain is in red. The 250-loop is
a distinct feature of the 8 domain, while the rest of the structure
between the two domains overlaps extensively. The superposition with
the y domain of SK showed similar results (not shown). The residues
253 and 263, where the loop was truncated, are indicated.

We checked whether the deletion of the 250-loop resulted in
changes in the overall folding characteristics of SK as judged by
its secondary structure analyzed by CD. The far-UV CD spectra
of nSK and the mutant (SKy,1254_262), however, did not show
any significant discernible differences (data not shown). How-
ever, since a native-like CD spectrum of the mutant could still
result if relatively small, local conformational changes occurred
in and around the site of the deletion in the 8 domain that
might get “averaged out” in the presence of the CD contribu-
tions from rest of the two domains of SK in the full-length
molecule, we carried out a deletion at the same site in a trun-
cated gene encoding for the isolated 8 domain. The ¢cDNAs
encoding for the B domain alone and By.954_262 Were then
expressed in E. coli and purified (see “Experimental Proce-
dures” for details), and their far-UV CD spectra were recorded.
Interestingly, no noticeable changes were observed in the sec-
ondary structure of Baeas4-262 With respect to Boia type Simi-
larly expressed in E. coli also (data not shown), indicating that
neither the overall secondary structure of SK nor that of the
domain alone had been perturbed by the deletion of the nine-
residue loop from the protein.

To explore whether the deletion of the 250-loop resulted in
any significant alteration in the affinity of the mutant with
partner HPG, the kinetics of interaction between immobilized
HPG and nSK were compared with those of SK4,1054 262 by the
resonant mirror approach using a semiautomated instrument
for measuring protein-protein interactions in real time (IAsys,
Cambridge UK). To examine the effect of immobilization
chemistry on the values of kinetic constants, preliminary
experiments were performed by immobilizing either nSK or
SKyei254_262 Onto carboxymethyldextran cuvettes, using an
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Fig. 2. Optical biosensor determination of binding constants for the interaction of nSK/SK, 55426, With immobilized HPG. Overlay
plots representing the binding and dissociation of nSK to the immobilized HPG are depicted. Human PG was biotinylated and immobilized on
streptavidin surfaces of IAsys cuvettes, as described under “Experimental Procedures.” For each individual concentration of ligate (only data for
nSK is shown), the association or binding to immobilized HPG was monitored. Subsequently, the cuvette was washed with binding buffer, and the
dissociation phase was monitored (see “Experimental Procedures” for details). For the sake of clarity, only dissociation at saturating ligate
concentration is shown. The value of &, for the binding curves for each ligate concentration was determined using the FASTfit™ program, and
each value was plotted against the corresponding concentration of the ligate. Inset, the plot of &, against ligate concentration for nSK (filled
squares) or SK 1054 062 (Open circles), which gives a straight line. The k, values were obtained from the slope of the straight line, and k;, values were
calculated from the average of four dissociation curves obtained at saturating ligate concentrations, as described under “Experimental Procedures.”

amino-coupling protocol recommended by the manufacturers.
The kinetics of association and dissociation of HPG with im-
mobilized nSK/SKg4.1054_262 Were then measured as described
under “Experimental Procedures.” In another approach, bio-
" tinylated HPG was immobilized on streptavidin captured on a
biotin cuvette, and the binding kinetics with SK were studied
as described. For these assays, nSK/SKg, 954262 Were added at
concentrations ranging between 5 and 80 nM. Relatively fast
association kinetics were observed for the binding of both pro-
teins, which is consistent with a monophasic pattern of associ-
ation (Fig. 2). When the association data for the interaction
were fitted to a single exponential curve, a linear relationship
was observed between %, and added ligate concentration, ac-
cording to the equation &, = k&, + k, (ligate). The results show
that the mutant exhibited an affinity that was not significantly
different from that of nSK (Table I).

Interestingly, experiments performed by immobilizing nSK/
SKyei254—262 00 carboxymethyldextran cuvettes using standard
amino-coupling procedures, as shown by other groups also (15,
33), yielded similar binding constants for nSK and SK, 254262
(data not shown), indicating that the coupling procedure per se
does not interfere significantly in the binding interaction be-
tween SK and HPG.

