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Function of the central domain of streptokinase in
substrate plasminogen docking and processing
revealed by site-directed mutagenesis
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Abstract

The possible role of the centrg@ldomain (residues 151-2870f streptokinasdSK) was probed by site-specifically

altering two charged residues at a time to alanines in a regasidues 230—29@reviously identified by Peptide

Walking to play a key role in plasminog€giPG) activation. These mutants were then screened for altered ability to
activate equimolar “partner” human PG, or altered interaction with substrate PG resulting in an overall compromised
capability for substrate PG processing. Of the eight initial alanine-linker mutants of SK, one mutant, Mizse>%7aa

(SK-D1), showed a roughly 20-fold reduction in PG activator activity in comparison to wild-type SK expressed in
Escherichia colinSK). Five other mutants were as active as nSK, with f¥Bre24g.240aa@Nd SKekog1 282aa referred

to as SKC) and SK(H), respectively showing specific activities approximately one-half and two-thirds, respectively,

that of nSK. Unlike SKC) and SKH), however, SKD1) showed an extended initial delay in the kinetics of PG
activation. These features were drastically accentuated when the charges on the two Lys residues at positions 256 and
257 of nSK were reversed, to obtain §&se 257eel SK(D2)]. This mutant showed a PG activator activity approximately
10-fold less than that of SHD1). Remarkably, inclusion of small amounts of human plas(RiN) in the PG activation

reactions of SKD2) resulted in a dramatic, PN dose-dependent rejuvenation of its PG activation capability, indicating
that it required pre-existing PN to form a functional activator since it could not effect active site exposure in partner
PG on its own, a conclusion further confirmed by its inability to show a “burst” of p-nitrophenol release in the presence

of equimolar human PG angtnitrophenyl guanidino benzoate. The steady-state kinetic parameters for HPG activation
of its 1:1 complex with human PN revealed that although it could form a highly functional activator once “supplied”
with a mature active site, th€,,, for PG was increased nearly eightfold in comparison to that of nSK-PN. SK mutants
carrying simultaneous two- and three-site charge-cluster alterations, Vikg2§$aoanEx281.282aa SK(CH)],
SKek272.273an:Ek281.28244 SK(FH) 1, and Skreoas 240anEK272. 2730 EK281.2824ASK(CFH) ], showed additivésynergistic
influence of multiple charge-cluster mutations on HPG activation when compared to the respective “single-site
mutants, with the “triple-site” mutaSK(CFH)] showing absolutely no detectable HPG activation ability. Neverthe-
less, like the other constructs, the double- and triple-charge cluster mutants retained a native like affinity for complex-
ation with partner PG. Their overall structure also, as judged by far-ultraviolet circular dichroism, was closely similar
to that of nSK. These results provide the first experimental evidence for a direct assistance byafunSidin in the

docking and processing of substrate PG by the activator complex, a facet not readily evident probably because of the
flexibility of this domain in the recent X-ray crystal structure of the SK-plasmin light chain complex.
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Plasminogen activators such as streptokinase, tissue plasminogéaction structure of the SK-plasmin light chain complex does not
activator, and urokinase are widely used as thrombolytic agents fareveal an overt structural involvement of this domain in activator
the treatment of diverse circulatory disorders, including myocar-complex formation(Wang et al., 1998 However, what is fairly
dial infarction(1SIS-3, 1992. However, unlike UK and TPA, which  discernible is that SK and PG togettiee., the activator complex
are proteases, SK is enzymatically inert. It acts by first forming aprovide a perfect docking site for substrate PG to be positioned
noncovalent, high-affinity complex with HPG. This complex is optimally for processing by the active site. Computer modeling
then believed to undergo an intramolecular conformational changetudies with substrate microplasminogen artificially docked onto
that exposes the active site in the zymogen. The active site withithe SK-plasmin light chain complex, indeed, suggest several po-
SK-HPG now becomes capable of acylation and can be titratetential contacts between the substrate andvthend3-domains of
by hydrolysis of p-nitrophenyl p-guanidinobenzo@téPGB) to the SK of the activator complex. This observation thus reinforces
p-nitrophenol as a sharp “burstMcClintock & Bell, 1971, or a proposed model of SK actigiNihalani et al., 1998similar to
catalyze the processing of small-MW amidolytic substrates. Thighe “protein co-factor assisted” mechanism recently forwarded to
enzymatically active, “virgin” complex also rapidly develops a explain the switch of the relatively nonspecific, trypsin-like sub-
capability to catalyze the specific transformation of substrate molstrate specificity of the plasmin active site into a highly specific
ecules of HPG to HPN by cleavage at the Arg561-Val562 peptidesubstrate preference upon association with(§6mon & Mather,
bond (reviewed by Castellino, 1981An understanding of the 1998. In the present paper, using site-directed mutagenesis as a
structural processes involved in, first, the exposure of the activeool, we present experimental evidence for an important role of the
site in the virgin SK-HPG complex, followed by its transformation 8-domain in substrate docking and processing by the SK-plas-
to a highly specific proteasgither “activated” SK-HPG, or SK- min(ogen activator complex, and probably in zymogen activation
HPN) that, unlike free plasmin, displays a very high substrateas well.
preference for HPGMarkus & Werkheiser, 1964is crucial to the
design of improved SK-based thrombolytic agdiftarder, 1993.

SK has been shown to be composed of three distinct domaingesults
designatedy, 8, andy separated by two coiled coils, and small
regions at the N- and C-termini of the protein with disordered, construction, purification, and functional characterization
flexible structuresConejero-Lara et al., 1996; Parrado et al., 1996; of alanine-linker charge-cluster mutants of the
Wang et al., 1998 While the regions at the two ends are known to «;qe” region of the beta-domain of SK
be dispensable for the biological activity of SK, selective deletions
of a or y domains, or parts thereof, lead to drastic reduction inThe sequence of residues 230-290 of SK fr@tmreptococcus
HPG activation ability, signifying that all three domains are vital €quisimilis (termed the “core” regionthat has been previously
for the functioning of the moleculéMalke et al., 1987; Fay & implicated in the interaction of SK with HPG by Peptide Walking
Bokka, 1998. However, the exact manner in which each domainStudies(Nihalani et al., 199¥is depicted in Figure 1. This region
contributes toward the high rates of PG activation characteristic of
full-length SK remains to be clarified. Although it has been dem-
onstrated that the three domains retain significant amounts of their

original native-like structure when individually isolated, none dis- e Phe Arg Thr Ile Leu Pro Met Asp Gln

plays significant HPG activator activity on its owRarrado et al., 20 2

1996. In contrast to the absence of any appreciable HPG activator - + + + -

activity in isolated domains, the characteristic high-affinity bind- Glu Phe Thr Tyr Arg Val Lys Asn Arg Glu
ing of SK with HPG is relatively well preserved in tigzdomain, 240 249

and to a lesser degree, in fragments derived fromatitomain + 4

(Nihalani & Sahni, 1995; Reed et al., 1995; Rodriguez et al., 1995; Gin Ala Tyr Arg Te Asn Lys Lys Ser Gly
Conejero-Lara et al., 1996, 1998; Nihalani et al., 1998ore 250 259
recently, using physico-chemical approaches, it has been elegantly

demonstrated that th@domain contributes in a major way toward
Leu Asn Glu Glu Ile Asn Asn Thr Asp Leu

the generation of the high-affinity interactions between SK and 260 - = 269
HPG that lead to the formation of the equimolar activator complex

between the two proteif€onejero-Lara et al., 1998A relatively -+ + o+
small locus in theB-domain (residues in and around 230-290, e Ser Glu Lys Tyr Tyr Val Leu Lys Lys
termed the “core” regionhas earlier been implicated in the inter- 270 279
action of the activator complex with substrate HPG through a -

Peptide Walkln_g appro_actNlhglanl et_al., 199y Therefqre, the Gly Glu Lys Pro Tyr Asp Pro Phe Asp Arg
exact role of this domain, particularly in terms of the |[@pitopes 280 289
that may be involved in interacting with HPG to translate the

primary event in SK-HPG interaction, namely the avid binding Ser

between these two proteins to the catalytic, high efficiency con- 290

version of substrate molecules of HPG to HPN by the activator

complex needs to be explored further. Fig. 1. Primary structure of the target sequence for mutagenesis in the

. . . . : . g B-domain of SK. The amino acid sequence of the residues 230-290 of the
Despite the compelling biochemical evidence implicating theﬁ-domain of SK fromS. equisimilisH46A is shown. The charged cluster

B-domain in both activator complex formation and in the inter- resigues that were mutated to alanines in this study are indicated in italics.
action of this complex with substrate HPG, the recent X-ray dif- The sites whose charges were reversed by mutation are underlined.
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Table 1. Sequence of PCR primers used for the construction of SK mutants

Charge-cluster

mutatior? Oligonucleotide sequence RoEsite
DE 238,240 AA B-ATTTTACCCATGGCgCAAGCGTTTACTTACC-3 Nco |

RK 244,246 AA B3-AAGAGTTTACgTACQCT GTTgcAAATCGGGAAC-3 Bsi W1
RE 248,249 AA 5 CGTGTTAAAAAT gctGecgCAAGCT TATAGGAT-3' Fsp |

KK 256,257 AA 5-GCTTATAGGATtAATgCAgCATCTGGTCTGAATGAA-3 Vsp |

KK 256,257 EE 5 AGGATCAATgAAGAATCTGGTCTCAATGAAGAAATA-3 ' Bsm Al
EE 262,263 KK 5AAAAAATCTGGTCTcAATaAAaAAATAAACAACACT-3' AlW 261
EE 262,263 AA 5AATAAAAAATCTGGQCTCcAAT gcAgcAATAAACAACACT-3' Bsp 12861
EK 272,273 AA B3-ACCTGATCTCTGcaggTATTACGTCCTT-3 Pst |

KK 278,279 AA 5-AGAAATATTACGTaCTTgcAgcAGGGGAAAAGC-3 Bsa Al
EK 281,282 AA 3-AAAAAAGGG GcggcGCCGTATGATCC-3 Nar |
Upstream priméety 5'-ATTTATGAACGTGACTCCTCAATCGTC-3 Bse RI
Downstream primér 5'-ATAGGCTAAATGATAGCTAGCATTCTCTCC-3 Bsm |

aThe mutant primers shown in this table are for the construction of single charge-cluster mutants. Double and triple charge-cluster
mutants were also prepared using a strategy described in the text. The nucleotides altered from the wild-type sequence are depicted by
lower case letters.

bRestriction sites introduced in the primers to aid screening of mutants through silent mutagenesis are underlined while codons in
which the desired mutations were introduced are shown in bold.

