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Abstract
We previously demonstrated that streptokinase (SK) can be used to generate active site-labeled
fluorescent analogs of plasminogen (Pg) by virtue of its non-proteolytic activation of the
zymogen. The method is versatile and allows for stoichiometric and active site-specific
incorporation of any one of many molecular probes. The limitation of the labeling approach is that
it is both time-consuming and low yield. Here we demonstrate an improved method for the
preparation of labeled Pg analogs by the use of an engineered SK mutant fusion protein with both
COOH- and NH2-terminal His6-tags. The NH2-terminal tag is followed by a tobacco etch virus
proteinase cleavage site to ensure that the SK Ile1 residue, essential for conformational activation
of Pg, is preserved. The SK COOH-terminal Lys414 residue and residues Arg253-Leu260 in the
SK β-domain were deleted to prevent cleavage by plasmin (Pm), and to disable Pg substrate
binding to the SK·Pg*/Pm catalytic complexes, respectively. Near-elimination of Pm generation
with the SKΔ(R253-L260)ΔK414-His6 mutant increased the yield of labeled Pg 2.6-fold and
reduced the time required >2-fold. The versatility of the labeling method was extended to the
application of Pg labeled with a near-infrared probe to quantitate Pg receptors on immune cells by
flow cytometry.
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Introduction
The streptococcal pathogenicity factor and thrombolytic drug, streptokinase (SK)1 activates
the human fibrinolytic system by activation of the serine proteinase zymogen, plasminogen
(Pg) to the fibrin clot-dissolving proteinase, plasmin (Pm). [Glu]Pg is the circulating form of
Pg, which consists of a 77-residue NH2-terminal PAN (Pg/apple/nematode) module [1; 2],
five homologous kringle domains, of which K1, K4, and K5 contain high to moderate
affinity lysine-binding sites (LBS) [3], and a COOH-terminal serine proteinase zymogen
domain [4]. The NH2-terminal PAN module is jettisoned by Pm cleavage of [Glu]Pg to yield
[Lys]Pg, which is more readily activated by the SK·Pg* and SK·Pm catalytic complexes [5;
6; 7]. As shown in the crystal structure of SK bound to the isolated catalytic domain of Pm
(μPm), SK consists of three β-grasp domains, α, β, and γ, linked by flexible segments [8].
SK has a flexible domain structure in solution, but assumes a well defined three-sided crater-
like structure around the catalytic site of μPm [8; 9; 10].

The mechanism of Pg activation by SK is initiated by rapid formation of an SK·Pg*
complex in which the zymogen is activated non-proteolytically by the molecular sexuality
mechanism [7; 11; 12; 13]. Although there is no crystallographic proof, the Ile1 NH2-
terminus of SK inserts into the NH2-terminal binding cleft in the Pg catalytic domain,
forming a salt bridge with Asp194 (chymotrypsinogen numbering), which induces
conformational activation of the catalytic site. Subsequently, tightly coupled with
conformational activation, Pg binds as a specific substrate of the SK·Pg* complex, which is
cleaved at Arg561-Val562 to form Pm. Pm binds to SK with ~830-fold higher affinity than
[Lys]Pg, resulting in displacement of Pg from the SK·Pg* complex and formation of SK·Pm,
which also recognizes Pg as a specific substrate and converts the remaining free Pg to Pm
[5; 7; 14].

We previously developed analogs of the Pg zymogen specifically labeled at the active site
with fluorescence probes by trapping, and thus inactivating, the transiently formed SK·Pg*
complex with a thioester tripeptide chloromethyl ketone. Following deacetylation of the
NH2-terminal thioester of the incorporated inhibitor with NH2OH under mild conditions, the
unique free thiol can be modified with thiol-reactive fluorescence probes [7; 14; 15; 16].
Development of the fluorescent Pg analogs enabled the reversible SK-Pg binding and
conformational activation processes to be quantitated for the first time, uncoupled from
proteolytic generation of Pm [7; 14; 15; 16; 17; 18]. The labeling approach is versatile in
that any thiol-reactive molecular probe may be used [19]. Peptide chloromethyl ketones
require use of the catalytic apparatus to inactivate serine proteinases, and are thus
chemically specific for labeling proteinases varying greatly in substrate specificity [20]. The
labeling approach has also been used to active site-specifically immobilize Pm and other
proteinases on chromatography matrices [21], and for incorporation of heavy atom
derivatives for crystallography [22]. For employing fluorescence probes to investigate the
mechanism of Pg activation, the labeling scheme has the advantage of allowing labeling of
Pg and Pm with any of the hundreds of commercially available, thiol-reactive probes with
widely different spectral properties. This is an advantage because generally it is not possible