To further explore the underlying reason for partial loss of
activator activity of the loop deletion mutant, we examined
whether, like the native protein, it could expose the active site
in partner HPG. For this purpose, we employed the active site
acylating agent, NPGB, to test whether the characteristic burst
that occurs upon mixing equimolar SK and HPG (3, 25) was
also observed with the mutant. Neither SK nor HPG alone give
the burst, but only once the two are mixed in equimolar pro-
portions is this burst, characteristically associated with a rapid
NPGB hydrolysis, observed due to the formation of a “virgin”

TABLE I
Association and dissociation rate constants and apparent equilibrium
dissociation constants for the binding of immobilized HPG to the
derivatives of SK

Biotinylated HPG was immobilized on streptavidin captured onto a
biotin cuvette. Different concentrations of the nSK/SK, 55,062 Were
then titrated as outlined under “Experimental Procedures.” The pseudo-
first order rate constant (k,,) was determined using the FASTfit™
program. The concentration dependence of &, was fitted using linear
regression to find the association rate constant (k,) from the slope of
linear fit. The dissociation rate constant (k) value was calculated from
the average of four dissociation curves obtained at saturating concen-
tration of ligate. The K, was estimated from the ratio of kinetic con-
stants as k,/k,.

Ligate ky (X 109 kg (X 107%) Kp (X 1079

m st st M
nSK 1.98 + 0.08 1.81+0.21 0.91 * 0.34
SKyerzsa-t62 143 £0.07 . 227*0.15 1.58 + 0.79

SK-HPG complex and consequent acylation at the cryptic active
site of HPG with NPGB (3). When the recombinant nSK (used
as a control) was tested with this reagent in the presence of
equimolar HPG, the characteristic colorimetrically detectable
burst was indeed observed. A similar response was evident in
the case of SKyeio54_062 as well (Fig. 3, inset). However, the
maximal level of these bursts was approximately half of that
observed with natural SK prepared from S. equisimilis (data
not shown). It has been demonstrated recently that a free N-
terminal residue (Ile) (34) and some flanking residues (35) are
required for the auto-activation of HPG by SK. However, the
positive NPGB reaction of nSK, albeit less than that of natural
SK, was easily explained when N-terminal sequence analysis of
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Fic. 3. Time course of the generation of amidolytic activity of nSK and SK, 54 26.- Equimolar nSK-HPG and SKgz54_262 HPG
complexes were made, and aliquots were withdrawn at regular periods and transferred into a microcuvette containing 2 mm chromogenic substrate.
The generation of amidolytic activity was monitored at 405 nm at 22 °C, as described under “Experimental Procedures.” The percentage of
maximum amidolytic activity as a function of preincubation time by nSK-HPG complex (filled squares) and SK 554 _z60- HPG complex (filled circles)
is plotted. Inset, active site titration of HPG on complexing with nSK or SK,. 55, _s6» using the active site acylating agent, NPGB. The figure shows
progress curves of NPGB hydrolysis by nSK-HPG (filled squares), SKgei254 260 HPG (filled inverted triangles), and a control reaction (filled circles).

the purified nSK and SKg, 54 062 Showed that ~50% of the
purified protein fractions had (like natural SK) a free Ile at the
N terminus, probably due to partial processing by host methio-
nyl aminopeptidase (36). The mutant (SK;.1054_262) Was then
further verified for its ability to activate partner HPG by car-
rying out amidolytic assays of its equimolar mixtures with
HPG. In this case too, it exhibited a similar, although slightly
delayed, time course of generation of amidolytic activity with
respect to nSK (Fig. 3), suggesting that it could open the active
site in partner HPG. Thus, these results demonstrated that the
observed lower HPG activator activity of SKy.j054_262 Was not
due to any major effect on its ability to activate partner HPG at
the binary complex formation stage.