“These flanking primers had wild-type sequences, carrying unique R.E. sites naturally present in the nSK gene, and were used to
dock back the mutant PCR cassettes into the SK expression \(se®text for details

of primary structure of SK shows several positively and negativelythe other mutants, viz. SIC) and SKH), that had detectable
charged clustered residues. To delineate the possible role of thesecrease in activity as well. In the case of (BK), the kinetics of

side chains, site-specific mutations of eight such clustered charge3G activation(Fig. 2A) was noticeably slower, especially in the
(two residues per sijgo alanine residues were carried out using ainitial phases. The progress curves generated witliCRK dem-
PCR-based “megaprimer” approa@arkar & Sommer, 1990; Smith onstrated a perceptible lag even when relatively high concentra-
& Klugman, 1997. The mutated cassettes were then docked backions of the mutant were used in the assay, while nSK demonstrated
into the native SK gene in the expression plasmid, and the genes clear-cut absence of such a lag even when assayed using low
expressed intracellularly iBscherichia coliand purified to homo-  amounts(Fig. 2A). Mutants SKC) and SKH) also showed the
geneity(see Table 1 for sequence of primers used for mutagenesigbsence of any lag. The overall specific activity of (BK) for

and Materials and methods for detail$he native-like recombi- HPG activation(computed from plots of change in absorbance at
nant SK(termed nSK expressed in the heterologous host, after405 nm vst?; see Materials and methgdwas determined to be
purification, was found to exhibit several of the known charac-

teristic features of native SK from ®quisimilis e.g., a MW of

47 kD, native N-terminal sequence except for the presence of a

Met residue at the N-terminu&s expected from the gene se- Table 2. Alanine scanning mutagenesis of the charge-clusters
quence, high-affinity binding with HPG, and a specific activity for in the “core region” of theB-domain of streptokinase

HPG activation of around 1.8 10° I.U. per mg protein. In case

of all the mutants constructéd@able 2, these criteria were essen- Dissociation
constan{Kq] of

tially found to be native like, except for reduction, to varying Specific activity  SK-HPG complex
extents, in the specific activities for HPG activation of selectedType of SK Short name (X 10° IU/mg) (nM)
mutants. For simplification, the various SK mutants described in
this study have been abbreviated with different suffixes, e.g(C3K  Wild-type SK nSK 1.00+ 0.15 1.07+ 0.47
SK(D1), etc. (see Table 2 Of all the eight initial alanine-linker  SKpgz23g.240aa SK(A) 1.00+ 0.16 1.03+ 0.17
mutants, only onéSKykase.257a4), referred to as SKD1), showed — SKrkaas.246na SK(B) 1.00+ 0.10 1.18+ 0.17
a major diminution in PG activation ability, to a level approxi- SKrezag2aona SK(C) 0.45+0.09 1.48+ 0.54
mately 5% that of NSK. Two other mutants, Viz., Sag zaoaa@nd S KK256.257AA SK(D1) 0.04+ 0.01 1.83+ 0.04
SKekos1.280aa abbreviated as SIC) and SKH), respectively, 2&55252-263“ gigg é'ggf g.(l)g 11& g'ig
showed relatively marginal decreases in specific activity for HPGg = 2"2*"** SK(©) 100+ 0.05 101t 0.12
KK278.279AA . -+ Y. . - Y.

activation, while the remaining were found to be totally unaltered.q, - " SK(H) 0.70+ 0.12 1.29+ 0.05

Remarkably, all the mutants, including ones with lowered activity, '

retained near-native HPG binding affinities as measured by a solid — — - o
aSpecific activity for the HPG activation was measured as detailed in

phase radio-assay emplowﬁ@sl-lapelgd HPG. o Materials and methods. Values shown are mean of at least three indepen-
The mutant SKD1) displayed kinetics of HPG activation that gent experiments. Dissociation constants were measured using solid phase

were distinctly different on a qualitative basis when compared toradio-assay employingl-labeled HPG.
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Fig. 2. Activation of substrate and partner HPG by mutant(BK). A: Varying concentration§4.3-12.7 nM of SK(D1) i.e.,
SKkkzse.257aa Were added to assay cuvette containing HPG and Chromozyme PL, and the activator activity of the mutant was
monitored spectrophotometrically as detailed under Materials and methods. The figure shows progress curves of HPG activation by
different amounts of SKD1), viz., 4.3 nM(open triangles 6.4 nM(closed circles 8.5 nM(open squargs10.6 nM(closed triangles

and 12.7 nM(open circles A control HPG activation reaction with 0.5 nH. coli-expressed, wild-type nStclosed squaress also
depicted.B: Generation of amidolytic activity in HPG by mutant 8B1). An equimolar mixture of either SD1) or nSK was

prepared with HPG5 uM each and the amidolytic activity generated in HPG was monitored by periodically assaying in a cuvette
containing 1 mM Chromozyme PL. The percentage of maximum amidolytic ability generated as a function of pre-incubation period
by either SKD1)-HPG[open trianglebor nSK-HPG complexefclosed squardss depicted. The maximum amidolysis generated by

nSK was taken as 100% to calculate the amidolytic activity.

barely one-twentieth as compared to nSK. The cause of this “laability to rapidly form a stoichiometric complex with HPG, or
tent” activation became apparent when the time course of amidogrossly undermined the ability of the complex, once formed, to
lytic activation by equimolar quantities of Q1) and HPG was initiate active site exposure in “partner” HPG. However, the ap-
examined(Fig. 2B), which clearly showed significantly slow ac- parent affinity of SKD2) for HPG, when determined by the solid
tivation kinetics in case of S{D1), with appearance of full ami- phase radioassay, was found to be virtually unalteeggproxi-
dolytic ability requiring 25—-30 min. On the other hand, nSK-HPG mately 1.5-fold decrease compared to n¥;= 1.8 nM), indi-
equimolar mixtures generated amidolytic activity rapidly, with sat- cating that its observed inability to activate equimolar zymogen
uration being attained within 7—8 min after initiation of the reac- did not emanate from a correspondingly lowered affinity between
tion. The much slower amidolytic activation suggested that thethe complexing partners. The survival of the capability in(BR)
delayed substrate HPG activation kinetics observed with this muto bind HPG was confirmed by examining the binding of this
tant likely arose from a slower exposymeaturation of the plas- mutant with HPG-agarose, which clearly demonstrated that this
min(ogen active site in the SKD1)-HPG activator complex. mutant could indeed bind with this affinity matrix in a manner that
was indistinguishable from that of nSKee Fig. 4B. These results
strongly indicated that the “biochemical lesion” in §B2) was

not an inability to stoichiometrically complex with HPG, but at the
post-complexation step of active site exposure in partner HPG. To
explore this further, we tested the ability of this mutant to give the
To further explore the role of the positively charged lysine residuesharacteristic “burst” of p-nitrophenol release with equimolar HPG
of native SK at positions 256 and 257, these were altered to neggfter reaction with the active site acylating agent, NAGBase &
atively charged glutamic acid residues by site-directed mutagenShaw, 1969 It is known that the SK-HPG virgin complex can
esis. The resultant mutaf8Kyyose 257e5 abbreviated SKD2)] undergo acylation at the cryptic active site with this “pseudo-
was purified, and its HPG activation as well as amidolytic activa-substrate” even before the conversion of the HPG to HPN, while
tion characteristics with equimolar partner HPG were examinedHPG or SK, individually, are unreactive with the reagévtClin-

The construct showed a highly diminished overall rate of HPGtock & Bell, 1971; Reddy & Markus, 1972; Wohl, 1984The
activation(Fig. 3A), which was determined to be500 I.U/mg, results(see Fig. 3B, insg¢tshowed clearly that S@2) failed to
which is roughly 200-fold lower than that of nSK, and nearly 10 show any significant release of p-nitrophenol, while a character-
times lower than that of SKD1). In addition, the progress curves istic burst was observed in case of nE6 well as with SKD1)],

of HPG activation generated with $R2) showed markedly prom- indicating that SKD2) could not engender a NPGB-reactive ac-
inent lag periodgFig. 3A) when compared to that of SK1) tive center in equimolar HPG.

(Fig. 2A). Also, unlike SKD1), SK(D2) showed much slower The presence of a distinct delay in the activation of partner
amidolytic activation with 1:1 molar HP@ess than 10% amido- HPG2, on the one hand, and the presence of a highly diminished
lytic activity as compared to nSK after 20 min; see Fig.),3B HPG activator activity in SKD2) prompted us to explore whether
suggesting that the substitution of negatively charged side chainthis phenotypic deficiency could be overcome by providing a “pre-
at positions 256 and 257 of SK had adversely affected the proteindormed” active site in the form of HPN. For this purpose, we added

Charge-reversal mutations at positions 256 and 257 in SK
drastically compromise the HPG activation as well as
amidolytic activation properties of the molecule
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Fig. 3. Activation of substrate and partner HPG by mutant(BR) and its rejuvenation in the presence of HEN.Substrate HPG
activation by SKD2) was assayed by adding varying concentrati@s.0.6 nM of the purified protein to assay cuvettes containing

HPG and Chromozyme Pisee Materials and methgd3 he figure shows the progress curves of HPG activation by different amounts

of SK(D2): 2 nM (open circleg 4.3 nM (closed triangles 6.4 nM (open squargs 8.5 nM (closed circley and 10.6 nM(open
triangles. A control HPG activation reaction with 0.5 nM wild-type n§&losed squaress also depictedB: Active site exposure in

