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The 3 domain of streptokinase is required for plasminogen activation and contains a region of sequence
diversity associated with infection and disease in group A streptococci. We report that mutagenesis of this
polymorphic region does not alter plasminogen activation, which suggests an alternative function for this

molecular motif in streptococcal disease.

Streptokinase (SK) is a plasminogen activator secreted by
group A, C, and G streptococci. SK contributes to streptococ-
cal virulence by generating plasmin, which leads to bacterial
spread from a primary focus of infection by causing fibrinolysis
and degradation of extracellular matrix and basement mem-
brane components (6, 16). Plasmin also induces inflammation
via complement activation, which may play a role in postinfec-
tious diseases, such as glomerulonephritis (12).

The extent to which SK is involved in streptococcal patho-
genesis may depend on structural differences among SKs. SK is
a 414-amino-acid (aa) protein composed of three structural
domains: « (aa 1 to 150), B (aa 151 to 287), and y (aa 288 to
414) (19). The highly conserved (=85% sequence identity) o
and y domains provide most of the contact sites with the
plasmin moiety (2, 19) and exhibit a synergistic effect on plas-
minogen activation (9). The B domain provides no direct con-
tact sites with the plasmin active-site moiety, yet it is required
to dock plasminogen via a kringle-binding surface-exposed
hairpin loop (termed the 250-loop) between residues 251 and
262 (Fig. 1A) (1, 18). In contrast, a region between amino acids
144 and 218 which spans the second structural loop of the 3
domain (170-loop) (Fig. 1A) is the major focus of sequence
heterogeneity (4), yet its function is unknown. The side chains
of nonconserved amino acids within this heterogenous loop are
oriented towards the surface, away from the side that faces the
plasmin moiety of the activator complex (18).

This suggests that SK polymorphism may not be directly
engaged in plasminogen binding and activation but instead
may determine biological properties related to disease. Previ-
ous studies have linked sequence patterns within this polymor-
phic motif to specific strains of group A streptococci (GAS)
that cause acute poststreptococcal glomerulonephritis (APSGN)
(10). Also, phylogenetic analysis of B-domain sequences re-
veals a strong linkage disequilibrium (P << 0.01) with plas-
minogen-binding group A streptococcal M protein (PAM) in
strains that exhibit tissue tropism to the skin (5). Considering

* Corresponding author. Mailing address: Dept. of Microbiology
and Immunology, New York Medical College, Valhalla, NY 10595.
Phone: (914) 594-4180. Fax: (914) 594-4176. E-mail: sergio_lizano
(@nymc.edu.

4451

the fact that both SK and PAM cooperate to enhance strep-
tococcal virulence through plasminogen activation (15), the
specific association between B-domain polymorphism and tis-
sue tropism further supports a role of this motif in disease.
Despite these associations, the biological significance of se-
quence polymorphism in SK remains unknown. Studies on
SK structure and function have focused entirely on therapeutic
SK from a nonpathogenic group C streptococcus and have not
considered the role of sequence polymorphism of the B do-
main on plasminogen activation (1, 2, 9, 18, 19). In an attempt
to begin addressing the biological importance of structural
heterogeneity in SK, we tested whether the removal or ex-
change of the major polymorphic region in the § domain had
any effect on the activation of plasminogen. SK DNA from
group A Streptococcus pyogenes strains NZ131 (serotype M49)
(3) and SF13013 (serotype M1) (17) and group C Streptococcus
dysgalactiae subsp. equisimilis H46A (11) was amplified by
PCR, cloned, and expressed in Escherichia coli DH5«a as pre-
viously described (8). Internal deletion of most of the B do-
main (aa 124 to 237)-encoding region was achieved by restric-
tion digestion of cloned ska from strain SF13013 with Accl and
Spll, followed by ligation with a double-stranded DNA linker
encoding an unrelated 14-amino-acid spacer (FADKDDSTH
DNDIF). The resulting recombinant protein was tested for
plasminogen activation in comparison to that of full-length SK.
Proteins (1 pg) were run on sodium dodecyl sulfate-polyacryl-
amide electrophoresis gels, electroblotted onto nitrocellulose,
and overlaid on agarose gels containing Glu-plasminogen (20
pg/ml) and plasmin-specific peptide substrate H-p-Val-Leu-
Lys-p-nitroanilide S-2251 (100 pg/ml). Amidolytic activity re-
sulting from release of p-nitroanilide was detected by the solid-
phase method of Kulisek et al. (7) (Fig. 1B). Results indicated
that the internal-deletion mutant is capable of forming active
complexes with plasminogen. This result was further confirmed
by testing whether SK fragments a1-123 (consisting of aa 1 to
123 of the a domain) and B-y238-414, which lack the polymor-
phic sequence, were capable of activating plasminogen. These
fragments were constructed from H46A SK DNA by using orig-
inal end primers (11) plus 5'-TCAAGGTTGGGTCGGCAA
GGTTACCGA (reverse, bp 448 to 471) and 5'-CGTACGAT
TTTACCAATGGA (forward, bp 772 to 791), respectively.
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FIG. 1. Effect of deletion of the SK polymorphic region on plasminogen activation. (A) Location and alignment of the polymorphic region of
the B domain of SK. Domain boundaries and amino acid numbering are based on the crystal structure of SK from S. dysgalactiae subsp. equisimilis
H46A (group C) (19); surface-exposed 170- and 250-loops of the B domain are indicated (18). Dots represent identical residues. National Center
for Biotechnology Information sequence accession numbers are as follows: for GAS strain NZ131, S04168; for GAS strain SF13013, P10520; and
for H46A, CAAS51351. (B) Activation of plasminogen on 1% agarose gel overlaid with blots of sodium dodecyl sulfate-polyacrylamide gel
electrophoresis-separated full-length SK and SK mutant with aa 124 through 237 deleted (SKA124-237) by solid-phase conversion of amidolytic
substrate S-2251 according to the method of Kulisek et al. (7). The change in molecular mass is noted on the left. (C) Plasminogen activation by
recombinant SK fragments lacking the polymorphic region of SK as measured by release of p-nitroanilide from substrate S-2251 after 5 min of
incubation. Data were measured in triplicate and results were normalized to percent total activity by full-length SK.