To obtain a glimpse of the functional characteristics of the
active site, the kinetic constants associated with the sub-
strate binding and processing of both macromolecular sub-
strate (HPG) and the low molecular weight amidolytic pep-
tide substrate tosyl-glycyl-prolyl-lysine-4-nitranilide acetate
were measured by the equimolar complexes of HPN with
either nSK or SKgy,954_262. Remarkably, the results for the
steady-state kinetic analysis of the activation of substrate
HPG by the equimolar SKy. 954_262"HPN complex revealed a
5-6-fold increase in the K,, for HPG when compared with
that of nSK-HPN, with relatively little alteration in the %,
values (Table III). This clearly indicated that the loop-deleted
mutant formed an activator complex with HPN that had an
apparent decreased affinity for the macromolecular substrate
as compared with that of the native SK. On the other hand,
the k. values exhibited either by nSK-HPN or SK, 054
262’ HPN for the small MW peptide substrate were essentially
unaltered as compared with that of “free” HPN (suggesting
that the primary covalent specificity characteristics of the
active site in HPN remained unchanged), but, revealingly,
the K, for this substrate was decreased as compared with
that of nSK-HPN.

It is known that the complexation of SK with free HPN
leads to an overall reduced accessibility of the HPN active
site by small molecular weight substrates and inhibitors
probably due to steric hindrance brought about by SK binding
in the vicinity of the active site; this phenomenon is mani-

TasLE II
Steady-state kinetic parameters for amidase activity of equimolar
complexes of HPN and nSK/SK ;1554 262

For the determination of the amidolytic parameters, nSK/SKg.1254 262
and HPN were precomplexed in an equimolar ratio, and an aliquot of
this mixture was assayed for amidolysis at varying concentrations of
Chromozym® PL as detailed under “Experimental Procedures.” The
data represent the mean of three independent determinations.

Protein K, Reat ket K
mm min™? min~!/mm
HPN 0.17 = 0.03 310 = 18 1823.53
nSK - HPN 0.6 = 0.02 370 = 15 616.67
SKaumese  HPN  02+007  320+14 1600

fested, for example, in a significant increase in the X, for the
amidolysis of chromogenic substrates by SK-HPN complex
compared with that of HPN alone (8, 37, 38). The character-
istic increase in K, of HPN for amidolytic substrates has also
been observed with the isolated B domain (11). The present
results on the abolition of the “K,, shift” (Table II) in
SKye1254-_262 Suggest that the 250-loop interacts with a region
in partner plasmin(ogen) that is situated close to the active
center, a surmise that is entirely consistent with its proposed
role in sequestering substrate HPG to the activator complex
and with peptide inhibition experiments reported earlier
(11). Noticeably, the &, for the hydrolysis of the low molec-
ular weight peptide substrate by the 1:1 HPN complex of the
deletion mutant remained unchanged (Table II). These re-
sults clearly demonstrate that the affinity for macromolecu-
lar substrate (HPG) was selectively decreased in the case of
SKeiz54-2622HPN,. without a concomitant alteration in the
processivity of the low molecular weight peptide substrate.
The foregoing results on increased K|, for HPG prompted us
to explore the comparative affinity of substrate HPG with
activator complexes between HPG and nSK, on the one hand,
and HPG with SK,,j054_262 0n the other, using a more direct
physico-chemical approach. For this purpose, a new “docking”
assay for ternary complex formation between SK and two mol-
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TasLe IIT
Steady-state kinetic parameters for HPG activation by equimolar
complexes of HPN and nSK/SK ;554 262

The kinetic parameters for substrate HPG activation were deter-
mined at 22 °C as described under “Experimental Procedures.” The
data represent the mean of three independent determinations. Closely
similar values were obtained for the direct activation of substrate HPG
by SKje1254 262 (data not shown).