HPG by SKD2). The generation of amidolytic activity in HPG by mutant @X) was monitored by mixing equimolar amounts of
SK(D2) or nSK and HPG(5 uM each and periodically assaying for amidolysis as detailed under Materials and methods and
Figure 2B. The figure shows the percentage of maximum amidolytic ability generated as a function of pre-incubation times by either
SK(D2)-HPG (open circley or nSK-HPG complexetclosed squargsinset: Active site titration of HPG on complexing with nSK,
SK(D1) or SK(D2) using NPGB. The generation of an active centre in “partner” HPG by nSK, or mutari®13kr SK(D2), was
monitored for release of a burst of p-nitrophenol as described under Materials and methods. The figure depicts the progress curves of
NPGB hydrolysis by nSK-HPGclosed squares SK(D1)-HPG (open trianglesor SK(D2)-HPG (open circles complexes and a

control reactior{closed trianglesfrom which SK was omitted, and a corresponding volume of buffer was added to the reaction mixture
containing all other componeni8: Enhanced HPG activation by mutant 8&2) in the presence of increasing amounts of HPN. The
effects of increasing amounts of added HPN to the HPG activation ability 6D3Kwas studied by adding 1 nM SK?2) to a reaction

mixture containing 1 mM Chromozyme PL,/M HPG and varying amounts of HP(prepared using immobilized urokinas&he

figure shows the resultant activation curves when 1 nM HENsed triangles 15 nM HPN (open squargsor 30 nM HPN((filled

circleg were used in the reactions, after subtracting their corresponding control curves containing HPG and varying amounts of HPN,
in the absence of SHD2). The HPG activation activity of 4 nM SHD2) using either HPG from which intrinsic HPN had been removed

by passage through STl-agardstsed square®r unpassaged HP@pen circlesare shown along with the activator activity of 1 nM
pre-formed equimolar SKD2)-HPN complex(open triangles

trace quantities of HPN into the PG activation reactions of[3R) ity was seen to be perceptibly decreased. These results clearly
and then measured the rates of HPG activation using the spectradicated that a rate-limiting factor in the generation of activator
photometric methodFig. 3C). The results demonstrated a remark- activity by SK(D2) was the conversion of the initial SB2)-HPG

able rejuvenation of PG activator activity in the reactions as acomplex to an enzymatically competent state possessing amido-
function of increasing HPN. By contrast, when the activation re-lytic and PG activation functions. This deduction was fully con-
actions were carried out using HPG preparations whose intrinsiirmed when SKD2) was pre-incubated briefly with equimolar
HPN content was decreased by passage through soybean trypsitPN, and the SKD2)-HPN complex assayed as before for acti-
inhibitor-agarosdsee Materials and methodshe activator activ-  vator activity in the presence of excess HPIGuM). In this case



2796 A. Chaudhary et al.

1600 A B
1.0 (a) 8 M Urea
1200
0.5
=
5 £
z o .
% 800 7 0.0
-
53 <
;g 2 1.0+ ®) 8 M Urea
E < "
° |
400
0.5+
0
T T L T T T L T v Ll oo T T T T T
0 1 2 3 4 5 6 0 3 6 9 12 15 18

5 PG (nM) Fraction number

Fig. 4. HPG-binding ability of charge-cluster mutants of SK. The binding isotherms of mutants. Either nSK or (8&kH) was
immobilized onto the wells of a polyvinyl microtitre plate and probed with varying concentratiofSIgiPG. The total radioactive
counts bound onto each well were subtracted from the counts in the control(imeldich no SK was immobilize and the data
plotted as a function of%-HPG concentration. The figure shows representative data obtained fofah®i¢d squar¢sand SKCFH)

(open circles The dissociation constants from such curtegan of at least three experiments were takeere then calculatetbee
Materials and methodlsB: Binding of SK mutants onto HPG-agarose. Affinity chromatography of either H&Kor the triple
charge-cluster mutant, SKFH) (B) was carried out on HPG-agarose columns and the specifically bound protein was eluted using 8 M
urea as described under Materials and methods. The binding profile obtained wit-BK(shown above iB) was closely similar

to that obtained with SKD2) (data not shown

(Fig. 30), a remarkably high activity was seen to be engenderedand 4, respectively. It is evident from these data that both mutants
However, we noticed that the specific activity of 862) com- possess near-native ability for HPG processing under substrate-
plexed with HPN, although considerably resuscitated, was stillsaturating conditions after being “partnered” with HPN. However,
perceptibly less than that of nSK-HPN, indicating that this mutantthe K,,, values for substrate HPG in case of @Xl) and SKD2)
despite being supplied with a fully formed active site, was still are approximately four- and eightfold higher, respectively, when
catalytically less active than nSK under the experimental condicompared to nSK. It is worth mentioning here that the mutation of
tions. Nevertheless, the foregoing results on the rejuvenation ofivo tandem lysine residué&K 272,273 situated close-by in the
SK(D2) with HPN clearly showed that a principal “block” in the beta domain, to alanine residues, had not resulted in any percep-
action of SK(D2) was at the level of the formation of a functional tible change in the biological activity of the resultant mutastse
activator after complexation with equimolar HPG. Table 2. Thus, these results strongly indicated that the two lysine
The steady-state kinetic parameters for the catalytic processing
of HPG and amidolytic peptide substrate by the equimolar com-
plexes of SKD1) and SK(D2) with HPN are presented in Tables 3

Table 4. Steady-state kinetic parameters for amidase activity
of equimolar complexes of mutant SK with HPN

Table 3. Steady-state kinetic parameters for HPG activation Ko Keat Kear/Km

by equimolar complexes of mutant SK and HPN Protein (mM) (min~1) (min~YmMm)
K Keat Keat/Km HPN 0.18+ 0.04 300+ 20 1,666.67

Activator protein (uM) (min~*) (min™%/uM)  nSK-HPN 0.55+ 0.02 378+ 10 687.27

SK(D1)-HPN 0.91+ 0.02 359+ 16 394.51

nSK-HPN 0.45+ 0.05 10.75+ 0.32 23.89 SK(D2)-HPN 0.80+ 0.10 351+ 14 438.75

SK(D1)-HPN 2.10+ 0.20 08.06+ 0.64 3.84

SK(D2)-HPN 4.00+ 0.10 09.68+ 0.51 2.42

aFor determination of the amidolytic parameters, SK-HPN were pre-
complexed in equimolar ratio and an aliquot of this mixture was assayed

aThe kinetic parameters for HPG activation were determined a€2% for amidolysis at varying concentrations of Chromozyme (Bée Mate-
detailed in Materials and methods. The data represent the mean of thre@l and methods The data represent the mean of three independent
independent determinations. determinations.
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residues at positions 256 and 257 are specifically involved in theants, and characterized with respect to their functional properties,
interaction of the SK-plasmiloger) activator complex with sub-  viz. amidolytic activation of equimolar HPG, as well as activation
strate PG. To further examine this aspect i.e., whether the observeaaf substrate HPG.
effect on substrate-activator complex interactions was position- The steady-state kinetic parameters for PG activation and ami-
specific, rather than that arising from reversing the charges of twalolysis for these constructs are shown in Tables 5 and 6, respec-
tandem residues in this segment of the primary structure of SKively. For a complete analysis, the results for the two double- and
leading to a general “charge-destabilization” of this segment, wdriple-site mutants are compared to nSK, on the one hand, and their
reversed the charges on two other such residids 262,263 single-site counterparts, viz., $&), SK(F), and SKH) on the
lying in the immediate vicinity of residues 256 and 257. The re-other. It is evident that the simultaneous presence of the three
sultant mutant(SKeeoe2.063cW Was then examined for its func- charge-cluster mutatiorigenerating a hexa-mutanirtually com-
tional properties after purification. The resulgata not shown  pletely abolishes the amidolytic and plasminogenolytic capabilities
revealed no perceptible alteration in the specific activity of its of the molecule, whereas the two-site charge-cluster mutants, viz.,
HPG activator activity nor its ability to activate zymogen, suggest-SK(CH) and SKFH) displayed significantly reduced HPG acti-
ing strongly that the two lysine side chains at positions 256 andsator activities compared to their respective single charge-cluster
257 were specifically involved in promoting the interaction of the “parents”(roughly one-fourth as compared to nSKn contrast to
activator complex with substrate PG. the triple-site mutant, the double-site mutants, namelyGK

In contrast to an increaséq, for substrate PG, thi€,, values of  and SKFH), were able to effect amidolytic activation in “partner”
the HPN complexes of S{D1) and SKD2) for the low-MW PG at rates slightly delayed as compared to that observed with nSK
amidolytic substratéChromozyme PLwere close to that of nSK, (data not shown However, once full amidolytic activation had
and the turnover ratel.o; values were also similar, suggesting occurred in the 1:1 complexes, the HPG activator activities engen-
that the basic characteristics of the HPN active site in terms of theidered were indistinguishable from those of their equimolar com-
ability to catalyze the scission of specific peptides, upon complexplexes with HPN Table 5. However, as the kinetic data in Table 5
ation with SK(D1) and SKD2), were unchanged. It should be demonstrate, the overall lowered HPG activator activky,) of
mentioned here that one prominent and easily detectable consthe double-site mutants owed its origin to an inherently less effi-
qguence of the binding of SK with HPN is a roughly fivefold cient processivity of substrate HPG. In contrast to mutantd 8K
elevation of itsK,,, for amidolytic substrates without a concomitant and SKD2), which had near-nativ¥,,. values for HPG process-
alteration of thek.,; values(Robbins et al., 1981 which has been ing but significantly enhanceld,, values, only marginal effects, at
interpreted to reflect a decreased accessibility of the substrate fdrest, were observed in th&, for HPG activation in case of these
the active center in the plasmin moiety of the activator complexmutants, viz., SKCH) and SK(FH). In the case of SKCFH), this
probably due to steric hindrance arising from SK binding in the parameter could not be determined because of its nonexisting ac-
vicinity of the active sitgWohl, 1984. The isolated SK3-domain tivator activity even when a functional partner in the form of HPN
(fragment 143-293also brings about a similar alteration K, was provided to make a 1:1 molar complex, and this complex used
values of HPN for the amidolytic substrate, as reported earliefor PG activator assays. Thus, a particularly notable feature of
(Nihalani et al., 199Y. Table 4 shows that both mutants, like nSK, these mutants, including the partially active double-site mutants,
brought about the characteristic increase inKhgfor amidolytic ~ was the absence of any rejuvenation of their HPG activation ca-
substrate over that of free HPN. These results indicated that despifbilities in the presence of equimolar pre-formed HPN, clearly
the alteration at residues 257 and 257 the binding of the mutantimdicating that the loss in their activities was not due to an inability
with HPN resulted in a native-like inhibition of the accessibility of to effect active site exposure in partner HPG.
the amidolytic substrate for the active site. To examine if the diminished PG activator activity of )
and SKFH), and the complete abolishment of HPG activator ac-
tivity in SK(CFH), arose from an intrinsic inability to bind with
HPG or a step subsequent to the formation of a 1:1 molar complex
with HPG, their binding behavior with the latter was studied by
solid phase radio-assay. The results showed that these mutants

The simultaneous introduction of multiple charge-cluster
to alanine mutation in the “core” region of th@-domain
destroys substrate processing and zymogen activation
properties without significantly affecting high-affinity
interactions of SK with partner PG