Individual or equimolar mixes of recombinant SK constructs
(without glutathione S-transferase fusion) representing SK res-
idues 1 through 123 and 238 through 414 in a volume of 200 .l
were incubated with Glu-plasminogen (final concentration,
100 nM) for 5 min at 25°C on 50 mM Tris-Cl, 100 mM NaCl,
pH 7.4, in microtiter plates (8). A volume of 20 pl of substrate
S-2251 (500 wM) was added, and amidolytic activity was mea-
sured by the release of p-nitroanilide after 5 min of incubation
at 405 nm. Data were measured in triplicate, and results were
normalized to percent total activity by full-length SK (Fig. 1C).
These results confirm that, while fragments from the « and +y
domains (and the kringle-binding loop of the f domain) com-
plement each other to form active complexes with plasminogen
as previously described, such activation does not necessitate
the 113-residue sequence that includes the polymorphic se-
quence of SK and the 170-loop of the B domain.

Finally, to test whether the structural composition of the
polymorphic region influences the plasminogen activation ki-
netics of SK, chimeric SKs were constructed by exchange and
cross-ligation of Accl/Spll DNA digests encoding the 3124-237
fragment between cloned SF13013 and NZI131 ska genes.
These genes were chosen because they share <50% sequence
identity within this region (4, 10) and, while the NZ131 SK has
been specifically linked to streptococcal disease (acute post-
streptococcal glomerulonephritis) (12), SK of strain SF13013
has no pathogenic association and shares >90% sequence
identity with the polymorphic region of the nonpathogenic SK
from group C strain H46A (4). Equimolar SK-plasminogen
complexes (final concentration, 40 nM) were formed by pre-
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FIG. 2. Effect of exchange of the polymorphic region of SK on
plasminogen activation. (A) Exchange of residues 124 through 237
between SKs from GAS strains NZ131 and SF13013. The unique
restriction sites used for sequence exchange are indicated in parenthe-
ses. (B) Plasminogen activation (solid phase [7] and steady-state ki-
netics [20]) by wild-type and chimeric (SF2 and NZ2) SKs; H46A is
native, commercial SK (Kabi, Sweden). Electrotransfer differences
across the blot may account for variations in band intensity.
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incubation on 50 mM Tris, 100 mM NaCl, pH 7.4, in a 400-ul
volume for 5 min on ice, followed by transfer to a 1-cm-path
quartz cuvette containing 100 wl S-2251 (500 uM), and mon-
itored at 405 nm for 5 min at 37°C. Initial reaction rates were
obtained by plotting the change in A4,ys/min? the apparent
Michaelis-Menten constant and the catalytic rate (k.,,) were
calculated from data fitted to a hyperbolic curve as previously
described (20). Figure 2 shows that native and chimeric SKs
convert substrate S-2251 on the solid-phase activation assay.
Also, all amidolytic rates were comparable to those of the
prototype SK from H46A, indicating that sequence polymor-
phism in the B domain does not affect the activity of the
complex.

Collectively, these results demonstrate that the main deter-
minant of structural diversity among SKs that activate human
plasminogen is nonessential for forming an active complex with
this zymogen. However, its function remains to be determined.
It is possible, in accordance with evidence that this polymor-
phic region is located on a superficial loop in the 8 domain
(18), that this motif may interact with other host or strepto-
coccal components. This would explain the reported associa-
tions between SK and APSGN (12) or the observed skin tissue
tropism in certain GAS isolates (5). SK from nephritis-associ-
ated strain NZ131 exhibits an increased affinity to glomeruli
compared to SK from nonpathogenic group C strain H46A
(14), and replacement of the SK gene of NZ131 with that of
H46A significantly reduces the nephritogenicity of the strain
(13). As the B-domain polymorphic sequence is the primary
source of sequence divergence between the two SK genes, such
heterogeneity may account for the differential affinities to glo-
merular tissue and thus explain why APSGN develops in some
cases. Ongoing studies are aimed at addressing the specific role
of the B variable region in streptococcal pathogenesis.
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