Activator protein K, Reat ket K
M min~? min™!/ um

nSK - HPN 0.5 *0.05 11*05 22.0

SKyeizs4_262 - HPN 25*+03 9.7 £ 0.52 3.9

ecules of HPG, one in the binary mode and the other docked as
a substrate, was devised based on a real time approach utiliz-
ing resonant mirror-based biosensor equipment (Fig. 4). Ear-
lier, a “static” analysis of the formation of such a ternary
complex with radioactively labeled substrate HPG bound onto
the binary complex of immobilized HPG and nSK on plastic
surfaces has been reported (39). In order to establish the au-
thenticity of ternary complex formation with substrate HPG
onto the preformed binary SK-HPG complex on resonant mirror
cuvettes, we have used two criteria: (a) sensitivity of the ter-
nary complex, and comparative refractoriness of the preformed
binary complex, to EACA, and (b) distinctive concentration
range dependence of binary (low nanomolar range) and ternary
complex(es) (high nanomolar range) to HPG binding (see “Ex-
perimental Procedures” for detailed protocols). It has been well
established that the preformed SK-HPG complex is highly re-
fractory to EACA, whereas the action of the activator complex
on the substrate is susceptible to inhibition in the low millimo-
lar range (13), a fact that we also observed, while the same
concentration of EACA potently inhibited the interaction of
substrate HPG with preformed SK-HPG complex. This compar-
ative resistance of the preformed binary complex and suscep-
tibility of the ternary complex to EACA allowed us to selec-
tively examine the interaction of ternary HPG with the
SK-HPG binary complex. Similarly, due to the comparatively
low affinity of the substrate HPG toward the SK-HPG binary
complex (24), a higher concentration of substrate HPG was
required, while the SK-HPG binary interaction, due to its in-
trinsically high affinity, could easily be monitored at the sub-
nanomolar and low nanomolar ranges of concentration (Tables
I and IV).

Ternary interaction studies of HPG with SK-HPG binary
complex have been reported earlier using solid phase assay
(39). Although such an assay can provide a clear estimate of
affinity in terms of equilibrium dissociation constants (Kp), it
fails to give insight into the dynamics of the interaction of the
activator complex with the macromolecular substrate. The re-
sults obtained for the interaction of substrate HPG, uPG, and
K1-5 with either nSK or SKy.1p54_2g2 complexed with immobi-
lized HPG are given in Table IV. It is clear that substrate HPG
interacts with the SK.054_26o'HPG binary complex with a
5-fold lower affinity (K, ~0.75 uM) as compared with nSK-HPG
binary complex (K ~0.15 um). This decrease in affinity is
remarkably proportionate to the increase in the K, for sub-
strate HPG (5~6-fold) using enzymatic activity as the criterion
for discrimination between nSK and mutant. These results
clearly indicate the importance of the 250-loop in “capturing”
substrate HPG molecules by the activator complex.

Recent biochemical studies suggest that an exosite-mediated
substrate HPG binding, independent of the primary covalent
specificity of the HPN active site, represents the major mech-
anism of SK-induced changes in the macromolecular substrate
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FiG. 4. Tracings from the IAsys™ resonant mirror-based sys-
tem to quantitate the interactions between substrate HPG and
the equimolar binary complex of nSK and immobilized HPG.
The experiment was carried out at 25 °C in binding buffer as described
under “Experimental Procedures.” Human PG was biotinylated and
immobilized on streptavidin captured onto the biotin cuvette. A stable
binary complex was formed by adding saturating concentration of nSK
onto immobilized HPG. After washing with binding buffer (point of
addition of binding buffer as depicted by a), a stable dissociation base
line (b) was obtained due to high affinity and stability of the SK-HPG
binary complex, which remained unaffected even after washing with 2.5
mM EACA (data not shown). Thereafter, varying concentrations of
substrate HPG (0.1-1 uM) were then added (point of addition of sub-
strate as depicted by ¢ to monitor the association phase (6 min), and
subsequently, the cuvette was washed with binding buffer three times
(point of addition as depicted by d), and the dissociation phase was
recorded for the next 6 min. After each cycle of analysis, the undisso-
ciated substrate HPG was stripped off with 2.5 mmM EACA (point of
addition of EACA as shown by e), followed by reequilibrating the cu-
vette with binding buffer (f), which reestablished the original base line
(g). The immobilized streptavidin alone was taken as the negative
control, and it was subjected to the same kind of treatments as given to
the test cell containing immobilized HPG. No significant nonspecific
binding was observed (data not shown).