1Abbreviations used: SK, streptokinase; wtSK, recombinant wild-type SK; SKΔK414, SK lacking the COOH-terminal Lys414
residue; SKΔ(R253-L260), SK with residues Arg253 to Leu260 deleted; SKΔ (R253-L260) ΔK414, SK with residues Arg253 to
Leu260 and Lys414 deleted; [Glu]Pg, intact native plasminogen; [Lys]Pg, native Pg lacking the NH2-terminal 77 residues; Pm,
plasmin; μPm;, the Pm catalytic domain; FFR-CH2Cl, D-Phe-Phe-Arg-CH2Cl; ATA-FFR-CH2Cl, Nα-[(acetylthio)acetyl]-D-Phe-
Phe-Arg-CH2Cl; 5-IAF, 5-(iodoacetamido)fluorescein; 6-AHA, 6-aminohexanoic acid; Pg*, non-proteolytically activated form of the
plasminogen zymogen; LBS, lysine-binding sites; PEG, polyethylene glycol; pNA, para-nitroaniline: VLK-pNA, D-Val-Leu-Lys-
pNA; [5F]FFR-[Lys]Pg or [5F]FFR-[Glu]Pg, [Lys]Pg or [Glu]Pg inactivated with ATA-FFR-CH2Cl and labeled with 5-IAF;
[AF680]FFR-[Lys]Pg, [Lys]Pg inactivated with ATA-FFR-CH2Cl and labeled with Alexa Fluor 680 C2-maleimide; MFI, mean
fluorescence intensity; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide-gel electrophoresis; TEVp, tobacco etch virus proteinase.
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to predict which probe will provide a useful fluorescence signal for quantitation of a
particular interaction.

A limitation of the fluorescent Pg analogs is the difficulty of their preparation and relatively
low yield. The principal source of the problem is the highly efficient coupling between
conformational Pg activation and proteolytic generation of Pm at the expense of Pg [5]. The
conformational and proteolytic activation reactions of the mechanism are regulated by
kringle-mediated LBS interactions [5; 7; 14; 15; 16; 23; 24; 25; 26]. Binding of the lysine
analog, 6-aminohexanoic acid (6-AHA) to a Pg and Pm kringle domain weakens SK·Pg*
and SK·Pm catalytic complex formation by blocking binding of the SK COOH-terminal
Lys414 residue to a Pg/Pm kringle [27]. Interaction of Pg as a substrate of the catalytic
complexes is also greatly inhibited by 6-AHA. We recently identified Arg253, Lys256, and
Lys257 in the SK β-domain 250-loop as the residues responsible for facilitating LBS-
dependent Pg substrate recognition, mediated by kringle 5 of Pg [28].

The goals of the present studies were to engineer an SK construct in which conformational
activation was preserved and LBS interactions involved in Pm generation were diminished
to enable improved preparation of active site-labeled Pg analogs. Steady-state kinetic
approaches developed previously [5; 7; 27; 28] that separate conformational and proteolytic
activation, and equilibrium binding approaches using fluorescent Pg analogs were applied to
evaluate the properties of SK mutants designed for this purpose. A double His6-tagged SK
was constructed that contains an NH2-terminal His6-tag with a tobacco etch virus proteinase
(TEVp) cleavage site abutted to the essential Ile1, which lacks Lys414, contains a COOH-
terminal His6-tag, and in which the residues Arg253-Leu260 of the 250-loop in the β-
domain were deleted. Following TEVp cleavage of His6-(TEVp cleavage site)-SKΔ(R253-
L260)ΔK414-His6 to generate Ile1, the mutant was characterized in kinetic and equilibrium
binding studies of [Lys]Pg. SKΔ(R253-L260)ΔK414-His6 retains conformational activation
of [Lys]Pg and has greatly reduced activity in proteolytic generation of Pm. Active site-
labeling with the new SK construct simplified the procedure, increased the yield of labeled
Pg analogs, while maintaining high purity. In a new application of the labeling procedure,
[Lys]Pg was labeled with the near-infrared probe, Alexa Fluor 680, and then used for FACS
analysis to identify cells rich in Pg receptors from murine blood and spleen.

Materials and methods
Native SK and an SK mutant with NH2- and COOH-terminal His6-tags

Native SK (SK) was prepared as previously described [14; 16]. An SK fusion protein
construct was prepared that encoded wtSK flanked on either side by His6-tags. Site-directed
mutagenesis was performed using QuikChange site-directed mutagenesis (Stratagene) with
5′- and 3′-PCR primers that eliminated the stop codon that was described previously to be
present in the His6-wtSK [27]. The resulting constructs created a wtSK fusion protein
flanked by His6-tags (bold) with a TEVp cleavage site (underlined) encoded before the
wtSK protein, Met-His6-Ser-Ser-Gly-Leu-Val-Pro-Trp-Asn-Glu-Asn-Leu-Try-Phe-
Gln-SKIle1…SKK414-Ile-Arg-Gly-Gly-Ser-Pro-Gly-Leu-Gln-Glu-Phe-Asp-Ile-Lys-Leu-Ile-
Asp-Thr-Val-Asp-Leu-Glu-His6. This construct, designated His6-wtSK-His6, has an 8-
residue linker between the NH2-terminal His6-tag and the TEVp cleavage site and a 22-
residue linker between Lys414 and the COOH-terminal His6-tag, which ensure accessibility
of the His6-tags.

