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Skizzle Is a Novel Plasminogen- and Plasmin-binding Protein
from Streptococcus agalactiae That Targets Proteins of
Human Fibrinolysis to Promote Plasmin Generation™

Received for publication, January 25, 2010, and in revised form, April 6, 2010 Published, JBC Papers in Press, April 30,2010, DOI 10.1074/jbcM110.107730
Karen G. Wiles', Peter Panizzi’, Heather K. Kroh, and Paul E. Bock®
From the Department of Pathology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232

Skizzle (SkzL), secreted by Streptococcus agalactiae, has mod-
erate sequence identity to streptokinase and staphylokinase,
bacterial activators of human plasminogen (Pg). SkzL binds
[Glu]Pg with low affinity (K, 3—16 um) and [Lys]Pg and plasmin
(Pm) with indistinguishable high affinity (K, 80 and 50 nm,
respectively). Binding of SkzL to Pg and Pm is completely lysine-
binding site-dependent, as shown by the effect of the lysine ana-
log, 6-aminohexanoic acid. Deletion of the COOH-terminal
SkzL Lys*!® residue reduces affinity for [Lys]Pg and active site-
blocked Pm 30-fold, implicating Lys*'® in a lysine-binding site
interaction with a Pg/Pm kringle. SkzL binding to active site
fluorescein-labeled Pg/Pm analogs demonstrates distinct high
and low affinity interactions. High affinity binding is mediated
by Lys*!®, whereas the source of low affinity binding is unknown.
SkzL enhances the activation of [Glu]Pg by urokinase (uPA)
~20-fold, to a maximum rate indistinguishable from that for
[Lys]Pg and [Glu]Pg activation in the presence of 6-aminohex-
anoic acid. SkzL binds preferentially to the partially extended
B-conformation of [Glu]Pg, which is in unfavorable equilibrium
with the compact a-conformation, thereby converting [Glu]Pg
to the fully extended y-conformation and accelerating the rate
of its activation by uPA. SkzL enhances [Lys]Pg and [Glu]Pg
activation by single-chain tissue-type Pg activator, ~42- and
~650-fold, respectively. SkzL increases the rate of plasma clot
lysis by uPA and single-chain tissue-type Pg activator ~2-fold,
confirming its cofactor activity in a physiological model system.
The results suggest a role for SkzL in S. agalactiae pathogenesis
through fibrinolytic enhancement.

Group B streptococci (GBS)* cause severe diseases, including
sepsis, meningitis, arthritis, and endocarditis in neonates and
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immune-compromised patients (1, 2). Streptococcus agalactiae
serotype V is emerging as an invasive GBS pathogen with par-
ticular morbidity and mortality in neonates (3-5), but the
mechanism of GBS pathogenesis is not fully understood. Unlike
group A, C, and G streptococci, GBS does not express strep-
tokinase (SK), a pathogenicity factor in group A streptococcal
infection (6). Activation of the fibrinolytic system is a mecha-
nism of bacterial pathogenesis employed by many bacteria
through expression of cell-surface plasminogen (Pg)-binding
proteins and the secretion of Pg activators. In this mechanism,
aberrant up-regulation of the fibrinolytic system increases plas-
min (Pm) generation, which degrades fibrin and extracellular
matrix to disseminate the bacteria through soft tissue (7). Acti-
vation of Pg on the cell surface through Pg-binding proteins,
such as Pg-binding group A streptococcal M-like protein
(group A, C, and G streptococci), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; group A—C streptococci), and a-eno-
lase (group A and B streptococci), results in coating of the cell
surface with Pg or active Pm (8 —12). A recent study indicated
that Pg activation on the surface of S. agalactiae occurs through
the GAPDH-bound Pg complex, facilitating GBS virulence and
promoting bacterial dissemination in a murine model (10).
Secreted Pg-activating proteins, such as SK and staphylokinase
(SAK), are not enzymes themselves but form complexes with Pg
or Pm to enable proteolytic Pm generation. This proteolysis can
occur locally on bacterial cell surfaces through Pg-binding pro-
teins or systemically by the free, secreted Pg activators in the
vascular system. Although complete proteomic functional
studies have not been performed, to date there are no known S.
agalactiae secreted proteins with established human fibrino-
lytic activity.

Genomic sequencing of an S. agalactiae serotype V clinical
isolate (2603 V/R) revealed 2175 predicted genes (13), including
NP _688136.1, which corresponds to a novel protein of
unknown function, subsequently named skizzle (SkzL). SkzL
has 22% sequence identity to SK from Streptococcus equisimilis

minal 77-residue PAN module; Pm, [Lys]plasmin; uPA, high molecular
weight urokinase; sctPA, single-chain tissue-type plasminogen activator;
FFR-CH,Cl, p-Phe-Phe-Arg-CH,Cl; [5F]FFR-[Glu]Pg, [5F]FFR-[Lys]Pg, and
[5F]IFFR-Pm, [Glu]Pg, [Lys]Pg, or Pm labeled at the active site with 5-
(iodoacetamido)fluorescein attached to the thiol generated on
N<-[(acetylthio)acetyl]-D-Phe-Phe-Arg-CH,Cl; 6-AHA, 6-aminohexanoic
acid; pNA, para-nitroaniline; VLK-pNA, p-Val-Leu-Lys-p-nitroanilide; pyro-
EPR-pNA, pyro-Glu-Pro-Arg-pNA; LBS, lysine-binding sites; [5F]-SkzL, SkzL
labeled at Cys*?® and Cys*®' with 5-(iodoacetamido)fluorescein;
SkzLAK415, skizzle lacking the COOH-terminal Lys*'® residue; tPA, tissue-
type plasminogen activator; PAN, Pg/apple/nematode.
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and pyogenes, 33% to SAK from Staphylococcus aureus, and 24%
to PauB, a bovine Pg activator from Streptococcus uberis (14). In
studies of genomic sequence diversity, SkzL (protein unnamed,
gene name sk1A2) had weak similarity to SAK and SK (4). SAK,
SK, and PauB facilitate the conversion of Pg into Pm, albeit
through different mechanisms.

Native [Glu]Pg, the form circulating in blood, consists of an
NH,-terminal PAN (Pg/apple/nematode) module, five kringle
domains, and a serine proteinase catalytic domain. Kringles 1,
4,and 5 contain lysine-binding sites (LBS) with moderate to low
affinity for L-lysine and higher affinity for the lysine analog
6-aminohexanoic acid (6-AHA) (15-20). Following cleavage by
Pm, the NH,-terminal 77-residue PAN module of [Glu]Pg is
released to yield [Lys]Pg (18). As a result of the NH,-terminal
PAN module interaction with kringle 5, [Glu]Pg is stabilized in
the compact a-conformation by physiological concentrations
of chloride ion (21, 22). The a-conformation of [Glu]Pg, how-
ever, is in equilibrium with a low concentration of a partially
extended B-conformation governed by the chloride ion con-
centration (17, 22-25). Lacking the PAN module, [Lys]Pg
adopts the B-conformation in the absence or presence of chlo-
ride ion (22, 26). Upon low affinity binding of lysine analogs,
such as 6-AHA to kringles 4 and 5, both [Glu]Pg and [Lys]Pg
assume the fully extended y-conformation (22, 23, 26 —32).

Proteolytic Pg activation occurs through cleavage of the
Arg®®'—Val®®? peptide bond in the catalytic domain to form
Pm. SK activates Pg through a conformational, nonproteolytic
molecular sexuality mechanism (33-38). The SK NH, terminus
inserts into the NH,-terminal binding cleft in the Pg catalytic
domain, inducing a conformational change to form a functional
active site capable of proteolytically activating substrate Pg
molecules (34 —41). Binding of Pg as a substrate occurs through
LBS interaction between kringle 5 and residues Arg**®, Lys>>®,
and Lys**” in the 250-loop of SK (42). SAK facilitates activation
of Pg in the presence of catalytic concentrations of Pm. Binding
of SAK to Pm changes the substrate specificity of Pm, allowing
activation of Pg (43— 45). PauB and its homolog PauA appear to
follow a mechanism similar to SK, including formation of a
nonproteolytically activated Pg complex, followed by proteoly-
sis of substrate molecules of Pg but are specific for activation of
bovine Pg (46 —50).