specificity of HPN (10, 12). The structural basis whereby such
an exosite contributes toward the change in substrate specific-
ity of the HPN active site consequent to SK binding has, how-
ever, remained essentially unknown so far. The data presented
in this paper clearly implicate the 250-loop of the 8 domain as
an important determinant of the macromolecular substrate
specificity of the SK-HPG activator complex. The presence of
two tandem lysine residues at the tip of the 250-loop suggests
that interactions with the kringle domain(s) in substrate HPG
may be the operative mechanism behind this interaction. To
understand the role of kringles in substrate affinity, the activ-
ities of nSK and the mutant were compared in the presence of
varying concentrations of EACA, a lysine analogue that is well
known to inhibit HPG activation by SK as well as disrupt
ternary complex formation through a kringle-mediated mech-
anism (2, 13, 39). Kinetic studies to check the effect of varying
concentrations of EACA on substrate HPG activation by
nSK-HPN and SK. 554060 HPN showed that the mutant ex-
hibited a greater susceptibility to EACA-mediated inhibition of
substrate HPG activation than nSK (Fig. 5A) in a concentration
range that did not affect the activity of the two binary com-
plexes or the activity of free HPN. It has been shown earlier
(13, 39), using a sandwich binding assay, that EACA com-
pletely abolishes the docking of substrate HPG onto SK-HPG
binary complex formed on a plastic surface. However, this does
not allow the measurement of the rates of binding and disso-
ciation of substrate HPG with the high affinity binary complex.
Experiments were carried out to see the effect of EACA on the
ternary complexation of substrate HPG to nSK/SKgy.054_262
precomplexed with immobilized PG on resonant mirror cu-
vettes, as described earlier. With SKy,1054 262" HPG binary com-
plex, an IC;, of 0.3 mm was obtained, which is ~3-fold less than
the IC;, (1 mm) obtained with nSK-HPG binary complex (Fig.
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TasLE IV
Association and dissociation rate constants and apparent equilibrium dissociation constants for the interaction of substrate HPG, uPG, and
K1-5 with nSK/SK ,1554_262 complexed with immobilized HPG

Kinetic constants for the interactions of substrate HPG, uPG, and K1-5 with nSK - HPG or SKg, 1554 262 - HPG binary complex were determined
by applying the FASTfit™ program to the binding data obtained using IAsys biosensor, as described under “Experimental Procedures.” A stable
binary complex between nSK/SK, 1554 06, and HPG immobilized onto the cuvette was made, and then the binding of varying concentrations of
substrate HPG (0.1-1 uM), uPG (1-6 um), or K1-5 (1-6 um) was monitored.

Ligand . Ligate ky (X 10% kg (x 1074 Kp (x 1079)
u 1! ™! M

nSK - HPG HPG 10.70 = 1.30 1.76 + 0.23 0.16 = 0.04
nSK - HPG uPG 0.75 + 0.02 1.29 + 0.74 172 * 0.91
nSK - HPG K1-5 0.29 * 0.06 1.19 = 0.17 4.11 + 0.62
SKei254-265 - HPG HPG 462 * 051 3.35 £ 0.13 0.72 = 0.09
SK 1254260 - HPG uPG 0.90 * 0.03 1.33 £ 0.12 1.48 * 0.20
SK ju1z54-962 * HPG K1-5 0.28 * 0.12 3.41 =021 12.02 + 2.08
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Fic. 5. Differential susceptibility to EACA of the substrate with binary complexes of nSK and SK,, 054_062-HPG. A, differential
susceptibility to EACA of substrate activation by nSK and SK 554_062- The effect of different concentrations of EACA (0-1 mm) on the substrate
HPG activation by nSK (filled squares) and SK,i054_06, (filled circles) was examined. Controls containing a 10 nM concentration each of SK and
HPN (filled triangles), or HPN alone (filled inverted triangles) are also shown. The HPG activator activity of constant, catalytic amounts of the
preformed equimolar activator complexes between HPN and either nSK or SKg. 254_262 t0 obtain final concentrations of 0.25 and 3 nM, respectively
in the presence of varying concentrations of EACA, along with substrate HPG and chromogenic substrate in 50 mM Tris-Cl buffer, pH 7.5, was
monitored at 405 nm at 22 °C. The initial velocities in different concentrations of EACA are expressed relative to the controls not containing any
EACA (taken as 100%). Similar differential effects between nSK and the mutant were observed at HPG concentrations of 0.5, 2, and 4 uM, although
the IC, values were different (data not shown). B, effect of EACA on the physical binding of substrate HPG to nSK-HPG or SK 054 262" HPG binary
complex examined by the resonant mirror technique. Binding of substrate HPG (0.4 um) to either nSK-HPG (filled triangles) or SK,. 054262 HPG
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F1G. 6. Abolishment of the differen-
tial substrate activation phenome-
non by nSK and SK_, 554262 DY using
substrate uPG. Fixed, catalytic amounts
of the respective preformed activator com-
plexes of each protein with HPN were
added to the cuvette containing subsatu-
rating concentrations of HPG or uPG as
the substrate and Chromozym® PL in 50
mM Tris-Cl buffer, pH 7.5, and the reac-
tions were monitored at 405 nm at 22 °C.
The figure shows progress curves of acti-
vation of HPG by nSK (filled diamonds)
and SK 054062 (filled triangles) (A) and
of uPG by nSK (filled circles) and
SKaerzs4-262 (filled squares) (B).
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5B). These data clearly support the conclusion that the binary
complex of the mutant, with the 250-loop deleted, interacted
with substrate in a manner that is more vulnerable, as com-
pared with nSK-plasmin(ogen), to disruption with the lysine-
binding site competitive ligand, EACA. However, it is worth
noting that if all of the kringle-mediated interactions between
activator and substrate had been abolished by the deletion of
the loop, the mutant should have been completely resistant to
inhibition by EACA. The fact that the mutant is susceptible to
lower concentrations of EACA suggests that other EACA-sen-
sitive kringle-dependent interactions are still operative, but at
least one of the critical interactions has been abolished by the
selective deletion of the 250-loop.