Generation, expression, and purification of SKΔ(R253-L260)ΔK414)-His6
Deletion of R253-L260 in the β-domain of wtSK was achieved by site-directed mutagenesis
on the His6-wtSK-His6 gene. 5′- and 3′-PCR primers flanking the loop (R253- L260,
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underlined) were created with the sense primer 5′-CGG GAA CAA GCT TAT AAT GAA
GAA ATA AAC AAC ACT GAC CTG-3′ and antisense primer 5′-CAG GTC AGT GTT
GTT TAT TTC TTC ATT ATA AGC TTG TTC CCG-3′. Deletion of Lys414 on the His6-
SKΔ(R253-L260)-His6 template was made using sense primer 5′-CCT GAT AAC CCT
AAC GAC GGC TCC CCC GGG CTG -3′ and antisense primer 5′-CAG CCC GGG GGA
TCC GCC GTC GTT AGG GTT ATC AGG-3′. Mutations were confirmed by DNA
sequencing. Both His6-wtSK-His6/pET30b(+) and His6-SKΔ(R253-L260)ΔK414-His6/
pET30b(+) were transformed in E. coli Rosetta (DE3) pLysS cells for protein expression.

Proteins were expressed by induction with 0.5 mM isopropyl-D-thiogalactopyranoside for 4
h at 37 °C. Cells were harvested by centrifugation, resuspended in 50 mM Hepes, 125 mM
NaCl, 1 mg/ml polyethylene glycol (PEG) 8000, pH 7.4 (Buffer A) with 1 mM EDTA and
0.2 % sodium azide, lysed by 3 cycles of freeze-thaw, and centrifuged to clarify the lysates.
His6-wtSK-His6 or His6-SKΔ(R253-L260) ΔK414-His6 inclusion bodies were solubilized
by addition of Buffer A containing 3 M NaSCN followed by vortexing and centrifugation.
The lysate was dialyzed into 50 mM Hepes, 400 mM NaCl, 50 mM imidazole, pH 7.4
(Buffer B) and purified by Ni2+-iminodiacetic acid-Sepharose chromatography with a 50–
500 mM imidazole gradient in Buffer B. TEVp-His6 was added to the eluted protein in a
1:10 molar ratio of enzyme to substrate. Both a previous study of the substrate specificity of
TEVp [29] and our studies of recombinant staphylocoagulase [30] indicated that TEVp has
reduced cleavage efficiency (~50% at saturating substrate) for Ile at the P1′ position3
(Panizzi, P. and Bock, P. E. unpublished observations), compared to Gly, Ser, or Ala at P1′,
which are optimal for TEVp cleavage [29]. The reaction mixture was first dialyzed
overnight into 50 mM Hepes, 300 mM NaCl, 1 mM DTT, 5% glycerol, pH 7.8 at 4 °C and
subsequently dialyzed back into Buffer B. Uncleaved His6-wtSK-His6 or His6-SKΔ(R253-
L260) ΔK414-His6, cleaved wtSK-His6 or SKΔ(R253-L260)ΔK414-His6, and TEVp-His6
bound to Ni2+-iminodiacetic acid-Sepharose with different apparent affinities that resulted in
two relatively equivalent primary peaks eluted by the shallow 30 column-volume imidazole
gradient (50–500 mM). The first peak was wtSK-His6 or SKΔ(R253-L260)ΔK414-His6 and
the second peak was His6-wtSK-His6 or His6-SKΔ(R253-L260)ΔK414-His6. wtSK-His6 or
SKΔ(R253-L260) ΔK414-His6 was pooled, concentrated, dialyzed against Buffer A without
PEG, quick-frozen, and stored at −80°C. NH2-terminal sequencing of the polyvinyldiene
fluoride membrane-blotted proteins confirmed the NH2-terminal sequence for wtSK-His6
(Ile-Ala-Gly-Pro-Glu) and for His6-wtSK-His6 (Met-His-His-His-His).

TEV proteinase
A TEVp mutant designed to minimize autolytic proteolysis (Ser219 to Val) and containing a
COOH-terminal His6-tag was kindly provided by Dr. Laura Mizoue. TEVp-His6 was
expressed in Rosetta (DE3) plysS cells, induced with 1 M isopropyl-D-thiogalactoside at a
600 nm-optical density of ~0.5 for 3 h at 37 °C, and cells were harvested by centrifugation.
Recovered cells were resuspended in Buffer B containing 1 mg/ml PEG 8000, 10% glycerol,
1 mM phenylmethylsulfonyl fluoride, and 2 mM DTT (Buffer C). Cells were lysed by
sonication followed by incubation with DNAse I (20 μg/ml) and 80 mM MgCl2 for 1 h with
constant stirring at 25 °C, and centrifuged. TEVp-His6 was purified from the supernatant by
chromatography on Ni2+-iminodiacetic acid-Sepharose by elution with a 50–500 mM
imidazole gradient in Buffer C. Fractions containing the proteinase were immediately
pooled and diluted with an equal volume of glycerol. TEVp-His6 was dialyzed into 20 mM
2-(N-morpholino)ethanesulfonic acid, 300 mM NaCl, 5% glycerol, 2 mM DTT, pH 6.0,

3Schechter-Berger [64] notation referring to the residues of a substrate (from the NH2-terminal end) as …P4-P3-P2-P1-P1′-P2′… with
the scissile bond at P1-P1′.
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quick frozen, and stored at −80 °C. TEVp-His6 was prepared at concentrations <2.5 mg/ml
to avoid solubility problems.