Human Pg is proteolytically activated endogenously by either
of two activators, urokinase and tissue-type plasminogen acti-
vator (tPA). High molecular weight single-chain urokinase
(uPA) contains a catalytic domain in the COOH-terminal
region and an epidermal growth factor domain and one kringle
domain in the NH,-terminal region (51, 52). The epidermal
growth factor and kringle domains are liberated by cleavage at
Glu'**-Leu'** by the metalloproteinase, pump-1, to form low
molecular weight urokinase (52). Single-chain urokinase is con-
verted to the more enzymatically active form, two-chain uroki-
nase, through cleavage of Lys'*®*~Ile'*® in the catalytic domain
by Pm or kallikrein (51-55). The low activity zymogen-like
form of tPA, single-chain tPA (sctPA), is a 70-kDa protein that
is cleaved by Pm at Arg®”°~Ile*”® to form the more active two-
chain tPA (56). One structural difference between tPA and uPA
is the presence of a second kringle domain in tPA containing an
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LBS with high affinity for lysine, 6-AHA, and fibrin fragments
(57, 58).

The modest sequence identity between SkzL and SK includes
conservation of the NH,-terminal (Ile'-Ala®>~Gly®) residues
and the COOH-terminal Lys*'® residue (Lys*'* for SK) required
for SK-induced Pg activation (36 —39, 59). Despite the presence
of these residues and predicted secondary structure similarity
to SK, SkzL could not be shown to activate Pg to Pm, confor-
mationally or proteolytically, in the absence or presence of cat-
alytic concentrations of Pm. The conservation of the COOH-
terminal Lys residue suggested a potential binding interaction
of SkzL with the LBS of a Pgand Pm kringle. The present studies
were undertaken to characterize the binding interactions of
SkzL with Pg and Pm and to elucidate its function as a potential
fibrinolytic cofactor of uPA- and sctPA-catalyzed Pg activation.
The studies show that SkzL is secreted from S. agalactiae sero-
type V and binds both Pg and Pm in a LBS-dependent manner,
primarily through Lys*'”. SkzL enhances uPA-catalyzed activa-
tion of [Glu]Pg by facilitating its conversion from the compact
a-conformation to the fully extended y-conformation, and it
enhances uPA-mediated plasma clot lysis. SkzL also enhances
[Glu]Pgand [Lys]Pg activation by sctPA and plasma clot lysis by
sctPA. To our knowledge, SkzL is the first secreted protein from
S. agalactiae to be identified that usurps the human fibrinolytic
system, presumably to enable dissemination of infection.

EXPERIMENTAL PROCEDURES

Protein Purification and Characterization—[Glu]Pg, [Lys]Pg,
and Pm (all carbohydrate form 2) were prepared as described
previously (41, 60, 61). [SF]FFR-[Lys]Pg, [5F]FFR-[Glu]Pg, and
[SF]JFFR-Pm were generated by a thiol-specific reaction with
5-(iodoacetamido)fluorescein following inactivation of the SK-
induced active site in [Lys]Pg and [Glu]Pg with N*-[(acetylthio)-
acetyl]-p-Phe-Phe-Arg-CH,Cl essentially as described previ-
ously (39—-41, 62). Native Pm activity was calculated based on
known parameters for p-Val-Leu-Lys-p-nitroanilide (VLK-
pNA) hydrolysis (41). Human high molecular weight uPA (Cal-
biochem) was reconstituted in ultra-pure water (yielding a
solution containing 150 mm Cl~ contributed by NaCl and Tris-
Cl). Protein concentrations of uPA and sctPA were determined
by the bicinchoninic acid protein assay (Pierce). sctPA (Molec-
ular Innovations) was stored in 0.5 M HEPES, 0.5 m NaCl, pH
7.4, buffer to ensure solubility and was limited to one freeze-
thaw cycle to maintain stable activity.

The gene for SkzL (NP_688136.1) was cloned from S. agalac-
tiae 2603 V/R genomic DNA (ATCC) into a modified
pET30b(+) (Novagen) vector (59) containing a tobacco etch
virus protease-cleavable NH,-terminal His, tag. SkzL was
expressed by Rosetta 2 (DE3) pLysS Escherichia coli (Novagen)
in 0.1 mg/ml kanamycin following 0.5 mm isopropyl B-p-thio-
galactopyranoside induction for 4 h at 30 °C. Following bacte-
rial lysis by sonication, protein in the clarified supernatant was
purified by Ni**-iminodiacetic acid-Sepharose (5 ml) chroma-
tography in 50 mm HEPES, 325 mm NaCl, 20 mm imidazole, pH
7.4, eluted with a 50-ml gradient of 20 —500 mm imidazole in the
equilibration buffer. Trace protein contaminants, including
dimeric SkzL, were removed by anion exchange chromatogra-
phy on Q-Sepharose (Amersham Biosciences) equilibrated
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with 50 mm HEPES, 50 mm NaCl, 1 mm EDTA, pH 7.4, eluted
with a gradient of 50 —-500 mm NaCl over 30 column volumes. A
1:10 molar equivalent of recombinant tobacco etch virus pro-
tease was added to SkzL, and the mixture was incubated for 12 h
to liberate the His, tag, followed by repeated Ni*" -iminodiace-
tic acid-Sepharose chromatography to separate noncleaved
protein and free His, tag from cleaved protein (59). To preserve
disulfide bond integrity, cleavage was performed in the absence
of dithiothreitol. Tobacco etch virus protease cleavage resulted
in the proper SkzL NH,-terminal sequence as confirmed by
NH,-terminal sequencing (Ile'-Ala>~Gly*~Pro*-Ser®). Cys-
teine-to-serine substitution mutants and the COOH-terminal
lysine deletion mutant (SkzLAK415) were generated by
QuikChange site-directed mutagenesis (Stratagene) and puri-
fied as described. [5F]-SkzL was generated by reaction of free
thiol groups with 5-(iodoacetamido)fluorescein followed by
chromatography on Sephadex G-25 and dialysis to remove
excess probe. Probe incorporation was determined to be 1.0
mol of probe/mol of SkzL by absorbance measurements at 280
and 498 nm with an absorption coefficient of 84,000 M~ cm ™!
for fluorescein and an A,g5/A 405 o ratio of 0.19 in 6 M guani-
dine, 100 mm Tris-HCI, 1 mm EDTA, pH 8.5, buffer (63).

All proteins were snap-frozen and stored in 50 mm HEPES,
125 mm NaCl, pH 7.4, at —80 °C. Protein concentrations were
determined from the 280-nm absorbance using the following
absorption coefficients ((mg/ml) 'cm ') and molecular
masses (Da): [Glu]Pg, 1.69 and 92,000; [Lys]Pg and Pm, 1.69 and
84,000 (60, 64). The SkzL absorption coefficient at 280 nm of
1.23 was calculated from the amino acid sequence and con-
firmed by absorbance measurements (65). The molecular mass
of 47,400 Da for SkzL was determined in excellent agreement
with that calculated from the amino acid sequence by mass
spectrometry using a Waters Acquity Ultra Performance™
LC/Thermo Finnigan LTQ with a lysozyme standard for opti-
mization and calibration.

S. agalactiae Protein Expression—S. agalactiae serotype V
was cultured in Todd-Hewitt yeast broth at 37 °C. Bacterial
supernatant was collected at various time points by centrifuga-
tion at 39,000 X g for 15 min. Secreted proteins were obtained
by precipitation with trichloroacetic acid (7.5%) and washed
with acetone for use in Western blotting. A polyclonal rabbit
anti-SkzL antibody was generated and purified by affinity chro-
matography on SkzL-coupled CNBr-activated Sepharose 4B
(ProSci Inc.). Proteins were subjected to SDS-PAGE on 4-15%
gradient gels, transferred onto polyvinylidine fluoride mem-
branes, and developed with a BM chemiluminescence Western
blotting kit (Roche).

Fluorescence Equilibrium Binding—Titrations of 50 nm
[5F]FFR-[Lys]Pg, [5F]FFR-[Glu]Pg, and [5F]FFR-Pm with
wtSkzL and SkzLLAK415 were performed in 50 mm HEPES, 125
mMm NaCl, 1 mm EDTA, 1 mg/ml PEG 8,000, 10 um FFR-CH,,Cl,
and 1 mg/ml bovine serum albumin, pH 7.4, at 25 °C using PEG
20,000-coated acyclic cuvettes. Titrations of active site-blocked
fluorescent Pg/Pm analogs with wtSkzL and SkzLAK415 per-
formed without the use of polarizers revealed a high affinity
decrease in fluorescence intensity and a low affinity decrease in
fluorescence anisotropy. Consequently, identical titrations
were performed with vertical excitation and emission at the

JULY 2,2010+VOLUME 285-NUMBER 27

Skizzle-Plasminogen Binding

magic angle to eliminate anisotropy effects. Excitation was at
500 nm, and emission was measured at 516 nm with 4-nm
bandpasses.