The single charge-cluster sites whose mutations had led to a de-

tectable reduction in terms of specific activities for HPG activa-apje 5. Steady-state kinetic parameters for HPG activation
tion in comparison to nSK, e.g., $&) and SKH) (see Table 2 py equimolar complexes of mutant SK with HPN
were then taken up for further mutagenic analysis by constructing

double charge-cluster SK mutants, viz., &) carrying four Km

keat/Km

at
simultaneous point mutations. Another double-site charge-clustefctivator protein (M) (min~1) (min~YuM)
mutant was also constructed that included, besides site “H”, an-
other charge-cluster mutatignamely, that in SKF); see Table 2 NSK-HPN 0.45+ 0.05 10.75+ 0.32 23.89
that had a relatively innocuous effect on the PG activator activitySK(CH)_|—|P'\I 0.50 0.07 2.36+0.41 4.73
SK(FH)-HPN 0.33+ 0.08 2.45+ 0.25 7.42

of SK. To explore a possible synergistic influence of these sites OI¥ i (CFH)-HPNP
the activity of SK, a triple-site mutant, abbreviated (8H), was

also constructedsee Materials and methods for the experimental &The kinetic parameters for HPG activation were determined as de-
strategy employexthat carried all three charge-cluster alterations scribed in Mate?ials and methods. The data represent the mean of three
simultaneously. All of these mutants were then expressed intrace|ngependent determinations.

lularly in E. coli, purified as before for single charge-cluster mu-  °No detectable activity, over controls, could be measured.
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Table 6. Steady-state kinetic parameters for amidase activity The double- and triple-site mutants were then assessed for their
of equimolar complexes of mutant SK with HPN amidolytic parameters to explore whether the reduced catalytic

efficiency of their HPN complexes for HPG substrate was reflected

_ Km Keat Keat/Kim in a similar change with respect to the small-MW amidolytic sub-

Protein (mM) (min™1) (min~YmM) .

strate as well(Table 6, presumably due to alterations brought
HPN 0.18+ 0.04 300+ 20 1,666.67 about in the active site of HPN. It was observed that, if anything,
nSK-HPN 0.55+ 0.02 374+ 10 680.00 the k.o for amidase activity had marginally increased as a result of
SK[C]-HPN 0.16+ 0.05 467+ 32 2,918.75 these mutations, indicating that the primary specificity of the HPN
SK[F]-HPN 0.60+ 0.06 462+ 29 770.00 active site was basically unaltered upon complexation with the
SK[H]-HPN 0.54+ 0.10 385+ 25 712.96 mutants. Remarkably, however, these mutants lacked an ability to
SK[CH]-HPN 0.19+ 0.03 561+ 36 2,952.63 effect an increase in th€,,, of HPN for the amidolytic substrate, a
SK[FH]-HPN 0.26+0.04 598+ 44 2,300.00 property that is characteristic of the binding of native SK with free
SKICFHI-HPN 0.25+ 0.07 274+ 13 1,096.00 HPN (Robbins et al., 1981; Wohl, 1984Thus, it appears that

these mutants, although exhibiting near-native affinities for HPG
#The amidolytic parameters were determined as outlined in Mate{Table 7, failed to engender the structural alterafigrin partner
rials ar_1d methods. The data represent the mean of three independepipG that result in a reduced access of the small-MW peptide
determinations. . . s } .
substrate to the active site due to steric hindrance. Interestingly, in
terms of this effect, the single-site charge cluster mutanf{,C3K
was similar to the double- and triple-site charge cluster mutants,
could bind with HPG with a high affinityTable 7; Fig. 4A, with  Whereas SKF) and SKH), like nSK, increased thiér, of HPN for
the dissociation constants of their 1:1 complexes with HPG con-‘""m'qOIyt'C.SUbStr"jlte . -,
tinuing to be in the nanomolar range despite the dotikifde site With a view toﬂexplorg W::e.thfrl the althered fur?ct_lona_lmes qf tl?e
mutatons I case of th e s muISSKICRE aelavely 19115 e efected et o chavacirtes i ey
modest_(approximately thr_eefql}j_redgctipn i_n a}ffinity _fc_)r HPG. recorded Theyspectrum for nSK \;vas closely similarpto the one
was evident. However, this diminution in binding affinity of this eported previously for this proteitRadek & Castellino, 1989

mutant does not appear to be commensurate with the drastic r .
duction in its biological activity. It may be mentioned that the latter _he_ C.D spectrum of S[CF.H) revea_led(Flg. .5) a remarkable
ilarity to that of the native protein, showing that the overall

was measured in the presence of HPG at concentrations seve%m.n of this mutant desnite the triole charae-cluster mutations
orders of magnitude higher than the nanomolar range of the dis- ng IS mu spi P ge-clu utations,

sociation constant between SK and HPG. The survival of a near> &> essentially prese_rved._ The spectra ol 8K, SK(CH), and
native avidity between SKCFH) and HPG was also confirmed SK(FH) were nearly identical to that of nSkdata not showpn
when the binding characteristics of this mutant onto HPG-agarose

was studied, which showed that 88FH) could indeed bind tightly

with the affinity matrix in a manner indistinguishable from that of

nSK (Fig. 4B). Similar results were obtained for the double charge-

cluster mutantgdata not shown These observations indicated that 3
the mutations in the core region of tifedomain had led specifi-
cally to a reduction in the ability of these proteins to process
substrate moleculdsind in case of SKCFH) and SK(D2), zymo-
gen activation of partner HPG as wiellithout significantly alter-
ing their ability to bind tightly with HPG to form the initial 1:1
complex.

1
=]
1

2

3

-3

[6] x 10” deg.cm".dmole’

Table 7. Dissociation constants for HPG-binding
by double- and triple-charge-cluster SK mutahts -6

Dissociation
constan{ K4] of
SK-HPG complex
Type of SK Short name (nM) -9

T T M L T 1 v T M T
Wild-type SK nSK 107+ 0.47 190 200 210 220 230 240 250
SKRE248.249AA. EK281.282AA SK(CH) 1.73+ 1.10 Wavelength (nm)
SKEk272.273A. EK281.282AA SK(FH) 129+ 0.15 Fio. 5. Far-UV CD ra of mutant SICFH). The fi h th
SK| . ) ) ) i SK(CFH 3.10+ 0.94 19. 5. Far- spectra of mutan . The figure shows the

RECID2AOAA, BIRTZZT3AN, BR23L262A0 ) far-UV CD spectra in the wavelength range of 197-250 nm as outlined

under Materials and methods. The curves shown are:(clised squares
aDissociation constants were measured using solid phase radio-assand SKCFH) (open circles The CD spectra of S&H) and SKCH)
employing'®-labeled HPG as detailed in Materials and methods. were found to be closely similar to that of $BFH).
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These results thus suggest the absence of grossly misfolded strudeavage by the active center of the activator compEsmon &
tures in the mutated SK derivatives. It should be mentioned, howMather, 1998; Wang et al., 1928In the present study, a direct
ever, that the native-like CD spectra do not necessarily rule out thexperimental evidence of the involvement of xelomain in such
presence of conformational alterations in the vicinity of the mu-a “protein cofactor mediated” catalytic assistance and substrate
tations since the spectral contributions arising from these changetocking mechanism for SK action is being reported.

could easily have been “averaged out” by the spectral contribu- Our mutagenesis studies show that the replacement of the two
tions emanating from the remainder of the molecule. tandem Lys residues at positions 256 and 257 in the core region
with either Ala or Glu residues drastically affects the HPG acti-
vation properties of the molecule. The involvement of these resi-
dues in SK functioning has been shown in an earlier study as well
Perhaps the most intriguing question associated with the mode dLin et al., 1998. In that study, the Lys residues were altered to Ala
action of PG activators in general, and the SK-plagogen ac- residues, and a decrease in HPG activation kinetics by the mutant
tivator complex in particular, is the structural basis of their inor- was noted. However, in the present investigation, by mutating the
dinately high substrate specificity. In the case of the latter, theysyl to glutamyl side chains, a structurally much more noncon-
identification of the mechanistg underlying the conversion of servative alteration, greater insight into the structure-function inter-
the relatively nonspecific, trypsin-like substrate specificity of plas- relationship of residues 256 and 257 could be obtained. The presence
min to that of a highly PG-specific protease upon complexing withof two consecutive negative charges at this locus turned out to be
SK still constitutes a challenge despite the recent availability of thenighly detrimental to the functioning of the molecule, which now
three-dimensional structure of the SK-human plasmin light chairshowed a very low overall HPG activation capability even though
complex(Wang et al., 1998 Conceptually, SK could produce a its apparent affinity for HPG to form a 1:1 complex was largely
change in the specificity of the plasnfogen active site by chang- unaffected. The slow activation kinetics of HPG by this mutant
ing its conformatiorigeometry per se, or by providing altered was attributable to a highly compromised ability for effecting zy-
secondary substrate binding subsi{88, S3, etd.into the active  mogen activation in partner HPG. In the case of the relatively less
center, or by improving substrate presentation, through a morerastic mutation KK256.257AASK(D1)], the property of zymo-
optimal docking, of PG at the active site. It is also possible thatgen activation was slowed to a great extent compared to the native
more than one of the above possibilities is operative together in thprotein. The underlying “biochemical lesion” that was caused by
functioning of SK. At present there is no direct evidence for themutation at Lys256 and Lys257 in SK, therefore, seemed to be
first two possibilities. However, the structure of the SK-plasmin related to the first stgg) after complexation with HPG that lead to
light chain complex strongly supports the third possibility, which the exposure of the active site in the latter. Therefore, when the
we had also advanced earlier on the basis of biochemical studiesharges of the two residues were revergasi in SKD2)], there
(Nihalani et al., 1998 that SK “switches” the substrate specificity was a highly enhanced delay in exposure of the active site in
of plasmin because the SK-plasriigen complex provides two  partner HPG .

substrate-specific sites for the optimal binding of substrate PG In the case of native SK, the nascent 1:1 SK-HPG complex is
onto the complex. Indeed, modeling studies using the crystal strudselieved to undergo a rapid conformational change to an “activat-
ture data on the SK-HPN light chain complékig. 6) indicate  ed” form that displays both amidolytic and esterolytic capability
several potential contacts in tiae andB-domains of SK between even before any proteolytic cleavage has taken place through a
docked substrate and the complex and that the SK-HPG interfagerocess that is presently unclg&smon & Mather, 1998 It also
provides a “near perfect” concavity for substrate positioning whereirremains unclear whether it is this “virgin” complex, or the SK-
the scissile peptide bond in the latter becomes ideally amenable tdPN complex(to which it rapidly converts that possesses the
earliest PG activator abilityDavidson et al., 1990; Shi et al.,
1993. Whatever the exact mechanism of this zymogen activation
in the SK-HPG complex, our results show that the complex be-
tween SKD2) and HPG is drastically compromised with respect
to this transformation, as indicated by an inability to participate in
the “NPGB burst” reaction and an enhanced delay in amidolytic
activation of partner HPG. However, the 1:1 complex of(BK)

with HPG was able to react with NPGB and also generate amido-
lytic activity albeit slowly (Figs. 2, 3. Thus, the rate-limiting
factor in the HPG activation process by these two mutants seems
to be a delay, to varying extents, in the generation of an amido-
lytically competent SK-plasmiimgen complex. Indeed, in perfect
accord with this proposed scenario, the apparent HPG activation
capability of both mutants increased dramatically once a “fully
mature” partner, in the form of HPN, was provided. The kinetic
analyses of the now “rejuvenated” activator complexesmed