Preparation of Pg species and fluorescent analogs of Pg
[Glu]Pg, [Lys]Pg , and Pm were prepared as previously described [5; 7; 21; 27; 31; 32].
Fluorescein-labeled [Glu]Pg and [Lys]Pg were prepared using SKΔ(R253-L260)ΔK414-
His6. The thioester tripeptide chloromethyl ketone Nα-[(acetylthio)acetyl]-D-Phe-Phe-Arg-
CH2Cl (ATA-FFR-CH2Cl) prepared as described [20] was used to inactivate SKΔ(R253-
L260)ΔK414-His6·Pg* complex by adding 400 μM inhibitor to 25 μM of Pg in 1 M Hepes,
0.3 M NaCl, 1 mM EDTA, 1 mg/ml PEG-8000, pH 7.0 buffer. The reaction was initiated by
adding 50 μM SKΔ(R253-L260)ΔK414-His6 and incubated at 25 °C for 2.5 h. The loss of
activity was monitored from the initial rate of hydrolysis of D-Val-Leu-Lys-pNA (VLK-
pNA) at 405 nm until it was <0.1% active. Excess inhibitor was removed by
chromatography on Sephadex G-25 (fine) (1.5 cm × 30 cm) at 4 °C. All subsequent steps
were done under reduced light. For labeling, 150 μM of 5-(iodoacetamido)fluorescein (5-
IAF) was added to 6–15 μM SKΔ(R253-L260)ΔK414-His6·ATA-FFR-Pg* complex in the
above pH 7.0 buffer and the reaction was initiated by addition of 1 M NH2OH to a final
concentration of 0.1 M. After incubation at 25 °C for 1 h, 50 μM D-Phe-Phe-Arg-CH2Cl
(FFR-CH2Cl) was added. The reaction mixture was then chromatographed on Sephadex
G-25 (fine) (1.5 cm × 40 cm) at 22 °C to remove excess probe. The SKΔ(R253-
L260)ΔK414-His6·labeled Pg* complex was dialyzed overnight in 0.1 M Hepes, 0.15 M
NaCl, 10 mM 6-AHA, pH 7.4 buffer and then chromatographed on Ni2+-iminodiacetic acid-
Sepharose to separate SKΔ(R253-L260)ΔK414-His6 from labeled Pg. Elution with a linear
gradient of 3 M NaSCN over 6 column-volumes yielded labeled Pg with traces of labeled
SK·Pg and SK·Pm complexes, and labeled Pm. Most of SKΔ(R253-L260)ΔK414-His6
remained bound to the Ni2+-Sepharose column and was eluted with 500 mM imidazole in 50
mM Hepes, 0.3 M NaCl, pH 7.4. An additional affinity chromatography step using native
SK immobilized on AffiGel-10 (Bio-Rad) (1 cm × 16 cm; 5 mg coupled/ml of gel) separated
labeled Pg from the SK·Pg/Pm complexes and labeled Pm. The complexes were eluted with
0.1 M Hepes, 0.125 M NaCl, 1 mM EDTA, 10 mM 6-AHA, pH 7.4 buffer. Elution with 20–
25 column-volumes of a linear gradient up to 3 M NaSCN in the same buffer yielded labeled
Pg in the first peak followed by labeled Pm. Labeled Pg was concentrated with a YM-30
ultrafiltration membrane and dialyzed against >5000 volumes of 50 mM Hepes, 125 mM
NaCl, 1 mM EDTA, 1 mg/ml PEG 8000, pH 7.4. Quantitation of probe incorporation
spectrophotometrically as described previously [20; 27; 30; 33] gave 0.86 ± 0.4 (mean and
range) mol of probe/mol of protein for three preparations of [5F]FFR-[Lys]Pg, 0.94 ± 0.06
mol/mol (mean and range) for two preparations of [5F]FFR-[Glu]Pg, and similar values for
other thiol-reactive probes. ATA-FFR-[Lys]Pg was labeled with Alexa Fluor 680 C2-
maleimide (Invitrogen/Molecular Probes) ([AF680]FFR-[Lys]Pg) following the same
procedure. The concentration of labeled Pg determined spectrophotometrically was
confirmed by bicinchoninic acid protein micro-assay (Pierce).

Fluorescence equilibrium binding
Fluorescence was measured with an SLM 8100 spectrofluorometer in the ratio mode, using
PEG 20,000-coated acrylic cuvettes. Experiments were performed in Buffer A containing 1
mM EDTA and 1 μM FFR-CH2Cl ± 10 mM 6-AHA as previously described [5; 7; 18; 27].
Fluorescence changes expressed as (Fobs-Fo)/Fo=ΔF/Fo, measured as a function of total SK
species concentration, were fit by the quadratic binding equation, with the maximum
fluorescence change ((Fmax-Fo)/Fo=ΔFmax/Fo), dissociation constant (Kd) the fitted
parameters, and with the stoichiometric factor fixed at 1.
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Plasminogen activation kinetics
Continuous assays of coupled conformational and proteolytic activation of [Lys]Pg by
native SK, wtSK, wtSK-His6, and SKΔ(R253-L260)ΔK414-His6 were determined as
described previously [5; 7; 27; 28]. Parabolic progress curves of hydrolysis of 200 μM
VLK-pNA were obtained in the presence of 10 nM [Lys]Pg and increasing concentration of
SK species. The first-order term in the second-order polynomial (Eq 1) fits represents the
initial rate (v1) of VLK-pNA hydrolysis by the conformationally activated SK·Pg* complex,
and the rate of activity increase (v2) obtained from the second-order term, reflects the initial
rate of Pm generation.