Fluorescence titrations of native [Glu]Pg, [Lys]Pg, and
FFR-Pm binding to 100 and 500 nMm [5F]-SkzL were performed
using identical buffer conditions. Fluorescence was measured
with excitation at 492 nm and emission at 510 nm with 8-nm
bandpasses without the use of fluorescence polarization. Com-
petitive binding experiments with 100 nm [5F]-SkzL in the
absence and presence of fixed concentrations of wtSkzL or
SkzLAK415 to [Lys]Pg and FFR-Pm were performed under
identical conditions. In these titrations, mixtures of [5F]-SkzL
and either wtSkzL or SkzLAK415 were preincubated for 10 min
at 25 °C prior to titration with [Lys]Pg or FFR-Pm. Following
correction for buffer blank and probe dilution (=10%), data
were expressed as the fractional change in the initial fluores-
cence, (F.., — F,)/F, = AF/F,. Titrations were analyzed by non-
linear least squares fitting of the quadratic binding Equation 1,

AF (AFW> (n[PT, + [, + Ko) — \(n[P1, + [L1o + Ko)? — 4n[P1,[L],
Fo \ F 2n[P],

(Eq. 1)

where AF, . /F, is the maximum fluorescence change; K, is
the dissociation constant; # is the stoichiometric factor; [P],
is the total concentration of probe-labeled protein, and [L],
is the total ligand concentration (39-41, 62). Competitive
titrations were analyzed by nonlinear least squares fitting of
the cubic competitive binding equation for tight binding
interactions to give dissociation constants for both ligand
and competitor, with the stoichiometry fixed at 1 for the
competitors (66).

Direct titrations of wtSkzL binding to [5F]FFR-[Lys]Pg and
[5F]FFR-Pm performed without polarizers revealed an appar-
ent anisotropy decrease, representing a second distinct binding
interaction. These data were analyzed by nonlinear least
squares fitting of the sum of the solution to the quadratic equa-
tion (Equation 1) as AF,/F,, with n = 1 for the high affinity
interaction, and a hyperbola for the weak interaction with the
assumption that [L];.. = [L], for this interaction shown in
Equation 2,

AF  AF,
F, F

(Eq.2)

(AFmax,Z/Fo)[L]o
< KD,2 + [L]o )

where K, ; obtained from the quadratic equation and K, , are
the dissociation constants for the high and low affinity interac-
tions, respectively; AF, . ,/F, from the quadratic equation and
AF . .o/F, are the corresponding maximum fluorescence
changes, and [L],, is the total ligand concentration. Experimen-
tal error in the fitted parameters represents * 2 S.D.
Chromogenic Substrate Hydrolysis—The initial rates of
hydrolysis of 200 um pyro-Glu-Pro-Arg-pNA (pyro-EPR-pNA)
by 10 nm Pm in PEG 20,000-coated microtiter plates was mea-
sured continuously at 405 nm as a function of SkzL concentra-
tion. k., and K,,, were determined by fitting of the substrate
dependence in the absence and presence of SkzL by the
Michaelis-Menten equation. Rates of substrate hydrolysis were
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- =) =) =) o taining SkzL, uPA or sctPA and
SkzL XS2S DROYVEN ——-ﬁPHII DQ-NGNSHLPHY IIIVNVKMGQTLS--KKEIWDY 54 SkzL diluted in buffer were preincu-
SK pXey--EWLLD SVNNSQLVNS EGTNQDMSLKFFIHIDLTSRPAHGGKTEQGISP 58 bated in the cuvette at 25 °C for 10
— e min prior to addition of Pg and sub-
strate. Progress curves at varying
Gl =) (DD ) =) =) SkzL concentrations were fit by the
SkzL IARNLNSSVEEEEKNVQYSN——IEFKESAYLKRQLDEGKTEgEAIDNuGVTVPKDEPNKF 112 parabolic rate equation and trun-
SK KSKPFATDS HKLEKADLLKAIQZOL IANVHSNEDYFEVEDFASBATITDRNE-KVY 117 (ated to include only data linear
- D — - - when plotted as absorbance against
time® and less than 10% substrate
— —— consumption.
SkzL WIRVPVTEEVNS IWPKLHKVEWGT PISHLHVOFVDKT TGRETLEDFK@I D EID ————— 167 Plasma Clot Lvsis—Plasma clot
SK FAKDGSVI§LP-—f§OPVOEFLLSGHVR|YRPMKEKP IQNQANSVDVE YiVOIgTPLNPDDDF 175 vsi m gb cubati ¢
ysis was measured by incubation o
=
—; = —  — 160 pl of normal human plasma at
O ] e 37 °C with final concentrations of 6
Skzl,  ————mm—mo 761 Ru T SHRRD KSRy N SYBAFLRSKL TKOGHOFOYRASE- - -BvoonLo 215 1M thrombin, 10 mm CaC.lz’ aqd 7
SK RPGLKDTKLWKTLATENTESNSQ! LAQHQ TLNKNHPGYTIMERDSSMVRYHDNINTFRTTT, 235 nM uPA or 1.5 nm sctPA, in a final
volume of 200 ul. All proteins were
- D —) =) ) )
diluted in 50 mm HEPES, 125 mm
O —) —) NaCl, pH 7.4, prior to addition.
SkzL VTRSL YNK N.LIN ENNRPTLNLSNEAEIFFI SRDEDSLARTESTISI 275 Increasing concentrations of SkzL
SK PMDQEFTH RuKNREQ B8SGLN -~ TNNEYLI S| LKKEGEKPYDPFDRSHL 293 were preincubated for 10 min at
> 37 °C with 10 mm CaCl, and either
uPA or sctPA in the above buffer
‘ — — _ - ‘ prior to addition of thrombin and
SkzL MVDARTEQPLFYHTRTGY[SHS VYNRILFEENLIPTTKSGERYF IQNMKKTAEQE] 335 plasma to initiate the assay. Turbid-
SK LFTI 1YVDVDTNELKSEL ---ERNLDFRDLYDPRDKARL LYNWLDAFGIMDMNL 350 . .
o= ity was measured at 650 nm in a
o microtiter plate reader. Results are
reported as time to half-clot lysis as
SkzL YLSETPYSEENAP SYDARPVDWDYHSG GS@ENQPNT DSTEFLGNKPQAARYE 395 a function of SkzL C(?ncentratlon
SK TGKVEDNHDDTNRIMTVYMG--KRPEGENLYY HIBAYDKD EREVYSYLRYTGTPIly 408 and analyzed by Equation 1, where
P], was 1.6 uM, representing the
3 > o 1 = [ .]0 ) K p g
dilution-corrected plasma Pg con-
—) D centration of 2.0 um (67).
SkzL NKQFABENTDSEYNYSYLEK 415
) O DNPNDE ———————— 414 RESULTS

FIGURE 1. Sequence alignment and secondary structure prediction for SkzL and SK. Sequence alignment
of SkzL and SK from S. equisimilis was performed using the Clustal 2.0.10 multiple sequence alignment algo-
rithm (69). Identical residue pairs are highlighted in blue with conserved residues in yellow. Secondary structure
prediction was performed by PSIPRED for SkzL in green and SK in violet (68). SkzL Cys'?°, Cys %3, and Cys*°" are
highlighted in red. The pairs of Lys and Glu residues representing part (Lys>*® and Lys**”) of the SK motif
involved in kringle 5-mediated Pg substrate recognition and the pairs of Lys and Glu residues in SkzL that may
be involved in the low affinity LBS-dependent interaction of SkzL with Pg are also highlighted in red (42).