If the observed difference in substrate affinities between
nSK-HPG and SKg.p54_26.HPG activator complexes is indeed
kringle-mediated, it is reasonable to assume that the rates of
activation of substrate uPG, which is devoid of all five HPG
kringles, by nSK and SKg. 554 262 Should not substantially
differ from each other. This, indeed, was found to be the case
(Fig. 6). Microplasminogen is known to be a poor substrate for
the preformed SK-PG activator complex (22). Interestingly,
kinetic studies using uPG as the substrate showed no discern-
ible difference between nSK and SKg,.j054_0¢2 With respect to
initial velocities of substrate uPG activation at subsaturating
concentrations (K,, ~ 6 * 2 um), under conditions where the
activator activities of the two complexes (nSK-HPN and
SKe1254—260-HPN) showed a remarkable difference when the
substrate (native HPG) contained the kringle domains. These
observations prove convincingly that interactions involving ly-
sine binding site(s) in the kringle domains are intimately in-
volved in the mechanism of operation of the macromolecular
substrate-specific exosite in the SK-plasmin(ogen) activator
complex. To further establish that kringles are involved in
activator-substrate interactions, ternary binding experiments
on the resonant mirror, where the binding of the substrates,
PG and kringles 1-5 of HPG, to the binary complex preformed
between either nSK or the mutant with immobilized HPG,

20
Time (min)

were carried out (Table IV). Remarkably, in consonance with
kinetic data, uPG showed the same affinities for both nSK and
SKei54-262 complexed with HPG. When K1-5 was used as the
docking substrate during ternary complex formation, the
nSK-HPG binary complex showed an affinity of 4.1 um for
K1-5, while that of the SKy. 054 262" HPG complex was deter-
mined to be 12 uM, indicating approximately a 3-fold higher
affinity for nSK (Table IV). Again, these results strongly argue
that the 250-loop of the B8 domain of SK interacts with sub-
strate HPG via the latter’s kringle domains.

Molecular modeling studies wherein the intermolecular
surfaces between the 8 domain of SK and the isolated kringle
5 (which was used as a typical representative structure of the
five HPG kringles and does not necessarily indicate any
preferred role in the substrate-activator complex interplay;
however, see below) were explored for mutual complementa-
rity (see “Experimental Procedures” for details) indicate that
a kringle structure can indeed dock the 250-loop in a remark-
ably optimal fashion (Fig. 7). Although whether kringle 5 per
se or any other kringle is involved in this interaction cannot
be judged at this stage, during the course of revision of this
manuscript, another report was published that demonstrates
the involvement of kringle 5 in the 1:1 binding with the B
domain of SK (33). Although speculative at this stage, this
offers a tantalizing possibility that this kringle-mediated in-
teraction at the levels of both binary and ternary complex
formation operates through kringle 5. If this scenario is cor-
rect, the loop might switch its binding specificity toward
partner or substrate depending on the temporal stage in the
catalytic cycle, a possibility that is strengthened by a previ-
ous observation (11) that a synthetic peptide encompassing
the 250-loop exhibits bifunctional behavior by competitively
inhibiting both SK-HPG binding and HPG activation by pre-
formed SK-HPN activator complex. On the other hand, the
current evidence does not rule out the possibility that the
different kringles in substrate and partner HPG are directed
to different sites in SK. Whatever the exact mechanism, this