(Eq 1)

The kinetics were analyzed for the simplified mechanism in Scheme 1, which assumes a
negligible contribution from Pm generated by the SK·Pm complex [5; 7], where KA
represents the dissociation constant for the SK·Pg* complex, and kPg the bimolecular rate
constant (kcat/KS) for proteolytic generation of Pm by SK·Pg*. KA’ is the dissociation
constant for the SK·Pm complex. Under the conditions of the experiments, where the
concentration of free [Lys]Pg ([Pg]free) was much less than KS for [Lys]Pg binding to form
the ternary enzyme-substrate SK·Pg*·Pg complex (270 nM), generation of Pm can be
represented as a bimolecular reaction [5]. Under initial velocity conditions, the product is
assumed to be SK·Pm because this complex is formed with a dissociation constant, KA’ of
12 pM, much tighter than [SK]o and [Pg]free [14]. When [SK]o>[Pg]o all of the product is
SK·Pm, whereas when [SK]o<[Pg]o all of the SK becomes bound to Pm as the reaction
progresses. v1 is given by Equation 2 where kcat/Km is the bimolecular rate constant for
VLK-pNA hydrolysis by the SK·Pg* complex. For analysis of v1 as a function of SK species
concentration, KA and kcat/Km were fitted parameters. v2 is given by Equation 3, where KI is
the empirically determined competitive inhibition constant (330 ± 80 μM) of the bimolecular
generation of Pm by the chromogenic substrate [5; 7]. [Pg]free is given by the quadratic
Equation 4. For analysis of v2, KI was fixed at its previously determined value [5]. kPg and
KA were the fitted parameters, where kPg is the bimolecular rate constant (kcat/KS in units of
nM−1s−1) for Pm formation.

(Eq 2)

(Eq 3)

(Eq 4)

Nonlinear least-squares fitting was performed with SCIENTIST (MicroMath). Error
estimates represent the 95% confidence interval.
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Flow cytometry studies
Cells were isolated by Ficoll gradient and stained essentially as described previously [34;
35; 36]. Blood was collected by cardiac puncture. Splenocytes were isolated from whole
spleens, which were filtered through 40 μm nylon mesh (BD Bioscience) to yield cellular
suspensions. Cells were washed by repetitive centrifugation at 1500 rpm for 10 min at 4 °C
with Dulbecco’s phosphate buffered saline (1 mM KH2PO4, 5.6 mM Na2HPO4, and 154
mM NaCl) supplemented with 0.5% bovine serum albumin and 1% fetal calf serum. Cells
were incubated with an antibody cocktail against key immune cell surface markers, namely
T cells (CD90-PE), B cells (B220-PE), NK cells (CD49b-PE and NK1.1-PE), granulocytes
(Ly-6G-PE), residual red blood cells (Ter119-PE), and myeloid cells (CD11b-APC) (all
from BD Biosciences). Cells were also simultaneously incubated with [AF680]FFR-[Lys]Pg
to label Pg receptors on the immune cell surfaces. Competitive binding experiments with 6-
AHA or native [Lys]Pg were performed in parallel tubes with competitors present in the
cellular suspension just prior to addition of [AF680]FFR-[Lys]Pg. All reactions were
incubated at 4 °C for 30 min prior to termination by 10-fold dilution with Dulbecco’s
phosphate buffered saline supplemented with 0.5% bovine serum albumin and 1% fetal calf
serum and centrifugation to recover cells. The cells were washed 2 additional times to
remove excess antibodies, competitors, and [AF680]FFR-[Lys]Pg. Flow Cytometry data
was collected on a LSRII Cytometer (BD Bioscience) after appropriate fluorescence
compensations. Neutrophils were defined as CD11bhi(B220/CD90/CD49b/NK1.1./Ly6G/
Ter119)hi and monocyte/macrophages as CD11bhi (B220/CD90/CD49b/NK1.1./Ly6G/
Ter119)lo [34; 35; 36].

Results and discussion
A new approach to preparing active site-labeled Pg analogs

The identification of structural features of SK responsible for the Pg/Pm kringle LBS-
mediated enhancement of SK·Pg* and SK·Pm catalytic complexes [27], and the LBS-
dependent enhancement of Pg binding as a substrate of these complexes [28] prompted
redesigning the method for preparation of active site-labeled Pg analogs. Initial attempts to
use solely the His6-TEV-wtSK-His6 construct were successful, but limited by plasmin
cleavage of SK to generate SK′, an NH2-terminal truncation of the first 59 residues, and a
COOH-terminal cleavage that liberated the important His6-tag. The goal was to inhibit these
coupled interactions, minimizing plasmin generation in the labeling reaction, while
maintaining SK Ile1 required for conformational activation accompanying formation of
SK·Pg*. To this end, a portion of the SK 250-loop containing the Arg253, Lys256, and Lys257

residues responsible for the LBS-dependent Pg substrate recognition was deleted [28] (Fig.
1A). The need to maintain SK Ile1 necessitated a TEVp cleavage site following the NH2-
terminal His6-tag. A COOH-terminal His6-tag was added to replace the His6-tag lost after
TEVp cleavage and to facilitate the removal of the SK bacterial activator from the labeled
zymogen in the presence of NaSCN. Because the COOH-terminal Lys414 could be a Pm
cleavage site, this residue was deleted, yielding the final construct, His6-(TEVp cleavage
site)-SKΔ (R253-L260)ΔK414-His6 (Fig. 1A).