Fig. 6. Stereo view of the SK-HPN light chain complex. The view is with HPN instead of HP(BreveaIed, however, that their interaction
shown as a € trace. TheB-domain of SK is seen to make relatively few with substrate HPG was significantly reduced, as indicated by a

COUBaCtSZ‘éVgh fHST- T(??hdi;t;;m;f ;hAoggéi g}ithgitl‘ggsgdﬂ?ﬁgms?;ce nearly fourfold increase, for HPG in the case of SKD1), and
residue 0 and the“Gato . . . .

this distance is in excess of 50 A, it is unlikely that, at least in this structure,a eightfold |ncreaset£_m in the case of SKD2). .
Lys256,257 will be close to the cleavage site unless large conformational OUr results on the involvement of Lys256 and Lys257 of SK in

changes in thgg-domain take placéadapted from Wang et al., 1998 substrate recognition represent the first experimental demonstra-

Discussion
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tion of the direct involvement of th8-domain in providing assis- mobility as evidenced by its large thermal factors probably due to
tance in the sequestering of substrate PG for processing by thihe absence of the kringlé¥Vang et al., 1998 In the SK-HPN
activator complex. These findings provide, at least in part, a ralight chain crystal structure, the tip of the disordered loop encom-
tionale for the observation that consequent to SK bindingKthe — passing residues 256—257 in falomain is more than 50 A away

of the HPN active site that is measurable in the millimolar rangefrom the Arg561 of the partner microplasmisee Fig. 6. Thus,

for unconstrained, small-MW substrates is found to be severalinless one invokes the possibility that tBelomain’s juxtaposi-
orders of magnitude lower when tested against HPG as substrat®n with the rest of the activator complex is actually different in
(Robbins et al., 1981 The complementary loci in substrate PG the full-fledged ternary complex, viz., HPG.SK.HPG, occupying
with which the side chains of residues 256 and 257 make contaaither a position more proximal to the active site area or indirectly
in this process of increasing the efficacy of enzyme-substrate ininfluencing the conformational changes leading to active site ex-
teractions, however, are presently unclear. The kringle domains gfosure, it is difficult to make more definitive deductions at this
HPG, due to the presence of lysine binding property in thesguncture regarding the structural basis of Lys256,257 in activating
structures, immediately offer themselves as probable candidatepartner HPG.

especially since these have been implicated clearly both in 1:1 Unlike the crystal structure of the SK-plasmin light chain com-
interaction between SK and HPG as well as in the interaction oplex, the X-ray diffraction data on the closely similar PG activator
the activator complex with substrate HPGhi & Wu, 1988;  protein, staphylokinas&SAK) complexed simultaneously with sub-
Conejero-Lara et al., 1998; Wang et al., 1998; Young et al., 1998 strate and partner HP®oth in the form of the HPN light chajn
However, precise structural information on this important aspect ippears to provide a better glimpse of the positioning of the sub-
sorely lacking at present, particularly as the recently publishedtrate with respect to the plasmin active site. Interestingly, SAK
X-ray diffraction data employed crystals of complexes betweendisplays a marked structural similarity to tlhedomain of SK

SK and microplasmin, which is devoid of the kringle domains (Wang et al., 1998 Besides this structural similarity, both SK and
(Wang et al., 1998 Our results, nevertheless, point unmistakably SAK have common functional similarities as well, in that both are
to a direct role of this region, in particular of the two lysine intrinsically inert bacterial proteins that activate PG “indirectly”
residues at position 256 and 257, probably in the docking of subby first forming proteolytically functional activator complexes with
strate PG during its conversion to prodgptasmin as a result of  partner plasmifogen. However, unlike SK, SAK requires a pre-
the highly specific proteolytic cleavage at the scissile peptide bondormed active site to generate a functional activator, whereas SK
by the SK-plasmifogen activator complex. The observation that can expose the active site in partner zymogen dire@@igllen
alterations in these residues lead to an apparent decreased substettal., 1993. The lack of a zymogen activation ability in SAK
affinity is entirely in keeping with this inference, even though the seems to be commensurate with its smaller sagproximately
identity of the complementary sif® in substrate PG with which  one-third of SK since it lacks the counterparts to tie and
these residues interact is presently unclear. In addition, these reg-domains that SK possesses. Besides the additional attribute of
idues seem to be important in the zymogen activation process amutocatalytic zymogen activation, the presence of all three domains
well. The molecular details of the process whereby SK binding toin SK confers a catalytic advantage onto this activator protein over
PG leads to active site exposure even before any proteolytic scisSAK, which is exemplified by the fact that the SK-HPN complex
sion has taken place has not been elucidated. Wang €288 possesses a substrate HPG turnover rate that is significantly higher
hypothesize that Lys698 of HPG, which is located close to thethan that of SAK-HPNRobbins et al., 1981; Radek et al., 1993
activation pocket, can replace theamino group of Val562Zhence,  The present study suggests that at least a major part of this addi-
forming the critical salt bridge to Asp740 during the zymogen tional “catalytic power” emanates from the crucial assistance in
activation procegsin the SK-HPG virgin complex. A mechanism substrate binding an@r docking that thg-domain provides, and
such as this, or alternate on@Ssmon & Mather, 1998; Khan & which probably plays a crucial role in enhancing overall substrate
James, 1998 presume an underlying conformational change in theprocessivity as well. The crystal structure of the SAK-plasmin
activation pocket of HPG subsequent to SK binding that activatesight chain complexed with substrate microplasnifarry et al.,

the hitherto latent active site without scissile peptide bond cleav1998 strongly suggests substrate docking, on the one hand, and
age. It appears that the placement of two negative charges at 25fibtle alterations of the secondary/S& subsites of the active
and 257 of SK strongly hinders this conformational change. At thecenter of plasmin by the bound SAK, on the other, as being re-
same time, the fact that the substitution of alanines instead o$ponsible for the switch in the substrate specificity of the bound
glutamic acid residues at these positions had a much milder effed¢PN. If one assumes that thedomain of SK retains a high level

on the zymogen activation ability of the molecule suggests that thef functional analogy with SAK, it should not seem surprising that
two Lys residues in nSK are not involved in zymogen activationthe intrinsic catalytic power of SAK is much less than that of SK
per se, since had it been otherwise, then irrespective of the type difecause it has to generate this activity entirely on its own while in
mutation, the effect would have been a drastic decrease in zymdhe case of SK, both the- and g-domains(and probably the
gen activation ability. Wang et al1998 suggest that the binding y-domain as we)linteract together to engender much higher rates
of the y-domain of SK to the autolysis loop region of HPG may of HPG activation. Our results demonstrate that at least one of the
cause the conformational change necessary to form a salt linkageajor factors behind the contribution of tffedomain toward the
between the Asp740 and Lys698 of HPG. An inspection of thehigher catalytic efficiency observed with SK-HPN arises directly
recently elucidated three-dimensional structure of the SK-HPNrom the locus encompassing the residues 256 and 257, since
light chain complexFig. 6) shows that residues 256 and 257 occur alterations of these residues led to a perceptible increasg for

in a highly flexible region of thg8-domain. This region is encom- substrate PG.

passed by a long loofresidues 248-259which was not observ- On the other hand, mutants altered simultaneously at several
able clearly in the experimental electron density map due taresidues around this sit@s in case of SKCH) and SKFH)]
positional disorder. Moreover, the-domain itself exhibits high  resulted not so much in an incread€g but in an overall reduced
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substrate processivitik..;) by their activator complexes. In case their 1:1 complexes with HPN signifies an altered mode of binding
of the triple charge-cluster mutant, 88FH), which did not dis-  of their 8-domain in the vicinity of the active site, which might be
play any significant ability to activate partner HPG, virtually no responsible not only for an improper positioning of substrate PG,
PG activator activity could be detected even when a preformedbut also in failing to recognize, to varying extents, the kringle-
active site, in the form of HPN, was supplied to form the 1:1 mediated structural changes that help in product release. In case of
partner. These mutants, including 8%H), appeared to be native SK(CFH), the impairment was not only at the level of HPG pro-
like by CD spectral analysis and showed dissociation constants faressing but in terms of zymogen activation as well, indicating that
HPG that, like that of nSK, were in the nanomolar range of con-the triple-site charge-cluster mutations had resulted in a relatively
centration. At first sight, the most straightforward explanation for greater structural destabilization in this segment of@khdgomain.

this phenomenon is that the charges in this segment interact dlndeed, the nearly two- to threefold decreased affinity of complex
rectly with residues involved in catalysis. However, this possibility formation observed with these mutants may signify a subtly altered
appears somewhat remote since khg values for amidolysis of mode of interaction with partner HPG due to local structural dis-
1:1 complexes of the mutants with HPN were not decreased, inditurbances, which might affect the catalytic properties of the com-
cating an essentially unaltered active site topology. Thus, as prealex without a concomitantly drastic decrease in the ability to form
viously discussed, a rational explanation of the lowdgggvalues  the stoichiometric activator complex. Thus, on the whole, the present
obtained with mutants S¢CH) and SK(FH) in the absence of any experimental observations suggest that gidomain of SK is
perceptible changes K., values cannot be forwarded at this junc- involved in both the docking of substrate PG and its release as
ture and will probably have to await the availability of future product.