(filled circles) binary complex was measured at various concentrations of EACA (0-2 mM) using the IAsys™

system, as described under

“Experimental Procedures.” The maximal extent of binding under varying concentrations of EACA was quantitated, and the maximal binding in
buffer alone was used to normalize the extent of binding under different experimental conditions. The extent of substrate HPG binding is plotted
as a function of EACA concentration. The effect of respective EACA concentrations on the binary nSK/SK 1054 _06."HPG complex is represented by

filled diamonds (control).
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250-loop

F1G. 7. Docking of kringle 5 of HPG with the g domain of SK.
Connolly surfaces of the 8 domain and kringle 5 of HPG were calculated
by using the GRASP program. Kringle 5 has been used here as a typical
representative structure of the five HPG kringles. In order to generate
the molecular surface, the radius of a water molecule was considered to
be 1.4 A. Electrostatic potentials were mapped onto the surfaces with
GRASP. The 8 domain showed a distinct patch of positive charges in the
250-loop. Similarly, the kringle domain also showed a distinct patch of
negative charges. The two patches were brought in close proximity by
manual docking, which showed close surface and electrostatic comple-
mentarities (see “Experimental Procedures” for details).

study provides unmistakable evidence of the direct involve-
ment of a discrete epitope in SK in substrate recognition and
binding via the kringle(s) of HPG. Undoubtedly, further studies
are needed to identify the relative contributions of the kringle(s)
versus the catalytic domain of the substrate toward the latter’s
recognition, docking, and turnover in the “valley” formed by the
activator complex. This would aid in a better understanding of
this enigmatic interaction at the molecular level.

It must be realized, however, that the observation that, even
after the excision of the 250-loop, the HPG activation reaction
still survived (albeit with increased K,) indicates that this loop
is not the sole determinant of the SK-HPN exosite property.
Indeed, earlier studies had suggested that the « domain as well
as the B domain, together, contribute to the generation of HPG
specificity in the activator complex (12, 16). The potential of the
a domain to interact with substrate HPG is also evident from
the SK-uPN crystal structure (8), although whether it does so
by interacting with kringle(s) of substrate is still unclear. It is
also established from recent work that the 8 domain contrib-
utes a major share toward SK's affinity for partner HPG as well
(12). However, the fact that mutagenesis of several residues in
the B domain resulted in appreciable diminution in the %, for
activator activity with little change in the K,, for HPG per se
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(16) suggests that regions other than the 250-loop in this do-
main are also intimately involved in the modulation of the
substrate specificity of the activator complex. We have ob-
served® that mutations of residues immediately flanking the
250-loop (e.g. SKyyson pogsc) lead to further increase in the
molecule’s K,, for substrate HPG (to about 15-fold that of nSK)
with only minimal alteration in the &, of its complex with
HPN.

It is quite intriguing that the B8 domain provides a major
portion of the intermolecular affinity of SK for HPG necessary
for the formation of the tightly held equimolar activator com-
plex (15) and at least some of the affinity required for the
(transient) interaction of the latter with substrate HPG, as the
present study indicates. This arouses curiosity as to whether
this domain would, by itself, possess HPG activator activity,
however compromised at a quantitative level, since two seem-
ingly fundamental requirements for a single-domain HPG ac-
tivator protein (viz. ability to bind with partner plasmin(ogen)
and to then interact with substrate) are present in this domain.
This question assumes significance because staphylokinase, a
single-domain bacterial HPG activator, is also known to work
as a “protein co-factor” in a fashion akin to that of SK (6) and
has both of these distinctive HPG interacting properties. The
ternary structure of uPN-staphylokinase-uPN suggests that
staphylokinase appears not to modify the active site conforma-
tion of the enzyme but creates new exosites that indirectly alter
the substrate specificity of uPN (40). Identification of such
functional “hot spots” in PG activators in general, and SK in
particular, that help in exosite-mediated modulation of sub-
strate specificity may greatly aid the future de novo design of
improved HPG activators.
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