normalized to a 1-cm path length by a correction factor of 1.66
for reaction volumes of 300 wl. Titrations as a function of SkzL
were normalized to the rate of pyro-EPR-pNA hydrolysis in the
absence of SkzL and analyzed by Equation 2 (wtSkzL) or Equa-
tion 1 (SkzLAK415) to determine dissociation constants.
Plasminogen Activation Kinetics—The kinetics of activation
of 100 nm [Glu]Pg or 100 nm [Lys]Pg by uPA (0.32 or 0.11 nwm,
respectively) or sctPA (3 nm) as a function of SkzL concentra-
tion were performed by continuous measurement of hydrolysis
of 200 um VLK-pNA at 405 nm and 25 °C, as described previ-
ously (35, 42). Assays were performed in chloride-containing
buffer (100 mm HEPES, 100 mm NaCl, 1 mm EDTA, 1 mg/ml
PEG 8,000, pH 7.4) or no chloride buffer (100 mm HEPES, 100
mM sodium acetate, 1 mm EDTA, 1 mg/ml PEG 8,000, pH 7.4)
using PEG 20,000-coated polystyrene cuvettes. In assays con-
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Structural Characterization of
SkzL—SkzL was cloned, expressed,
and purified as a 47,400-Da mono-
mer. The molecular mass was deter-
mined by mass spectrometry in
excellent agreement with the
molecular mass calculated from the
amino acid sequence. SkzL exhibits 22% sequence identity to
SK, including conservation of the NH,- and COOH-terminal
residues of SK required for Pg activation. Primary sequence
alignment and secondary structure prediction show the rela-
tively weak structural similarity of SkzL to SK (Fig. 1) (42, 68,
69). One distinguishing primary structural feature of SkzL that
is absent in SK is the presence of three Cys residues as follows:
Cys'?°, Cys®*?3, and Cys*°!. During the expression and purifica-
tion of monomeric SkzL, trace amounts of a disulfide-bonded
dimeric form were generated. Dimeric and monomeric SkzL
were separated by anion exchange chromatography as
described under “Experimental Procedures” to yield pure
monomeric SkzL and a 1:1 mixture of monomeric and
dimeric SkzL (Fig. 24, lanes 2, 3, 6, and 7). Results of cys-
teine-to-serine mutagenesis studies indicated that Cys'*°
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FIGURE 2. Secretion of SkzL by S. agalactiae. A, protein-stained (top) and
fluorescence (bottom) SDS-PAGE of nonreduced (lanes 1-3) and reduced
(lanes 5-7) recombinant SkzL. [5F]-SkzL monomer (lanes 1 and 5), purified
SkzL monomer (lanes 2 and 6), a 1:1 mixture of SkzL monomer and SkzL dimer
(lanes 3 and 7), with the migration positions of molecular mass markers indi-
cated (kDa). B, Western blotting of a mixture of recombinant SkzL monomer
and dimer (lane 1) and proteins secreted from the lag, mid-logarithmic, late-
logarithmic, early stationary, and late stationary growth phases (lanes 2-6),
with molecular mass markers (kDa) from the corresponding Ponceau
S-stained membrane. SDS-PAGE and blotting were performed, and mem-
branes were probed with a polyclonal anti-SkzL antibody as described under
“Experimental Procedures.”

was buried within the protein and that Cys®**® and Cys**
occurred partially as free thiols and partially as an internal
disulfide bond (supplemental Table S1). The results also indi-
cated that trace levels of disulfide-mediated dimeric SkzL may
occur through Cys®?® or Cys*®'. These results were confirmed
by mass spectrometry analysis of a thiol-specific 5-fluorescein-
labeled analog of SkzL monomer (Fig. 24, lanes I and 5).
Labeled and unmodified SkzL were subjected to chymotrypsin
cleavage followed by liquid chromatography-tandem mass
spectrometry. A mass shift of 387 Da, corresponding to the
probe modification, was found in peptides containing
either Cys®?3 or Cys*°! (3*°PQAACYP>°® and **°FACENTD-
SKYN*?), indicating modification of both Cys residues
under nondenaturing conditions. Peptides with unmodified
Cys®% and Cys*°" residues were also found. No modification
was seen for Cys'?° (*'"PVTCT'?!), supporting the results of
the thiol quantification assays.

Secretion of SkzL by S. agalactiae—As shown by Western
blotting with a polyclonal anti-SkzL antibody, SkzL was
secreted in monomeric form by S. agalactiae serotype V in all
growth phases (Fig. 2B). The subsequent studies were restricted
to monomeric SkzL as this was the secreted and putative phys-
iological form of the protein. Mass spectrometry of triplicate
bacterial supernatant samples confirmed that SkzL was present
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FIGURE 3. Fluorescence titrations of [5F]-SkzL with [Glu]Pg, [Lys]Pg, and
FFR-Pm. A, titrations of the fractional change in fluorescence (AF/F,) of 100
nm [5F]-SkzL as a function of total [Glu]Pg concentration ([[GIu]Pg],) in the
absence (@) and presence (O) of 10 mm 6-AHA. B, titrations of 100 nv (@) and
500 nm (A) [5F]-SkzL as a function of total [Lys]Pg ([[Lys]Pg],) concentration in
the absence of 6-AHA, and titration of 100 nm [5F]-SkzL with [Lys]Pg in the
presence (O) of 10 mm 6-AHA. G, titrations as in B of 100 nm (@) and 500 nm (A)
[5F]-SkzL, as a function of total FFR-Pm concentration ([FFR-Pm],) in the
absence of 6-AHA, and titration as in B of 100 nm [5F]-SkzL with FFR-Pm in
the presence (O) of 10 mm 6-AHA. Solid lines represent the least squares fits
of the data by the quadratic binding equation (Equation 1) with the
parameters listed in Table 1. Experiments were performed and the data
analyzed as described under “Experimental Procedures.”

in both the mid-logarithmic and stationary phases of S. agalac-
tiae growth (supplemental Table S2). Nineteen proteins were
consistently observed in the S. agalactiae secretome during at
least one growth phase, including the Pg-binding proteins
a-enolase and GAPDH. All peptides identified distinct proteins
with no cross-identifications. NP_687847.1, a putative staphy-
locoagulase homolog, was also identified in the proteomic anal-
ysis (71).

Binding of Pg and FFR-Pm to [SF]-SkzL—Fluorescence equi-
librium binding studies were performed to quantitate binding
of native [Glu]Pg, [Lys]Pg, and active site-blocked FFR-Pm to
SkzL labeled at Cys**® and Cys*°* with 5-(iodoacetamido)fluo-
rescein ([5F]-SkzL). Titrations were performed in the absence
and presence of 6-AHA to disrupt potential LBS interactions
mediated by the kringle domains of Pg/Pm (Fig. 3). Binding of
[Glu]Pg to [5F]-SkzL was weak, with a dissociation constant of
~3 uM (Fig. 34; Table 1). Titrations of [Lys]Pg and FFR-Pm
were performed at two [5F]-SkzL concentrations to determine
stoichiometry (Fig. 3, B and C). Binding of [Lys]Pg and FFR-Pm
to [5F]-SkzL was characterized by similar dissociation con-
stants of 15 * 2 and 23 = 8 nwm, respectively, and unit stoichio-
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TABLE 1

Parameters for binding of [Glu]Pg, [Lys|Pg, and FFR-Pm to [5F|-SkzL and competitive binding of wtSkzL or SkzLAK415

Dissociation constants (K}, ligand), maximum fluorescence changes (AF, , /F.), and stoichiometric factors (1) are listed from direct titrations of [5F]-SkzL with the

max’

indicated Pg/Pm ligands. Results of competitive binding studies for the indicated ligand and competitor were analyzed by simultaneous fitting of the titration in the absence
and presence of one or two fixed concentrations of competitor to obtain the dissociation constant for the ligand (K}, ligand) and competitor (K, competitor), with the
stoichiometric factor for the ligand interaction fixed at its determined value, and fixed at 1 for the competitors. For analysis of the [Glu]Pg titrations, # was fixed at 1. ND
represents not determined. Experimental error in parameters represents = 2 S.D. Binding studies were performed and the data analyzed as described under “Experimental

Procedures.”
Probe Ligand Competitor K, ligand n K, competitor AF,.../F,
nm mol/mol nm %

[5F]-SkzL [Glu]Pg wtSkzL 3000 = 3000 ND —20=*3
[5F]-SkzL [Lys]Pg wtSkzL 15*+2 0.92 = 0.03 82+ 13 —-35=*1
[5F]-SkzL [Lys|Pg SkzLAK415 14+7 2500 * 1200 —34+1
[5F]-SkzL FFR-Pm wtSkzL 23*8 0.97 £ 0.05 49 * 23 -30=*1
[5F]-SkzL FFR-Pm SkzLAK415 9+3 1500 * 600 —34=*1
0.0 -0.00 (SkzLAK415). Competitive binding studies in the absence and
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FIGURE 4. Competitive binding of wtSkzL and SkzLAK415 to Pg/Pm.
A, titrations of the fractional change in fluorescence (AF/F,) of 100 nm
[5F]-SkzL as a function of total [Lys]Pg concentration ([[Lys]Pg],) in the
absence (@) and presence of 2000 (O) and 5000 nm (A) wtSkzL. B, titrations as
in A of 100 nm [5F]-SkzL with [Lys]Pg in the absence (®) and presence of 20 um
(O) SkzLAK415. C, titrations as in A of 100 nm [5F]-SkzL as a function of total
FFR-Pm concentration ([FFR-Pm],) in the absence (®) and presence of 760 (O)
and 2000 nm (A) of wtSkzL. D, titrations asin A of 100 nm [5F]-SkzL with FFR-Pm
in the absence (@) and presence of 20 um (O) SkzLAK415. Solid lines represent
least squares fits of the data by the cubic competitive binding equation with
the parameters listed in Table 1. Experiments were performed and the data
analyzed as described under “Experimental Procedures.”

metries (Table 1). Binding of all three proteins was eliminated
by 10 mm 6-AHA, indicating completely LBS-dependent
interactions.