crystallographic datdsuch as that gleaned from HPG.SK.HPG ltis intriguing that despite the six simultaneous point-mutations
ternary complexeoffering much greater structural detail than the in SK(CFH), its 1:1, high-affinity interaction with HPG was un-
one presently available. Thedomain in this structure has demon- changed, and its overall structure, as evidenced by CD, retained a
strably increased average thermal factor probably due to its emative-like folding. At first sight, this might appear to be at vari-
hanced mobility arising from an absence of stabilizing interactionsance with our earlier conclusions, based on a Peptide Walking
that are likely kringle-mediated. Nevertheless, despite the absen@pproach(Nihalani et al., 199¥, that this locus, besides partici-

of a directly verifiable structural explanation, it is tempting to pating in substrate recognition, is intimately involved in 1:1 inter-
speculate on possible alternate mechanisms that may help expla@ction between SK and HPG. In that study, partially overlapping
the observed results. Thus, one can envision a scenario of a proteipeptides derived from the sequence 230-290 of SK were found to
cofactor mediated catalysis wherein both substrate docking anuhhibit strongly the formation of a functional activator complex
product release are assisted through selective interaction of the Skhen added prior to complexation between equimolar SK and
of the activator complex with discrete structural elements, such aslPG. Conversely, peptides derived from the other regions of the
the kringles, in the substrate PG. The cardinal role played by th@-domain primary structure failed to show this effect. Although the
kringle domains of PG in substrate recognition by the activatorpresent study substantially validates our earlier conclusion that a
complex is evident from the observed decrease in microplasminsubstrate-specific binding locus is present in the region in and
ogen activation, which is devoid of kringles, by SEhi & Wu, around residues 250-270 of SK, an overt effect of the mutations in
1988; Shi et al.,, 1990 and also by the significant fall in the the 230—290 region on 1:1 interactions between SK and HPG was
formation of ternary complexHPG.SK.HPG in the presence of not detected. However, it is conceivable that intermolecular con-
e-amino-n-caproic acidyoung et al., 1998 an agent that binds to tacts other than those involving charged side chains are responsible
kringles and alters their conformational states. It is well recognizedor this high-affinity interaction. Indeed, a few distinct patches of
that the scission of the Arg561-Val562 peptide bond of HPG toclustered apolar residues are present in the core region of the
HPN generates a large conformational change in the latter, partig3-domain of SK, that are potentially capable of providing inter-
ularly in terms of the three-dimensional arrangement of the kringlemolecular hydrophobic contacts with similar residues in HPG. We
domains(Mangel et al., 1990; Marshall et al., 1994; Bock et al., have recently observed that alanine linker mutagenesis of these
1996. Thus, in this model, kringle-mediated recognition of the patches results in a drastic reduction in the activity of the mutants
substrate by the core region of tiledomain of the SK in the (A. Chaudhary & G. Sahni, unpubl. resylt§he detailed func-
activator complex would enhance enzyme-substrate collision antional effects of alterations, such as these or of other potential
docking, and following conversion of substrate HPG to HPN, thecontacts between SK and HPG as revealed by the recently pub-
facilitated release of the produgilasmin as well. The latter event lished X-ray diffraction data, are currently being investigated in
would accrue directly as a result of reduced affinity of the activatordetail. It is hoped that the availability of SK mutants specifically
for HPN consequent to conformational changes not only at theltered in terms of their 1:1 interaction with HPG, or with respect
active site but also in and around the interacting kritg)las well. to substrate angbr product affinity, or turnover rates, followed by
Thus, SK might serve to enhance the affinity of substrate-activatotheir high-resolution structural evaluation will pave the way for a
complex interactions by “exploiting” elements of the substrateclearer understanding of the molecular mechanism of SK action.
molecule that are destined to undergo the most prominent confor-

mational changes upon conversion to prod(eg., the scissile
peptide bond region itself and the kringle domain conformajions
so that the product can be released readily from the activato
complex upon completion of catalysis. Kringle 5 is closest to the
scissile peptide bond region and therefore a likely candidate meGlu-HPG was procured from Boehringer-MannheiMannheim,
diating this interaction. The fact that the two- and three-site chargeGermany. Where albumin-free HPG was specifically needed, Glu-
cluster mutants have impaired ability, unlike nSK, to effect theHPG was purified from human plasma by affinity chromatography
characteristic increase in th€, for the amidolytic substrate in on lysine-agarose in the presence of proteases inhibitors as de-

Materials and methods

Proteins and reagents



2802 A. Chaudhary et al.

scribed(Deutsch & Mertz, 1970 Both preparations contained less cluster siteqsee Fig. 1 mutated either to Ala residudésm most
than 2% of lys-HPG and less than 0.01% free HPN. Where neededases or, in a few instances, to a complementary side-chain to
HPG was converted to HPN by the action of agarose-immobilizeceffect charge-reverséé.g., Lys to Glu, and vice-vergawith each

UK (300 Plough unitémg Glu-HPQ in 50 mM Tris-Cl buffer,  mutant type representing the incorporation of two, four, or six
pH 8.0, containing 10 m¢mL HPG, 25 mML-lysine and 25%  simultaneous point mutations, respectively. In Table 1 are also
glycerol for 12 h at 22C. UK was covalently immobilized onto  shown the diagnostic R.E. sites introduced by translationally silent
cross-linked agaros&epharose 6B-CL; Pharmacia Ltd., Uppsala, mutagenesi§Raghava & Sahni, 1994n each primer to aid the
Sweden by reductive aminatior{Stults et al., 1989 Soybean screening of the clones. The sequence of the two flanking primers
trypsin inhibitor agarosé~3 mg STI/mL agarosg used to pre- (termed the “upstream” and “downstream” primeirs the ampli-
pare HPN-deficient HPG, and HPG-agargse2 mg HPGmL fication reaction are also shown. Each of these carried an internal
agarosg were also prepared by covalent immobilization of the R.E. site unique to the SK ORfs also to the plasmid pET&28-
respective proteins using reductive amination chemistry. The plasSK], viz., BseR | and Bsm | to facilitate the re-ligation of the
min content in HPG preparations, as well as the number of activenutant PCR blocks back into the SK ORF in the expression vector.
sites generated in HPN, were determined by active-site titration Briefly, the first PCRgto generate the different mutant megaprim-
with the acylating agent, NPGBVcClintock & Bell, 197). Pro-  ers were carried out in a volume of 1Q0L and containedfinal

tein concentrations were determined by the method of Bradfordeaction conditions are give200 M dNTPs, 100 ng of template
(1976. S. equisimilisSK (W.H.O. standard; 700 I.U. per vial DNA [pET23(d)-SK, the T7 polymerase based expression vector
used for the determination of specific activities of SK or its mutantin which the full-length SK gene had been cloned; see Nihalani
forms, was procured from National Institute of Biological Stan- et al., 1998 and references cited thetei20 pmol each of the
dards and Control, South Mimms, Hertfordshire, U.K. Chromo-mutagenic and downstream primers, 2.5 U of standard clpfied
genic plasmin substrate, tosyl-Gly-Pro-Lys-anili@&romozyme thermostable DNA polymerase, and 14 of 10X pfu reaction

PL) was obtained from Boehringer-Mannheim. The T7 RNA poly- buffer. The PCR cycling conditions were in accordance with the
merase promoter-based expression vector, pEl)23sed for the  denaturation temperatures of different primers, calculated using
intracellular expression of SK i&. coli,was a product of Novagen the computer program, Olig@ersion 4.0. In general, all reactions
Inc. (Madison, Wisconsin STI was procured from Sigma Chem- were started with a “hot start{94°C, 5 min), followed by a

ical Co.(St. Louis, Missoui. Thermostable DNA polymeraggfu) denaturation(94°C for 45 9, annealing(50°C for 1 min and

with proof-reading activity, plasmid Bluescript Il KS, afd coli extension72°C, 1 min phases. After a total of 30 cycles, a 10 min
XL-Blue were procured from Stratagene Irit.a Jolla, Califor-  period at 72C was given for a final extension of partially finished
nia). Restriction endonucleases and other enzymes used for rDNAaughter DNA molecules, and the reactions were terminated, and
experiments were procured from New England BioLé&Bsverly, then processed through Qiagen PCR purification columns. The
Massachusettor Promega Inc(Madison, Wisconsin Oligonu- relevant DNA cassettes were then purified by agarose gel electro-
cleotide primers were either synthesized in-house on an Applieghhoresis, by excising the required DNA band and further purifying
Biosystemgd Foster City, California DNA synthesizer model 492, by Qiagen gel extraction kit. The amplified DNAs was then used
or custom-synthesized by Ransom Hill Biosciences (Ramona, as megaprimers for a second PQRferred to as PCR-lleither
California). N-terminal protein sequencing was done on a Perkinwith wild-type SK gene as the template, or with full-length ex-
Elmer/Applied Biosystems sequencer, model 476 A. PCR-generatetended PCR products carrying different mutations as the template
DNAs from agarose gels, and plasmid DNAs were routinely pu-to generate double- and triple-charge cluster mutant Dktee
rified using kits from Qiagen Ind.Valencia, California (supplied  below). The full-length, extended DNA cassettes were then cloned
by Genetix Ltd., New Delhi, India Automated fluorescence-dye back into pET28d)-SK expression vector vector at the BseRI and
DNA sequencing was carried out on an Applied BiosystéPeskin- ~ Bsm | sites. The PCR-II pre-mixed00 uL) contained: 60 ng
Elmer DNA sequencer system, model 377 at the University oftemplatg pET23(d)-SK], 200uM dNTPs, 10uL of 10X pfubuffer,
Delhi, South CampuéNew Delhi, Indig. All other reagents used and varying concentrations of megaprimé290—600 ng The
were of the highest analytical grade available. mixes were held for 5 min at 9& (“hot start”) and the reaction
initiated with addition of 5.0 U opfu DNA polymerase per reac-
tion. This was followed by seven cycles of denaturat{A°C,

45 9 and extensiol(i72°C for 3 min) to ensure build-up of mutated
The cloning of the SK gene @&. equisimilistrain H46 A inE. coli strand DNA and to effect megaprimer extension. At the end of this
was carried out essentially by the approach of Malke and Ferretiphase of the PCR, 20 pmol of upstream primer was added, and
(1984, and the details regarding the construction of expressiorthermal cycling continued as follows, for 10 cycles:*@4for 45 s,
vectors have been described previoudhratap et al., 1996; Ni- 51°C for 1 min, and 72C for 1 min. After the last cycle, 20 pmol
halani et al., 1998 The different SK mutants were constructed by of downstream primer was added, and cycling continued as before
a PCR-based strategy, using the “megaprimer” method of oligofor 15 cycles, followed by a final extension at @ for 10 min.
nucleotide directed site-directed mutagenesis using one mutagenide extended PCR products04 bp were then purified on aga-
and two (common flanking primers(Sarkar & Sommer, 1990; rose gels and the DNA bands isolated after excision of gel blocks.
Smith & Klugman, 1997 followed by cloning into plasmid vectors These were digested with BseRI and Bsml restriction enzymes and
by standard methodologi¢Sambrook et al., 1989The sequences ligated with similarly digested pET28)-SK plasmid DNA, and

of the mutagenic primers used for the mutagenesis experiments at@nsformed intcE. coli XL-Blue electrocompetent cells. The de-
depicted in Table 1. The primers were designed to be complemersired clones were selected by screening mini-prep plasmid DNAs
tary to the known DNA sequence of the SK gene frBmequisi-  for the diagnostic R.E. sites incorporated through the PCR primers
milis (Malke et al., 198% A total of 13 SK mutants, of three (Table 1, and the positive clones were subjected to automated
distinct types were made viz., single-, double-, and triple-chargeddNA sequencing to confirm the incorporation of the desired mu-