Separation of SKΔ (R253-L260)ΔK414-His6, His6-(TEVp cleavage site)-SKΔ (R253-
L260)ΔK414-His6, and TEVp-His6 by Ni2+-iminodiacetic acid-Sepharose chromatography

Fig. 2A shows a representative chromatogram of TEVp cleavage products generated from
His6-(TEVp cleavage site)-SKΔ (R253-L260) ΔK414-His6 on Ni2+-iminodiacetic acid-
Sepharose. Minor contaminants were eluted with the equilibration buffer containing 50 mM
imidazole (peak 1). A shallow, linear gradient of imidazole up to 500 mM separated the
TEVp-cleaved SKΔ (R253-L260) ΔK414-His6 (peak 2) from residual, uncleaved, double
His6-tagged, His6-(TEVp cleavage site)-SKΔ (R253-L260) ΔK414-His6 (peak 3), and
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TEVp-His6 (peak 4). The His6-tagged SK constructs migrated at slightly higher apparent
molecular mass on SDS-PAGE compared to native SK (Fig. 2B). The presence of SK Ile1 at
the P1′ position3 of the TEVp substrate recognition sequence reduced the efficiency of
TEVp cleavage to ~50% (see Materials and methods).

Preparation of active site-labeled [Lys]Pg
Active site-labeled [Lys]Pg is difficult to purify because [Lys]Pg binds more tightly to SK
than [Glu]Pg and is activated by SK faster to Pm than [Glu]Pg, although the affinity of
SK·Pg* and Pg substrate binding are reduced in the new construct (see below). To reduce
further the rate of Pm formation, the labeling reactions are typically carried out with a two-
fold molar excess of SK. Although counterintuitive, this does not affect conformational
activation, but inhibits the rate of Pm formation because Pg acts both as the catalyst and
substrate. High concentrations of SK inhibit proteolytic activation by depletion of free Pg
available to act as the substrate (see below and Scheme 1 in Materials and methods).

In the labeling scheme (Fig. 1B), [Lys]Pg in the presence of a large excess of ATA-FFR-
CH2Cl was mixed with a 2-fold molar excess of SKΔ (R253-L260) ΔK414-His6 until the
chromogenic substrate activity measured with VLK-pNA was <0.1%. Following removal of
excess inhibitor by Sephadex G25 chromatography, the thiol was generated with NH2OH in
the presence of excess 5-IAF, and excess probe removed by Sephadex G25 chromatography
and dialysis. The labeled proteins were applied onto Ni2+-imminodiacetic acid-Sepharose
eluted with a short gradient of NaSCN to dissociate labeled Pg, while the His-tagged SK
mutant remained bound. This typically yields two poorly resolved peaks as shown by the
elution profile in Fig. 3A and by SDS-PAGE (Fig. 3C). The first peak contains mostly
labeled Pg, whereas the second contains more labeled Pm, which binds more tightly to the
SK construct (Fig. 3C). The pooled fractions were dialyzed and loaded onto an SK-
AffiGel-10 column, washed with the equilibration buffer, followed by a shallow gradient of
NaSCN (Fig. 3B). As shown by SDS-PAGE (Fig. 3C), Pg and Pm bound to the SK
construct passed through the column, and the purified [5F]FFR-[Lys]Pg was eluted at low
NaSCN concentration, whereas any free labeled Pm eluted at higher NaSCN concentration
(not visible in this preparation).

The yield of [5F]FFR-[Lys]Pg from this representative preparation was 1.1 mg, 13% of the
starting 8.4 mg of [Lys]Pg, representing a 2.6-fold improvement in the yield compared that
of the previous method of ~5%. The average yield from 4 preparations of labeled [Lys]Pg is
13%. The same procedure was used for preparation of [5F]FFR-[Glu]Pg, with an average
yield of 20% from two preparations. The time required for the improved method is about
half of that for the previous procedure and only requires preparation of one affinity column
instead of two [7; 16]

Specificity of active site-labeling of [Glu]Pg
To confirm the active site specificity of labeling by the new method, incorporation 5-IAF in
a small-scale set of [Glu]Pg labeling reactions using SKΔ (R253-L260)ΔK414-His6 and
ATA-FFR-CH2Cl was assessed by SDS-PAGE (Fig. 4; see Fig 1B). [Glu]Pg incubated with
ATA-FFR-CH2Cl and SKΔ(R253-L260)ΔK414-His6 followed by removal of excess
inhibitor and reaction with 5-IAF in the presence of NH2OH showed covalent incorporation
of fluorescein into the Pg zymogen (Fig. 4A and 4B, lanes 4). Reactions in the absence of
the SK mutant showed no labeling (lanes 5). Omitting NH2OH to generate the thiol, or
blocking the active site with FFR-CH2Cl before subjection to ATA-FFR-CH2Cl in the
presence of SKΔ (R253-L260) ΔK414-His6, and subsequently, 5-IAF in the presence of
NH2OH both showed no fluorescein incorporation (lanes 6 and 7, respectively; see Fig. 1B).
In all reactions containing either ATA-FFR-CH2Cl or FFR-CH2Cl and the SK construct, a
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band migrating slightly lower than the SK construct on SDS-PAGE was generated, which
likely represents SK′. SK′ is produced by Pm cleavage at Lys59 in the SK α-domain [37; 38]
The SK-(1–59) peptide remains bound to the remainder of the SK α-domain, which retains
its folded structure under non-denaturing conditions [37; 39; 40]. SK′ has approximately the
same affinity as native SK for Pm [14].