To determine the affinity of wtSkzL for native [Lys]|Pg and
Pm, competitive binding studies were performed by titration of
[5F]-SkzL with [Lys]Pg and FFR-Pm in the absence and pres-
ence of two fixed concentrations of unlabeled wtSkzL (Fig. 4, A
and C). Analysis of the competitive titrations for wtSkzL bind-
ing to [Lys]Pg and FFR-Pm gave K, values of 82 + 13 and 49 =
23 nM, respectively, 2—5-fold weaker than binding to [5F]-SkzL
(Table 1). These K, values, unlike those for [5F]-SkzL, are inde-
pendent of perturbations of the affinity due to the presence of
the fluorescence probe, which accounts for the higher affinity of
labeled SkzL for all of the proteins. It was not possible to carry
out competitive binding experiments for [Glu]Pg because of the
prohibitively high concentrations that would be required.

To elucidate the potential role of the COOH-terminal Lys*'®
residue in mediating LBS interactions, experiments were
also performed with a SkzL mutant lacking this residue
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presence of SkzLAK415 (Fig. 4, B and D) gave probe-indepen-
dent K, values for SkzLAK415 binding to native [Lys]Pg and
FFR-Pm of 2.5 = 1.2 and 1.5 = 0.6 um, respectively (Table 1).
Deletion of Lys*'® resulted in a 30-fold decreased affinity for
native [Lys]Pg and FFR-Pm compared with wtSkzL, indicating
a major role of Lys*'” in mediating the interactions.

LBS-mediated Binding of SkzL to Active Site-labeled Fluores-
cent Pg/Pm Analogs—To examine the interactions from a dif-
ferent perspective, equilibrium binding studies were performed
usingactive site fluorescein-labeled analogs of [Glu]Pg, [Lys]Pg,
and FFR-Pm in the absence and presence of 6-AHA (Fig. 5).
Binding to [5F]FFR-[Glu]Pg was very weak (K, ~10 um), 3-fold
weaker than observed with [5F]-SkzL, and was abolished by 10
mMm 6-AHA (Fig. 5, A and B; Table 2). The source of the weaker
K, values obtained for [5F]FFR-[Glu]Pg, -[Lys]Pg, and -Pm is
explained by 2-3-fold decreases in affinity due to active site
labeling of the proteins. Titrations of [5F]FFR-[Glu]Pg with
SkzLAK415 demonstrated no apparent fluorescence change,
suggesting the absence of binding or an interaction occurring
more weakly than could be detected under the experimental
conditions used. Titrations of [5F]FFR-[Lys]Pg and [5F]FFR-
Pm with wtSkzL revealed bimodal behavior, suggestive of two
binding interactions. The high affinity interactions occurred
with equivalent dissociation constants of 160170 nm (Fig. 5, C
and E; Table 2). The low affinity interactions were not well
determined, with dissociation constants of ~18 and ~20 um,
respectively, and appeared to be due to a decrease in anisotropy.
When vertically polarized light was used for excitation and
emission, and polarizers were set to the magic angle to elimi-
nate anisotropy, only the high affinity SkzL interaction was
observed, with K, values for labeled [Glu]Pg, [Lys]Pg, and Pm
indistinguishable from those obtained for the bimodal titra-
tions (Fig. 5, D and F; Table 2). The values for the high affinity
interactions were 2—3-fold weaker than the K, values from the
competitive binding experiments (Table 1), due to fluorescence
probe labeling of the active site.

Titrations of [5F]FFR-[Lys]Pg and [5F]FFR-Pm with
SkzLAK415 under nonmagic angle (Fig. 5, C and E) and magic
angle (Fig. 5, D and F) conditions gave weak K, values of 3—12
uM (Table 2). The low affinity binding of SkzZLAK415 was elim-
inated in the presence of 6-AHA, consistent with more than
one LBS-dependent interaction between SkzL and Pg/Pm.

LBS-mediated Binding of SkzL to Active Pm—To detect any
changes in Pm chromogenic substrate kinetics on binding to
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FIGURE 5. Binding of wtSkzL and SkzLAK415 to [5F]FFR-[Glu]Pg, [SFIFFR-
[Lys]Pg, and [5F]FFR-Pm. A and B, titrations of the fractional change in fluo-
rescence (AF/F,) of 50 nm [5F]FFR-[GlulPg as a function of total wtSkzL con-
centration ([SkzL],) in the absence (®) and presence (O) of 10 mm 6-AHA and
as a function of total SkzLAK415 concentration ([SkzLAK415],) in the absence
(A) and presence (A) of 10 mm 6-AHA. Cand D, titrations asin A and B of 50 nm
[SF]FFR-[Lys]Pg as a function of total wtSkzL concentration in the absence (@)
and presence (O) of 10 mm 6-AHA and as a function of total SkzLAK415 con-
centration in the absence (A) and presence (A) of 10 mm 6-AHA. E and F,
titrations as in A and B of 50 nm [5F]FFR-Pm as a function of total wtSkzL
concentration in the absence (@) and presence (O) of 10 mm 6-AHA, and as a
function of total SkzLAK415 concentration in the absence (A) and presence
(A) of 10 mm 6-AHA. Solid lines represent the least squares fits of the data by
Equation 1 (4, B, D, and F) or Equation 2 (C and E) with the parameters listed in
Table 2. The dashed line represents zero. Titrations were performed without
polarizers (A, C and E), or with vertically polarized excitation and emission at
the magic angle (B, D, and F). Titrations were performed and analyzed as
described under “Experimental Procedures.”

SkzL, assays were performed by continuous measurement of
the initial rates of pyro-EPR-pNA hydrolysis by Pm as a func-
tion of SkzL concentration. Comparison of the Michaelis-Men-
ten kinetic parameters in the absence and presence of 1 or 5 um
SkzL showed a 1.7-fold decrease in k_,, compared with free Pm,
no significant change in K, and a 2-fold decrease in k_,/K,,
(Table 3). SkzL had no effect on the rate of hydrolysis of chro-
mogenic substrates with Lys at the P1° position (p-VLK-pNA,
pyro-Glu-Phe-Lys-pNA, and p-Val-Phe-Lys-pNA). However,
similar effects on k_,, were seen with other substrates with Arg
at the P1 position (D-Ile-Pro-Arg-pNA and D-Val-Leu-Arg-
pNA) (results not shown). Titration with SkzL at 200 um pyro-
EPR-pNA showed two distinct LBS-dependent binding inter-
actions between SkzL and native Pm, with apparent

dissociation constants of 170 * 140 nm and ~9 um, where the

° The Schechter and Berger (70) notation refers to the residues of a substrate
(from the NH,-terminal end) as ...P4-P3-P2-P1-P1'-P2’... with the scissile
bond at P1-P1'.
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latter value was poorly determined (Fig. 6). Titration with
SkzLAK415 demonstrated a loss of the high affinity interaction
and an LBS-dependent low affinity interaction with a K, of
3.8 = 1.2 um (Fig. 6).

Effect of SkzL on Plasminogen Activation by uPA—Chromo-
genic substrate kinetic assays of Pm formation were performed
to determine the effect of SkzL on activation of [Glu]Pg and
[Lys]Pg by uPA. To investigate the possible effects of SkzL on Pg
conformation, assays were done in the absence and presence of
10 mMm 6-AHA and in low chloride ion buffer, with the uPA
preparation as the only source of C1™ (0.45 mM in the reactions)
and in buffer containing 100 mm Cl . In the presence of 100 mm
Cl™, saturating SkzL concentrations resulted in an ~2-fold
decreased rate of [Lys]Pg activation with minimum rates of Pm
generation equivalent to those in the presence of 10 mm 6-AHA
(Fig. 7A). Fitting of the SkzL dependence in the absence of
6-AHA vyielded an apparent K, value for SkzL-[Lys]Pg binding
of 300 = 120 nm (Fig. 7A; Table 4), which was ~4-fold weaker
than the K, of 80 nm obtained for SkzL binding to [Lys]Pg in
competitive binding studies. An identical phenomenon was
seen atlow Cl ™~ concentration, with an indistinguishable appar-
ent K, of 340 £ 150 nm (Fig. 7B; Table 4), consistent with the
lack of effect of CI™ on the [Lys]Pg B- to y-conformational
change.