Design and construction of SK mutants
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tation, as also to rule out the presence of any unwanted mutatiorsO M) in NaPQ, buffer, pH 7.2 over 20 min. Greater than 75%
due to the PCR amplification. For the construction of double andyield of SK activity, as compared to the preceding step, was ob-
triple charge-cluster mutants, the same overall strategy was folt@ained, and the SK eluted in and around a molarity of 0.3 NaCl in
lowed except that complementary megaprimers and templates wetke gradient. The SK was more than 95% pure at this stage. The
used for the extension step in the PCR-Il step e.qg., for the construenajor SK-containing fractions were pooled and stored-@0°C

tion of the double charge-cluster mutant &64s 248aa:Ex281.282a4 until analyzed. Overall recoveries were consistently 50—65%, yield-
the megaprimer carrying the mutations RE248.248AA was usedhg between 30—40 mg purified proteiiter of shake-flask grown
with the full-length extended PCR product carrying the mutationsculture. The purified proteins were subjected to N-terminal se-
EK281.282AA. Similarly, for the construction of the double charge- quencing, which showed an extra methionine residue at the
cluster mutant SKx272.273aa: Ex2s1.282a4 the extended PCR prod- N-termini, succeeded by the native sequence of SK.

uct containing the mutations EK281.282AA was employed as the

template, with the megaprimer carrying the mutations EK272.273AA L

used to prime the reaction at the PCR-II step. In case of the triplé:haracterlzatlon of SK mutants

charge-cluster mutant viz., Ri€248 248aa Ex272.2730AEK281.282241NE . oo
construction strategy was as follows. First, a megaprimer con- Assays for studying the activation of

taining the double charge-cluster mutations EK272.273AA and HPG by SK and SK mutants

EK281.282AA was constructed using as template the purified PCR A one-stage assay method was used to measure the kinetics of
product carrying the single cluster mutant EK281.282AA, and carHPG activation by SK or its mutantsVohl et al., 1980; Shi et al.,
rying out another PCR using the upstream primer bearing thé994. Purified SK or mutant SK0.5-50 nM were added to a
EK272.273AA mutation along with the downstream Bsmi-site con-100 uL quartz assay cuvette containing HRG uM) in assay
taining primer. This double charge-cluster megaprimer was thefuffer (50 mM Tris-Cl buffer, pH 7.5 containing 1.0 mM chro-
isolated, and used along with the full-length extended PCR produdiogenic substratéBoehringer-Mannheim The change in absor-
with the mutation RE248.248A4used as template in PCR)Jlto ~ Pance at 405 nm was then measured as a function oftirirea
generate PCR amplified DNA block containing three simultaneous>himadzu UV-160 model spectrophotometer at@2Appropriate
charge-cluster mutations. All the purified mutant PCR DNAs weredilutions of standard W.H.C5. equisimilistreptokinase were used
then digested with BSE Rl and Bsm | restriction enzymes, and®S reference for calibration of international upiitsy protein(spe-
cloned into similarly digested plasmid vector pET@BSK to ob-  Cific activity) in the unknown preparationéHeath & Gaffney,

tain the desired mutant SK clones. All mutations were confirmedl990. The activator activities were obtained from the slopes of
by DNA sequencing of the complete SK gene in the expressioﬁhe activation progress curves, which were plotted as change in
vector using the T7 promoter and terminator sequencer primer@Psorbancé againstt (Wohl et al., 1980

This also established the absence of any unwanted mutation intro-
duced in the SK gene during mutant construction particularly as a
result of the PCR amplification.

Amidolytic and esterolytic activation of
equimolar SKSK mutant-HPG complexes

HPG (final conc. 5.0uM) was incubated with 5.xM each of
SK or mutant SK at 22C in 50 mM Tris.Cl, pH 7.5, containing
0.5% BSA. The amidolytic activity was determined periodically
The native-like recombinant Skermed nSK or the various SK by transferring a suitable aliquot of the compléixal concentra-
mutants were expressed intracellularly Bn coli BL-21 (DE 3)  tion in reaction, 100 nNto a 100uL cuvette containing assay
cells after induction with 1 mM IPTG after initial growth until buffer along with 1 mM Chromozyme PL in a final volume of
mid-log phase, essentially as descriibihalani et al., 1998 The ~ 100 uL. The change in absorbance at 405 nm was monitored to
bacterial pellets obtained by centrifugation from 1 L shake flaskcompute the kinetics of amidolytic activati¢see Nihalani et al.,
cultures were suspended in 80 mL of 20 mM Namffer, pH 7.2, 1998 by plotting the slopes of the progress curves from the initial
and subjected to ultrasonication for 10 min with 30-s pulses withperiods(2—4 min as a function of pre-incubation times. The gen-
equal periods of rest, using a Heat Systéew York, New York eration of an NPGB-reactive active center by equimolay SK-
ultrasonic processer with a medium-sized probe. The lysates wer@utant and HPG was monitored at Z2 as described by Wohl
then processed for hydrophobic interaction chromatograph@) et al. (1980. The reaction was initiated by adding /& HPG
on phenyl-agaroséAffinity Chromatography Ltd., Isle of Man, (final concentrationto an assay cuvette containing buft@d mm
U.K.) as follows. After centrifugation at € at 12,000x g for ~ NaPQ, pH 7.2 and SK(5.5uM) and 100uM NPGB. The release
15 min, the supernatants were made 0.5 M in NaCl, and loade@f p-nitrophenol due to acylation of the active center was detected
onto a column of phenyl-agarogg X 10 cm in equilibrating by continuous monitoring at 410 nm.
buffer, viz., 0.5 M NaCl in 20 mM NaP©buffer, pH 7.2. The
column was then washed successively with five bed-volumes each Assays for determining the steady-state kinetic constants
of (in this ordey: equilibrating buffer, 20 mM Na-PO4 buffer, ~ for HPG activator activity of SK and SK mutants
pH 7.2, distilled water, and finally8 M urea. Nearly 90% of the To determine the kinetic parameters for HPG activation, fixed
loaded SK activity was recovered by elution with water, and theamounts of SK or SK mutarii to 10 nM) were added to a 100L
protein found to be more than 80% pure as judged by SDS-PAGEassay cuvette containing chromogenic subsithjeM ) and vary-
This fraction, pooled conservatively, was then loaded onto a Pering concentrations of HP®.035 to 2.QuM) and activator activity
septive Biosystem Poros-D anion-exchange coldiny 5 cm) in measured as described above. In cases where the kinetic constants
20 mM NaPQ, pH 7.2, on a Bio-Cad Sprint liquid chromatogra- of HPG activation of SKSK mutant-HPN complexes were to be
phy work station. The chromatographic elution was carriedaut measured, the respective equimolar SK-HPN complexes were
a flow rate of 1 ml/min) using a linear gradient of NaGD to formed immediately prior to the determination of HPG activation

Expression and purification of SK mutants
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as described, in a separate tube22°C) at a final concentration fuged at 10,00 g for 10 min, and the clear supernatants used for
of 0.2 uM in 50 mM Tris-Cl, pH 7.5, containing 0.5% BSA, recording the spectra. Appropriate buffer baselines were subtracted
and suitable aliquots were withdrawn for HPG activator assayin all cases. A mean residue weight of 114 for SK was (§atlek
using different final substrate HPG concentrations. The kinetic& Castellino, 1989, and the final spectrum was an average of 10
parameters for HPG activation were then calculated from inversescans.

Lineweaver—Burke plots by standard meth¢déohl et al., 1980,

Assays for determining the steady-state kinetic constants Acknowledgments

for amidolytic activity of SK and SK mutants This stud ed b s from the Deartment of Biotechmol
- ) ) is study was supported by grants from the Department of Biotechnology
The kinetic parameters of amidolysis by SK or SK mutants p g 1) and the Council of Scientific and Industrial Resea(€hS.|.R),

complexed with HPN were determined by precomplexing equi-Government of India. We are thankful to Dr. Amit Ghosh for encourage-
molar ratios of SK and HPN200 nM each at 22°C in 50 mM ment and support. The provision of a senior research fellowship to S.V. by
Tris-Cl, pH 7.5, containing 0.5% BSA. The amidolytic activity the C.S.L.R., and a Visiting Fellowship to A.C. by the D.B.T. is gratefully

- . . . acknowledged. We thank Ms. Paramijit Kaur for expert technical assistance.
was measured by transferring an aliquot of this mixture to a4100 We express our gratitude to Dr. P. Guptasarma for providing facilities for

assay cuvette containing buff&g0 mM Tris-Cl, pH 7.5 and vary-  ¢D measurements, and Dr. K.L. Dikshit for providing plasmid pJKD-55,
ing concentrations of the chromogenic substf@té—2.0 mM to used as the source of cloned SK gene for the construction of SK-expression
obtain a final concentration of 100 nM of the complex in the vector. The authors thank Dr. X.C. Zhang for providing access to the
reaction. The reaction was continuously monitored spectrophotggoordinates for their SK-microplasniingen crystal structure. This is com-

. . L munication number 0189 from the Institute of Microbial Technology.
metrically at 405 nm for 4-5 min. The kinetic parameters were
determined from Lineweaver—Burke plots by standard methods
(Wohl et al., 1980. In cases where kinetic constants were deter-References
mined for SK-HPG complexes, SI6K mutants were preincu-
bated with equimolar HPG and allowed to mature at@2ntil the ~ Bock PE, Day DE, Verhamme IMA, Bernardo MM, Olson ST, Shore JD. 1996.
generation of maximum amidolytic capability, and then transferred Analogs of human plasminogen that are labeled with fluorescence probes at

. o . the catalytic site of the zymoged.Biol Chem 2711072-1080.
to assay cuvettes as described above for the determination of aniradford MM. 1976. A rapid method for quantitation of microgram quantities of

dolytic parameters. protein utilizing the principle of protein dye bindinBiochemistry 7248—
254,
Measurement of dissociation constants Castellino FJ. 1981. Recent advances in the chemistry of the fibrinolytic system.