Equilibrium binding of native SK, wtSK-His6, and SKΔ (R253-L260)ΔK414-His6 to
fluorescein-labeled [Lys]Pg

The affinity of native SK, wtSK-His6, and SKΔ (R253-L260) ΔK414-His6 for binding to
[5F]FFR-[Lys]Pg was determined in titrations of the fluorescence quenching accompanying
the interaction [7; 16]. As shown previously, this measures the affinity for labeled Pg
binding in the catalytic mode to SK [7]. A consistent property of the active site-labeled Pg
analogs (not labeled Pm) is that the affinity is ~5-fold weaker than of unlabeled Pg,
reflecting changes in the conformation of the Pg catalytic domain due to occupation of the
active site by the probe-tripeptide [7; 15]. The analogs retain the dependence of affinity on
LBS interactions.

Titrations of [5F]FFR-[Lys]Pg with native SK and wtSK-His6 were performed in the
absence and presence of 10 mM 6-AHA (Fig. 5A and 5B). In the absence and presence of 6-
AHA, native SK bound labeled [Lys]Pg with Kd 23 ± 6 nM and 310 ± 70 nM, respectively
(Fig. 5A; Table 1). Consistent with our previous studies of an SK mutant lacking the
COOH-terminal lysine [27], wtSK-His6 bound to labeled [Lys]Pg with weaker affinity than
native SK, Kd 240 ± 30 nM and 290 ± 50 nM in the absence and presence of 6-AHA,
respectively (Fig. 5B). Blockage of the COOH-terminal lysine residue in wtSK-His6
decreased the weakening effect of 6-AHA on affinity from 13.5 fold to 1.2-fold (Table 1).
This demonstrated that the SK mutant with an obstructed COOH-terminal lysine binds
labeled [Lys]Pg without the normal increase in affinity due to LBS interaction with a Pg
kringle. Similarly, SKΔ (R253-L260) ΔK414-His6 exhibited a 20-fold lower affinity than
native SK in the absence of 6-AHA and 2.6-fold lower in the presence of 10 mM 6-AHA
(Fig. 5C; Table 1).

Kinetics of conformational and proteolytic [Lys]Pg activation by SK mutants
SK mutants were characterized further in kinetic studies of [Lys]Pg activation. The results
were analyzed using a kinetic model shown in Scheme 1 (Materials and methods). The
kinetics of [Lys]Pg activation were monitored by hydrolysis of VLK-pNA and the parabolic
progress curves were resolved into an initial rate of substrate hydrolysis (v1) representing the
activity of the rapidly formed, conformationally activated SK· [Lys]Pg* complex, and the
rate of acceleration (v2) representing binding of [Lys]Pg as a substrate of the SK· [Lys]Pg*
complex and its proteolytic conversion to Pm [5; 7]. The SK concentration dependence of v1
is hyperbolic, yielding the dissociation constant for SK·Pg* complex (KA(v1)) and the
maximum, representing the bimolecular rate constant for chromogenic substrate hydrolysis
by this complex (kcat/Km(v1)). v2 shows behavior unique to the SK mechanism, due to Pg
binding to SK in both catalytic mode and substrate mode (see Scheme 1 in Materials and
methods). For [Lys]Pg, which binds SK tightly in the catalytic mode, v2 increases sharply to
a maximum at [SK]o ≈ 0.5[Pg]o and decreases at higher SK concentration, approaching zero
when [SK]o ≫[Pg]o due to depletion of free [Lys]Pg to act as substrate [5]. Because the
reactions are coupled, analysis of the SK dependences of v1 and v2 both provide an estimate
of the SK· [Lys]Pg* dissociation constant (KA(v1) and KA(v2)). KA(v1) is generally more
reliable because generation of free Pm that binds more tightly to SK skews the estimate of
KA(v2)) toward lower values [5]. Analysis of the SK concentration dependence of v2 also
yields the bimolecular rate constant for [Lys]Pg conversion to Pm (kPg).
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Parameters derived from v1 and v2 in the absence, and v1 in the presence of 10 mM 6-AHA
are summarized in Table 2. It should be noted that because v2 is vastly inhibited by 10 mM
6-AHA, no parameters for Pm generation were obtained under these conditions. Native and
wtSK showed indistinguishable KA(v1) of 2 ± 1 and 4 ± 1 nM in the absence of 6-AHA,
respectively, and 20- or 8-fold weaker values, respectively, in the presence of 6-AHA (Fig.
6A and 6B). The bimolecular rate constant for VLK-pNA hydrolysis was similar for native
and wtSK, as was kPg (Table 2).