The rate of Pm generation from [Glu]Pg by uPA in the pres-
ence of chloride ion was greatly enhanced, ~20-fold to a rate
indistinguishable from that for [Lys]Pg at saturating concentra-
tions of SkzL or 6-AHA (Fig. 7A; Table 4). Fitting of the SkzL
dependence gave an apparent K, value for SkzL-[Glu]Pg bind-
ing of 13 * 12 M, in good agreement with the estimates of
10-16 um for SkzL binding to [5F]FFR-[Glu]Pg (Table 2). The
rate of [Glu]Pg activation by uPA in the presence of 10 mm
6-AHA was essentially the same as the rate in the presence of
saturating concentrations of SkzL. This indicated that, similar
to the effect of 6-AHA, the a-conformation of [Glu]Pg was
being extended by SkzL to resemble the y-conformation of
[Lys]Pg. The basal rate of [Glu]Pg activation by uPA was
enhanced ~11-fold at low Cl™ concentration compared with
high CI™ concentration (Fig. 7B; Table 4). Saturating SkzL con-
centrations resulted in a slight, ~2-fold further enhancement of
[Glu]Pg activation. This small enhancement resulted in rates of
Pm generation equivalent to those in the presence of 10 mm
6-AHA (Fig. 7B; Table 4).

Effect of SkzL on Plasminogen Activation by sctPA—Chromo-
genic substrate kinetic assays of Pm formation were performed
to determine the effect of SkzL on activation of [Lys]Pg and
[Glu]Pg by sctPA. The rate of Pm generation from [Lys]Pg and
[Glu]Pg by sctPA was greatly enhanced ~42- and ~650-fold,
respectively, in a totally LBS-dependent manner (Fig. 8),
although the maximum rate at saturating SkzL was 3.4-fold
higher for [Lys]Pg compared with [Glu]Pg. Fitting of the SkzL
dependence gave K, values for [Lys]Pg and [Glu]Pg of 12 = 7
and 14 * 13 um, respectively. Although the apparent K, value
of SkzL for [Glu]Pg was consistent with those obtained in the
binding studies, the K, value for [Lys]Pg was ~60—-140-fold
weaker than the affinity determined in the binding studies for
the high affinity interaction (Table 2). This very large difference
suggested that a different mechanism was involved for sctPA.
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TABLE 2

Parameters for wtSkzL and SkzLAK415 binding to active site fluorescein-labeled Pg/Pm analogs

Dissociation constants for the high affinity (K, ;) and low affinity (K, ,) interactions and corresponding maximum fluorescence changes (AF,_,

;\x,l/F()) and (AFmax,z/Fo) from

titrations of [5F]JFFR-[Glu]Pg, [SF]FFR-[Lys]Pg, and [5F]JFFR-Pm (Probe-labeled protein) with wtSkzL or SkzZLAK415 (Ligand) as indicated. Titrations were performed
without polarizers or with vertically polarized excitation and emission at the magic angle (Magic angle) to eliminate anisotropy. Experimental error in the parameters
represents = 2 S.D. Experiments were performed, and the results were analyzed as described under “Experimental Procedures.”

Probe-labeled protein Ligand Magic angle Ky, Ky, AF,,.../F, AF, . o/F,
nm nm % %
5F]FFR-[Glu]Pg wtSkzL No 10,000 = 3200 —18*+2
5F]FFR-[Glu]Pg wtSkzL Yes 16,000 = 9000 —14*+ 4
5F]FFR-[Glu]Pg SkzLAK415 No No binding No binding
5F]FFR-[Glu|Pg SkzLAK415 Yes No binding No binding
5F]FFR-[Lys]|Pg wtSkzL No 170 = 90 ~18,000 —10*x2 —22*+10
5F]FFR-[Lys]|Pg wtSkzL Yes 150 = 40 -9=*1
5F]FFR-[Lys]Pg SkzLAK415 No 12,000 = 8000 —-15*5
5F]FFR-[Lys]|Pg SkzLAK415 Yes 2800 = 1300 -8=*1
5F]FFR-Pm wtSkzL No 160 * 80 ~20,000 —11=x2 —18 12
5F]FFR-Pm wtSkzL Yes 140 = 14 —14*2
5F]FFR-Pm SkzLAK415 No 8000 = 3000 —18*+3
5F]FFR-Pm SkzLAK415 Yes 4400 * 1600 -16*+3
TABLE 3 0.20 ‘
Parameters for the effect of SkzL on pyro-EPR-pNA hydrolysis by Pm
Kinetic parameters (k_,,, K, k.,./K,) were obtained from Michaelis-Menten anal- 0.154
ysis of the substrate dependence. Experiments were performed in the absence and
presence of 1 and 5 uM total SkzL concentration ([SkzL],). Experimental error in the 0.10
parameters represents = 2 S.D. Experiments were performed and the results ana- —~
lyzed as described under “Experimental Procedures.” <
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FIGURE 6. Effect of SkzL on pyro-EPR-pNA hydrolysis by Pm. Titrations of
the fractional change in initial velocity (Av/v,) of 10 nm Pm as a function of
total wtSkzL concentration ([SkzL],) in the absence (®) and presence (O) of 10
mm 6-AHA, and as a function of total SkzLAK415 concentration
([SkzLAK415],) in the absence (A) and presence (A) of 10 mm 6-AHA. Solid
lines represent the least squares fits of the data by Equation 1 (A) or Equa-
tion 2 (@), with the parameters given under “Results.” The dashed line
represents zero. Titrations were performed and analyzed as described
under “Experimental Procedures.”

SkzL Enhances uPA- and sctPA-mediated Plasma Clot Lysis—
Plasma clot lysis experiments were performed to assess the role
of SkzL as an effector of uPA- and sctPA-mediated Pg activa-
tion in a physiological model system of fibrinolysis. Human
plasma and 6 nm human thrombin were reacted with a prein-
cubated mixture of either 7 nm uPA or 1.5 nm sctPA and
increasing concentrations of SkzL. The results were expressed
as time to half-clot lysis as a function of SkzL concentration
(72). SkzL enhanced clot lysis by uPA and sctPA, decreasing the
time to half-clot lysis by ~2-fold (Fig. 9). No clot lysis was
observed in the absence of uPA or sctPA.

DISCUSSION

SkzL from S. agalactiae has modest homology to the bacte-
rial Pg activators SAK, SK, and PauB and is secreted as the
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buffer containing 100 mm chloride (A) or 0.45 mm chloride (B). Initial rates of
Pm generation ((nm Pm/s)/(nm uPA)) for activation of 100 nm [Lys]Pg by 0.11
nm uPA in the absence (@) and presence (O) of 10 mm 6-AHA as a function of
total SkzL concentration ([SkzL],) are shown. Initial rates of Pm generation
((nm Pm/s)/(nm uPA)) for activation of 100 nm [Glu]Pg by 0.32 nm uPA in the
absence (A) and presence (A) of 10 mm 6-AHA as a function of total SkzL
concentration ([SkzL],) are shown. Solid lines represent the least squares fits of
the data by the quadratic binding equation with the parameters listed in
Table 4. Experiments were performed and the data analyzed as described
under “Experimental Procedures.”

TABLE 4
Parameters for the effect of SkzL on Pg activation by uPA

Dissociation constants (K,) for the SkzL-dependent change in the rate of Pm gen-
eration for activation of 100 nM [Glu]Pg or [Lys]Pg by 0.11 nm uPA. Experiments
were performed in the presence of low and high total chloride ion concentration
([chloride ion],). Experimental error in the parameters represents * 2 S.D. Exper-
iments were performed and the results analyzed as described under “Experimental
Procedures.”