; ) Chem Rev 8%31-446.
Solid phase assays were performed using the procedure dehase T, Shaw E. 1969. Comparison of the esterase activities of trypsin, plasmin

scribed by Reed et al1995. Native SK or SK mutants were and thrombin on guanidobenzoate esters. Titration of the enzyBies.

. L . . . chemistry 82212-2224.
immobilized onto the wells of polyvinyl microtitre platésOStar’ Collen D, Schlott B, Engelborghs Y, Hoef BV, Hartmann M, Lijnen HR, Behnke

Cambridge, Massachusetts 75 uL of protein solution 5.Qg/mL D. 1993. On the mechanism of the activation of human plasminogen by
in 50 mM NaCQ-NaHCO; buffer, pH 9.5(binding buffey] after recombinant streptokinasé.Biol Chem 2683284-8289.

overnight incubation at %C. Into each well was then added 200 Conejero-_l_ara F, _Parrado J, Azuaga AI,_ Dobson CM, Ponting P. 1998. An_alysis
. . of the interactions between streptokinase domains and human plasminogen.
of a 1% (w/v) solution of BSA in PBS, pH 7.4. Plates were then 5. sci 72190-2199.

incubated fo 1 h at 4°C, following which 175uL /well of 129- Conejero-Lara F, Parrado J, Azuaga Al, Smith RAG, Ponting P, Dobson CM.
labeled HPG at different concentratio® pM—200 nM were 1996. Thermal stability of the three domains of streptokinase studied by

: : circular dichroism and nuclear magnetic resonaReetein Sci 52583—-2591.
added and incubated at@ for 1 h. The labeling of HPG was done Davidson DJ, Higgins DL, Castellino FJ. 1990. Plasminogen activities of equi-

by the lodogen methodFraker & Speck, 1978and the specific molar complexes with variant recombinant plasminogeBi®chemistry
activity of the labeled HPG was 338 10° cpm/mg. After adsorp- 29:3585-3590.
tion, the wells were aspirated and then washed twice with200 Deutsch DG, Mertz ET. 1970. Plasminogen: Purification from human plasma by

L affinity chromatographyScience 17(1095-1096.
of PBS containing 0.5% Tween-20. They were then cut and SubEsmon CT, Mather T. 1998. Switching serine protease specifisity. Struct

jected to gamma-counting on a Packard Cobra Autogamma counter. Biol 5:933-937.
Fay PF, Bokka LV. 1998. Functional analysis of the amino- and carboxy-termini
Binding of SK/SK mutants onto HPG-agarose of streptokinaseThromb Haemost 7985-991.

- - . Fraker PJ, Speck JC. 1978. Protein and cell membrane iodinations with a spar-
The binding characteristics of SK mutants with HPG-agarose  ngly soluble chioroamide 1,3,4,6-tetrachloro-3a,6a-diphenylglycdidk

was studied by loading-150 ng of either nSK or a mutant onto chem Biophys Res Commun:8#9-857.
the affinity matrix packedri a 1 mL bedvolume column equili- Heath AB, Gaffney PJ. 1990. A collaborative study to establish the second

. . . international standard for streptokina3éwromb Haemost 6267-269.
brated with 50 mM TrisCl, pH 7.5, essentially by the procedure ISIS-3. 1992. Third international study of infarct survival collaborative group.

described by Rodriguez et &.992. The column was then washed A randomized comparison of streptokinase vs tissue plasminogen activator
with five bed-volumes of equilibrating buffer. The loading and vs anistreplase and of aspirin plus heparin vs aspirin alone among 41,229

; ; ; ; o cases of suspected acute myocardial infarctidre Lancet 33953-781.
WaShmg steps were Camed.om in less. than 10 min. SpeCIflca”X(han AR, James NG. 1998. Molecular mechanisms for the conversion of zy-
bound protein was eluted Wit8 M urea in the same buffer. The mogens to active proteolytic enzymerotein Sci 7815-836.

chromatography was carried out &t@ The protein in each frac- LinL, Oeun S, Houng A, Reed GL. 1996. Mutation of lysines in a plasminogen

tion (0.75 mL) was then estimatetBradford, 1976. binding region of streptokinase identifies residues important for generating
a functional activator comple)Biochemistry 3516879-16885.
Malke H, Ferretti JJ. 1984. Streptokinase: Cloning, expression and excretion by
CD measurements Escherichia coli Proc Natl Acad Sci USA 835573561
Far-UV CD spectra of the proteins in the wave-length range ofMalke H, Roe B, Ferretti JJ. 19_85. Nucleotide sequence of the streptokinase
197-250 nm were recorded on a Jobin Yvon Auto Dicrograph _gene fromStreptococcus equisimilld46A. Gene 34357-362.

. . Malke H, Roe B, Ferretti JJ. 1987. Streptokinase: Expression of altered forms.
Mark-V model using a 0.1 cm path length cell, at protein concen- In: Ferretti JJ, Curtis R 1ll, edsStreptococcal geneticdVashington DC:

trations of 0.15 mgmL in PBS, pH 7.4. All samples were centri- American Society for Microbiology. pp 143-149.



Beta-domain mediated streptokinase-plasminogen interactions 2805

Mangel WF, Liu B, Ramakrishnan V. 1990. Characterization of an extremely =~ minogen binding region in streptokinase that is necessary for the creation of

large ligand-induced conformational change in plasmino@eience 248 a functional streptkinase-plasminogen activator compEBxchemistry
69-73. 34:10266-10271.

Marder VJ. 1993. Recombinant streptokinase: Opportunity for an improvedRobbins KC, Summaria L, Wohl RC. 1981. Human plasnviethods Enzymol
agent.Blood Coagul Fibrinolysis 4.039-1040. 80:379-387.

Markus G, Werkheiser WC. 1964. The interaction of streptokinase with plas-Rodriguez P, Fuentes P, Barro M, Alvarez JG, Munoz E, Collen D, Lijnen HR.
minogen: Functional properties of the activated enzytheBiol Chem 1995. Structural domains of streptokinase involved in the interaction with
239:2637-2643. plasminogenEur J Biochem 2283-90.

Marshall JM, Brown AJ, Ponting CP. 1994. Conformational studies of humanRodriguez P, Hernandez L, Munoz E, Castro J, Fuente J, Herrera L. 1992.
plasminogen and plasminogen fragments: Evidence for a third novel con-  Purification of streptokinase by affinity chromatography of immobilized

formation of plasminogerBiochemistry 333599-3606. acylated human plasminogeBiotechniques 1224—-427.
McClintock DK, Bell PH. 1971. The mechanism of activation of human plas- Sambrook J, Fritsch EF, Maniatis T. 1989olecular cloning: A laboratory
minogen by streptokinas&iochem Biophys Res Commun:@®4—702. manua) 2nd ed. Cold Spring Harbor, New York: Cold Spring Harbor Lab-

Nihalani D, Kumar R, Rajagopal K, Sahni G. 1998. Role of the amino terminal  oratory Press.
region of streptokinase in the generation of a fully functional plasminogenSarkar G, Sommer SS. 1990. “Megaprimer” method of site-directed mutagen-
activator complex probed with synthetic peptidEsotein Sci 7637—648. esis.Biotechniques 8104—407.
Nihalani D, Raghava GPS, Sahni G. 1997. Mapping of the plasminogen bindinghi GY, Chang B, Chen SM, Wu DH, Wu HL. 1994. Function of streptokinase
site of streptokinase with short synthetic peptid&®stein Sci 61284-1292. fragments in plasminogen activatioBiochem J 30235-241.
Nihalani D, Sahni G. 1995. Streptokinase contains two independent plasminogershi GY, Chang B, Wu D, Ha Y, Wu H. 1990. Activation of human and bovine
binding sitesBiochem Biophys Res Commun 21245-1254. plasminogens by the microplasmin and streptokinase complemb Res
Parrado J, Conejero-Lara F, Smith RAG, Marshall JM, Ponting CP, Dobson CM.  58:317-329.
1996. The domain organization of streptokinase: Nuclear magnetic resoShi GY, Chang B, Wu D, Wu H. 1993. Interaction of immobilized human
nance, circular dichroism, and functional characterization of proteolytic ~ plasminogen with streptokinaggiochem Biophys Res Commun 1%®2—-200.
fragments Protein Sci 56930-704. Shi GY, Wu HL. 1988. Isolation and characterization of microplasminogen.
Parry MAA, Fernandez-Catala C, Bergner A, Huber R, Hopfner K-P, Sclott B, J Biol Chem 26317071-17075.
Guhrs K-H, Bode W. 1998. The ternary microplasmin-staphylokinase- mi- Smith AM, Klugman KP. 1997. “Megaprimer” method of PCR-based mutagen-
croplasmin complex is a proteinase-cofactor-substrate complex in action. esis: The concentration of megaprimer is a critical facBiatechniques

Nature 5917-923. 22:438—442.

Pratap J, Kaur J, Rajamohan G, Singh D, Dikshit KL. 1996. Role of N-terminal Stults NL, Asta LM, Lee YC. 1989. Immobilization of proteins on oxidized
domain of streptokinase in protein transp@&@ibchem Biophys Res Commun cross-linked Sepharose preparations by reductive aminatized. Biochem
227:303-310. 180:114-119.

Radek JT, Castellino FJ. 1989. Conformational properties of streptokihBsa. Wang X, Lin X, Tang J, Zhang X. 1998. Crystal structure of the catalytic domain
Chem 2649915-9922. of human plasmin complexed with streptokinaSeience 281662-1665.
Radek JT, Davidson JD, Castellino FJ. 1993. Streptokinase—plé&syein ac- Wohl RC. 1984. Interference of active site specific reagents in plasminogen-

tivator assaysMethods Enzymol 22B45-155. streptokinase active site formatioBiochemistry 283799-3804.

Raghava GP, Sahni G. 1994. GMAP: A multi-purpose computer program to aidVohl RC, Summaria L, Robbins KC. 1980. Kinetics of activation of human
synthetic gene design, cassette mutagenesis and the introduction of potential plasminogen by different activator species at pH 7.4 and 37 Biol Chem

restriction sites into DNA sequenceBiotechniques 18116-1123. 255:2005-2013.
Reddy KNN, Markus G. 1972. Mechanism of activation human plasminogen byYoung KC, Shi GY, Wu DH, Chang LC, Chang BI, Ou CP, Wu HL. 1998.
streptokinaseJ Biol Chem 2471683-1691. Plasminogen activation by streptokinase via a unique mechadigsiol

Reed GL, Lin LF, Parhami-Seren B, Kussie P. 1995. Identification of a plas- Chem 2733110-3116.