Substrate [chloride ion], K,
mm nm
[Lys]Pg 100 300 * 120
[LysPg 0.45 340 * 150
[Glu]Pg 100 13,000 = 12,000
[Glu]Pg 0.45 1900 =+ 900

monomeric 47,400-Da form by S. agalactiae throughout its
growth cycle. Nineteen proteins were identified in the S. aga-
lactiae secretome, including a-enolase and GAPDH, which are
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FIGURE 8. Effect of SkzL on Pg activation by sctPA. Initial rates of Pm gen-
eration ((nm Pm/s)/(nm sctPA)) for activation of 100 nm [Lys]Pg by 3 nm sctPAin
the absence (@) and presence (O) of 10 mm 6-AHA as a function of total SkzL
concentration ([SkzL],) are shown. Initial rates of Pm generation ((nm Pm/s)/
(nm sctPA)) for activation of 100 nm [Glu]Pg by 3 nm sctPA in the absence (A)
and presence (A) of 10 mm 6-AHA as a function of total SkzL concentration
([SkzL],) are shown. Solid lines represent the least squares fits by the quadratic
binding equation with parameters given under “Results”, and the dashed line
represents zero. Experiments were performed and data analyzed as
described under “Experimental Procedures.”
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FIGURE 9. Effect of SkzL on uPA- and sctPA-mediated plasma clot lysis.
Clot lysis is represented by the time to half-lysis (time to half-lysis) (®) as a
function of total SkzL concentration ([SkzL],) for reactions containing uPA (A)
or sctPA (B). Following dilution of all proteins in 50 mm HEPES, 125 mm NaCl,
pH 7.4, SkzL was preincubated with 10 mm CaCl,, 7 nm uPA, or 1.5 nm sctPA for
10 min at 37 °C prior to addition of 6 nm thrombin and 160 ul of plasma
(200-ul assay volume). Clot lysis was measured by turbidity as described
under “Experimental Procedures.” Analysis of clot lysis by uPA and sctPA gave
apparent K, values of 1.9 = 0.9 and 2.5 = 2.5 um, respectively.

known to bind Pg. In contrast to SK, SAK, and PauB, SkzL does
not conformationally or proteolytically activate Pg to Pm
(results not shown). SkzL, however, binds Pg and Pm in an
LBS-dependent manner, resulting in enhanced [Glu]Pg activa-
tion by the endogenous human Pg activators, uPA and sctPA.
To our knowledge, SkzL is the first S. agalactiae-secreted pro-
tein that targets uPA, sctPA, and Pg to facilitate activation of the
human fibrinolytic system.

Equilibrium binding studies show that SkzL binds to [Glu]Pg
with low affinity, likely due to low accessibility of the LBS in the
kringle domains of the compact [Glu]Pg a-conformation. Nev-
ertheless, the low affinity interaction of SkzL with [Glu]Pg is
eliminated by 6-AHA, indicating that LBS interactions are
involved. Competitive binding studies indicate that wtSkzL
binds to unlabeled, native [Lys]Pg and FFR-Pm with near-
equivalent K, values of 80 and 50 nm, respectively. The large
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increase in affinity compared with [Glu]Pg is likely due to the
increased LBS accessibility in the partially extended [Lys]Pg/
Pm B-conformation. Binding of SkzL to [Lys]Pg and FFR-Pm is
blocked by 6-AHA, indicating that binding is entirely mediated
by LBS interactions.

Because of the use of multiple experimental approaches to
quantitate SkzL binding to different forms of Pg and Pm, it is
important to address some apparent discrepancies among the
dissociation constants obtained. [5F]-SkzL binds with 5- and
2-fold enhanced affinity for native [Lys]Pg and FFR-Pm, respec-
tively, compared with the affinity of unlabeled wtSkzL deter-
mined by competitive binding. The dissociation constants
determined by competitive binding are independent of the
effects that fluorescence probe labeling may have on binding
affinity. The enhanced binding of [5F]-SkzL may be a result of
the location of probe incorporation. The [5F]-labeled SkzL has
astoichiometry of labeling of 1.0 mol of [5F]/mol of SkzL, which
reflects probe incorporation on Cys**® and Cys*°", only 14 res-
idues from Lys*'” (see Fig. 1). On this basis, higher affinity bind-
ing to [5F]-SkzL may reflect a favorable direct interaction of Pg
with the probes. Conversely, wtSkzL binds with 2- and 3-fold
reduced affinity to active site-labeled [5F]FFR-[Lys]Pg and
[5F]FFR-Pm, respectively. The small decrease in affinity asso-
ciated with Pg/Pm active site labeling may result from distor-
tion of the conformation of the catalytic domain of Pg/Pm due
to the presence of the probe and linking tripeptide inhibitor.
These opposing effects of probe labeling on [Glu]Pg binding are
compounded in comparison of [Glu]Pg binding with [5F]-SkzL
and SkzL binding with [5F]FFR-[Glu]Pg, which differ by
3—-5-fold.

SkzL binding to active site-labeled [5F]FFR-[Lys]Pg and
[5F]FER-Pm revealed a high affinity interaction (K, ~140-170
nMm) represented by a decrease in fluorescence intensity and a
low affinity interaction (K, ~20 um) represented by a decrease
in anisotropy. The latter values were not well determined
because little saturation was obtained at the highest SkzL con-
centrations achievable (20 wm). Titrations performed with ver-
tically polarized excitation and emission at the magic angle
resulted in near-elimination of the anisotropy change and
observation of the high affinity interaction (K, 140 -150 nm)
only, indicating that the low affinity interaction is associated
with a decrease in anisotropy. Considering the 2-3-fold
increase in the K, of SkzL binding due to probe labeling, the
K, values of 140-150 nm for the labeled proteins were close
enough (=3-fold) to the values of 50 and 80 nm for high
affinity SkzL binding to unlabeled FFR-Pm and native
[Lys]Pg to support the conclusion that they represent the
same high affinity interaction. It should be noted that 2-fold
differences in dissociation constants are generally not con-
sidered significant.

Because the low affinity interactions had some of the hall-
marks of nonspecific binding, the presence of two distinct
interactions between SkzL and Pm was confirmed through
analysis of the effect of SkzL on the rates of pyro-EPR-pNA
hydrolysis by Pm. These studies demonstrated mediation of the
high affinity LBS-dependent interaction by Lys*!* and the pres-
ence of a second LBS-dependent ~9 um K, interaction, which
was poorly determined.
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Deletion of SkzL Lys*'® results in undetectable binding of
[Glu]Pg, suggesting that binding is mediated by Lys*'* exclu-
sively. Binding of both native [Lys]Pg and FFR-Pm to wtSkzL is
weakened 30-fold by Lys*'® deletion. The results indicate that
Lys*'® plays a major role in the LBS-dependent binding of all
forms of Pg and Pm. Loss of Lys*'® decreases the affinity of SkzL
for native [Lys]Pg and FFR-Pm to K, values of 2.5 and 1.5 um,
respectively (Table 1), demonstrating that Lys*'® is responsible
for the high affinity interaction. The remaining interaction is
also eliminated by 6-AHA, indicating that there are two sites on
SkzL that mediate LBS-dependent binding to labeled [Lys]Pg/
Pm. A sequence containing pairs of Lys and nearby Glu residues
in SkzL (Fig. 1; Lys®'®, Lys*'?, Glu®*”, GIu®?®) is similar to that of
the 250-loop of SK, with the exception of Arg>>? (Lys>®, Lys**”,
Glu*®?, Glu®*®) and a motif in SAK (Lys””-Lys-Glu-Glu'°), cer-
tain residues of which are implicated in mediating LBS-depen-
dent Pg substrate interactions with SK-Pg* and SAK-Pm cata-
Iytic complexes (42, 73). The similar motif in SkzL may be
responsible for the low affinity interaction. Future mutagenesis
studies may be used to establish the SkzL residues involved in
mediating this weak interaction.

Pg can adopt three distinct conformations that affect its
potential for activation by tPA and uPA. The compact nature of
the a-conformation of [Glu]Pg, stabilized by physiological
chloride concentrations, makes it a poor substrate for uPA, tPA,
and SK, compared with the partially extended, chloride-inde-
pendent B-conformation of [Lys]Pg (17, 22-25, 49, 66). Upon
occupation of [Glu]Pg and [Lys]Pg kringles 1, 4, and 5 by
6-AHA, the transition to the fully extended <y-conformation
also results in enhanced activation by uPA (21, 23-25).

Because of the highly LBS-dependent nature of SkzL binding
to Pg, it was hypothesized that SkzL-Pg binding could mimic
the conformational change induced by 6-AHA binding, result-
ing in the extension of [Glu]Pg and [Lys]Pg from the «- and
B-conformations, respectively, to the y-conformation. Activa-
tion of [Lys]Pg by uPA, however, was inhibited by SkzL to a rate
equivalent to that in the presence of either 10 mm 6-AHA or
saturating SkzL. In these experiments, the apparent dissocia-
tion constants for SkzL-[Lys]Pg binding were ~4-fold weaker
than the native affinity determined by competitive binding.
This discrepancy may be due to the inability to discern both the
high and low affinity interactions between SkzL and [Lys]Pg,
resulting in a weaker apparent affinity representative of a mix-
ture of binding interactions between SkzL and [Lys]Pg. Activa-
tion of [Lys]Pg by uPA is inhibited by SkzL, suggesting that
although SkzL binding may alter the conformation of [Lys|Pg
from the B- to the y-conformation, similar to 6-AHA, it does
not enhance [Lys]Pg activation by uPA.

In the presence of 100 mm chloride ion, activation of [Glu]Pg
by uPA is very slow; however, binding of SkzL enhances the rate
of Pm generation ~20-fold to the same level as [Lys]Pg in the
presence of saturating SkzL or 6-AHA. Rates of Pm generation
in the presence of 6-AHA are identical to those in the presence
of saturating SkzL, suggesting that occupation of the [Glu]Pg
LBS and stabilization of the y-conformation by SkzL is respon-
sible for the observed SkzL-enhanced rate of [Glu]Pg activa-
tion. Together, the results show that SkzL is a specific effector
of [Glu]Pg activation by uPA. Moreover, the mechanism of
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FIGURE 10. Diagram of the proposed mechanism of SkzL-mediated
[GlulPg activation by uPA and postulated LBS-dependent complexes
formed with [Lys]Pg and Pm mediated by two sites on SkzL. SkzL is shown
in purple with Lys*'* (K) on a flexible segment, and the postulated SkzL inter-
nal motif that mediates kringle binding is represented by the “nose.” [Glu]Pg
in light orange is shown with the NH,-terminal PAN module in red, five num-
bered kringle domains, and the COOH-terminal catalytic domain. [Glu]Pg in
the compact a-conformation ([G/ulPg-«) is shown as a spiral structure that is
maintained by the PAN domain interacting with kringle 5. [Glu]Pg is in equi-
librium (Reaction 1) with a low concentration of the partially extended 3-con-
formation ([GIu]Pg-B), in which the PAN module has been released by kringle
5. The proposed mechanism of SkzL-enhanced [Glu]Pg activation by uPA is
shown in Reactions 1-3. SkzL binds preferentially to the B-conformation of
[GlulPg, mediated by Lys*'® binding to the LBS of kringle 4, which converts
the SkzL-[Glu]Pg complex to the y-conformation (SkzL-[Glu]Pg-vy), thereby
accelerating the rate of [Glu]Pg activation to [Lys]Pm (active site in green) by
uPA (Reaction 3). Conversion of the initial product [GIu]lPm into [Lys]Pm
by the Pm generated is not shown. [Lys]Pg, lacking the PAN module, is repre-
sented in the partially extended B-conformation ([Lys]Pg-B). Hypothetical
complexes formed by wtSkzL and [Lys]Pg or Pm mediated by its two binding
sites are as follows: Reaction 4, formation of a ternary SkzL-[Lys]Pg, complex
in which one Pg molecule is bound through the Lys*'*-kringle 4 interaction in
the y-conformation and binding of the other Pg molecule mediated by the
SkzL internal motif-kringle 5 interaction, with Pg in the B-conformation
(SkzL-[Lys]Pg-y-[Lys]Pg-B); and Reaction 5, formation of an SkzL:[Lys]Pg com-
plex in the y-conformation with both the internal motif and Lys*'> engaged
with their respective kringles. Reaction 6 illustrates the complex formed
between SkzLAK415 and [Lys]Pg or Pm mediated by the internal motif in
SkzL.

SkzL-enhanced [Glu]Pg activation by uPA is shown for the first
time to be caused by SkzL-mediated transformation of [Glu]Pg
from the activation-resistant a-conformation to the more rap-
idly activated y-conformation.

This mechanism and a hypothetical interpretation of the
results of the binding studies for [Lys]Pg and Pm are presented
in Fig. 10. In this scheme, [Glu]Pg in the a-conformation is in
unfavorable equilibrium (Reaction 1) with the B-conformation,
which is governed by the Cl™ concentration (17, 23-25). SkzL
binds preferentially to the B-conformation, mediated by Lys*!*
binding to kringle 4, and is accompanied by transition of
[Glu]Pg to the y-conformation (Reactions 1 and 2), which is
more susceptible to activation by uPA (Reaction 3). The pro-
posal of kringle 4 as the Lys*'®-binding site is based on the
preference of kringle 4 for COOH-terminal Lys residues (26, 31,
74), and preferential binding of SkzL to the [Glu]Pg B-confor-

VOLUME 285-NUMBER 27+JULY 2,2010



mation is supported by evidence that kringle 4 is masked in the
a-conformation (26, 75-77). LBS-dependent monoclonal anti-
body binding specific for kringle 4 has been hypothesized to
induce an activation-enhancing conformational change (23, 26,
30) distinct from the a- to B-conformational change caused by
disruption of the PAN module-kringle 5 interaction (27, 78),
suggesting a role for kringle 4 in modulating the 3- to y-con-
formational change (23, 30, 32). Reactions 4 and 5 illustrate that
binding of SkzL to [Lys]Pg (or Pm) can occur through two dis-
tinct interactions as follows: high affinity Lys*'®>-kringle 4 bind-
ing and a weak interaction between the internal SkzL motif and
kringle 5, supported by the demonstrated specificity of kringle 5
for alkylamines and internal Lys residues (79, 80). All of the
putative [Lys]Pg-Pm complexes are consistent with the present
results, but the Pg kringles to which the two sites on SkzL bind
and the compositions of the complexes have not been substan-
tiated experimentally and therefore remain hypothetical.

The enhanced rate of [Glu]Pg activation caused by SkzL is
not specific to uPA, as kinetic studies demonstrate that SkzL
also enhances Pg activation by sctPA. In contrast to the results
with uPA, however, increased rates of Pm generation are seen
for sctPA activation of both [Glu]Pg and [Lys]Pg. The effect of
SkzL on [Glu]Pg activation by sctPA may be due to SkzL-medi-
ated conformational changes in [Glu]Pg similar to those seen
with uPA. However, the apparent dissociation constant for
SkzL-enhanced [Lys]Pg activation by sctPA appears to be ~12
uM, ~60—140-fold weaker than the K, value for SkzL-[Lys]Pg
binding determined by fluorescence. This suggests that the
mechanism of enhanced [Lys]Pg activation by sctPA is different
and cannot be explained by SkzL-[Lys]Pg binding interactions
alone. Although further studies are needed to evaluate this
hypothesis, preliminary results suggest that SkzL interacts with
sctPA though the LBS on kringle 2 of sctPA, which is not pres-
ent in uPA. Binding of wtSkzL and SkzLAK415 to a fluorescent
sctPA analog was characterized by K, values of 14 and 15 um,
respectively, in an LBS-dependent manner.® This result sug-
gests that weak SkzL binding to sctPA is due to an interaction of
kringle 2 of sctPA with a site distinct from Lys*'® on SkzL. As
SkzL binding to [Lys]Pg is largely mediated by Lys*'®, such an
interaction with sctPA may result in higher order complex for-
mation, which will require further experimentation to evaluate.

The present studies show that SkzL is a novel protein that is
modestly homologous to SK, secreted from S. agalactiae, and
acts as a cofactor of sctPA and uPA in accelerating Pg activa-
tion. Recent studies have established that an interaction of cell
surface-bound GAPDH with Pg contributes to the virulence of
GBS invasive infection in an iz vivo murine model (10). The
present studies reveal SkzL as an additional component in the
interactions between GBS and the proteins of the human
fibrinolytic system. As a secreted protein, SkzL may play a role
as a Pg-binding protein different from the cell surface-bound
Pg-binding proteins, a-enolase and GAPDH, in the context of
GBS infection, or it could act in cooperation with these proteins
through as yet unknown interactions. SkzL has high affinity for
Pgand Pm relative to the plasma Pg concentration of 2 um (67),

K. G. Wiles, P. Panizzi, H. K. Kroh, and P. E. Bock, unpublished results.
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and it binds through a strictly LBS-dependent mechanism
involving the kringle domains of Pg and Pm. SkzL is a novel
effector of uPA-mediated [Glu]Pg activation through an LBS-
dependent mechanism similar to 6-AHA (22, 29). The studies
suggest that the role of SkzL as an effector of Pg activation by
uPA is specific for the circulating form of Pg in blood, [Glu]Pg.
SkzL also enhances sctPA-mediated [Glu]Pg and [Lys]Pg acti-
vation through a different mechanism that will be examined in
further studies. The finding that SkzL enhances clot lysis by
both physiological Pg activators in plasma provides strong sup-
port for a role of SkzL in the interaction of GBS with the human
fibrinolytic system. SkzL has the potential to be a new virulence
factor in life-threatening S. agalactiae infections of neonates
and immune-compromised individuals.
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