SKΔ(R253-L260) and SK-His6 both showed 2.5-fold lower affinity (KA(v1) 10 nM) for
conformational activation compared to wtSK, which was reduced 8- and 3-fold, respectively
by 10 mM 6-AHA (Fig. 6C; Table 2). SK-His6 exhibited kPg indistinguishable from wtSK,
whereas SKΔ(R253-L260) showed slow rates of Pm formation that could not be analyzed
(Fig. 6D). The near-absence of Pm generation with SKΔ(R253-L260) was consistent with
previous results with the SKΔ (R253-L260)ΔK414 mutant, which lacks the LBS-
dependence of Pg substrate recognition [28]. The SKΔ (R253-L260) ΔK414-His6 mutant
had KA(v1) of 28 ± 5 nM, 7-fold weaker than wtSK, which was increased only 2.5-fold by
10 mM 6-AHA (Fig. 6E and 6F; Table 2). As expected, only slow rates of Pm formation
were observed with this mutant. The results of the kinetic studies paralleled those of the
equilibrium binding experiments in that blocking Lys414 in SK-His6 or deletion of Lys414

and blocking the COOH-terminus in SKΔ(R253-L260) ΔK414-His6 nearly eliminated the
effects of 6-AHA on both SK-[Lys]Pg binding and formation of the conformationally
activated SK· [Lys]Pg* complex. In the binding studies, the 13.5-fold weakening effect of 6-
AHA on native SK affinity for [Lys]Pg was reduced for SK-His6 and SKΔ (R253-L260)
ΔK414-His6 to 1.2- and 1.7-fold, respectively (Table 1). Similarly, the effect of 6-AHA on
the kinetically determined KA(v1) for native SK reduced the 20-fold effect of 6-AHA on SK·
[Lys]Pg* formation to 3- and 2.5-fold for the two constructs, respectively (Table 2) [27].

Application of the labeling method to quantify [Lys]Pg receptors on leukocytes using the
near-IR probe Alexa Fluor 680

Because there are a number of Pg receptors, including α-enolase, annexin II [41; 42], p11
[43], Plg-RKT [44], and histone H2B [45] present on cell surfaces, we sought to develop a
probe that would assess the overall level of Pg binding capacity of cells from a complex
biologic mixture. [Lys]Pg was chosen as the receptor ligand, in part, because it has been
shown that on endothelial cells and monocytes, [Glu]Pg is rapidly converted to [Lys]Pg [46;
47]. Many Pg receptors mediate binding via the LBS in kringle domains and it is well
known that [Lys]Pg expresses enhanced kringle LBS interactions compared to [Glu]Pg [3;
16; 48; 49; 50], further favoring the choice of [Lys]Pg. Flow cytometry analysis of immune
cells isolated from either murine blood or spleen showed [Alexa Fluor 680]FFR-[Lys]Pg
([AF680]FFR-[Lys]Pg) labeling of primarily CD11b+ cells, namely neutrophils and
monocytes. The flow cytometry gating strategy exploited here, B220/CD90/CD49b/NK1.1/
Ly6G/Ter119 versus CD11b+, has been documented and is a well accepted protocol [34; 35;
36]. Populations of cells were confirmed by cytospin morphologic analysis after H&E
staining (data not shown). Results from labeled splenocytes are shown in Fig. 7A and
indicate that [AF680]FFR-[Lys]Pg labels CD11b+ cells (monocytes/macrophages and
neutrophils) preferentially over lymphocytes, indicated by an average of 38-fold higher
mean fluorescence intensity (MFI). This was also observed when we stained cells obtained
from blood, but the difference between cell populations was less pronounced (Fig. 7A).
Neutrophils had slightly higher [AF680]FFR-[Lys]Pg positive values as demonstrated by the
representative MFI histograms. These labeling results were similar in both cells harvested
from blood and from the spleen. Binding of [AF680]FFR-[Lys]Pg to CD11b+ cells was
blocked by the addition of 5 mM 6-AHA (Fig. 7B). To validate that the fluorescence signal
demonstrated by populations of neutrophils and monocytes resulted from surface labeling of
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[AF680]FFR-[Lys]Pg, a competitive binding experiment was conducted between native
[Lys]Pg and [AF680]FFR-[Lys]Pg (Fig. 7C). The MFI of the neutrophil and monocyte
groups decreased in a concentration-dependent manner with increasing [Lys]Pg. The results
demonstrate the ability of labeled [Lys]Pg to be used in combination with other immune
markers to identify specific populations of cells and assess the expression of Pg receptors on
the surface of these cells. The advantage of this strategy over antibody staining is two-fold:
first, antibody staining for a single Pg receptor on the cell surface would grossly
underestimate the total Pg binding potential; and second, the approach allows specific
incorporation of near-IR probes or other molecular beacons. Such probes could potentially
be used for whole animal imaging of Pg-positive migrating cells [45; 51; 52; 53].

Pg plays a critical role in intravascular fibrinolysis mainly through its activation by tissue-
type Pg activator in association with annexin II on endothelial cells, monocytes, and
macrophages, which are involved in cell migration, wound repair, and tissue remodeling
[51; 53; 54; 55]. In addition, extravascular Pg, estimated to be 40% of total Pg [56], is
activated mainly by urokinase-type Pg activator and its receptor, urokinase-type Pg activator
receptor (uPAR), which has an established role in tumor invasion and metastasis of a
number of cancers by generating Pm that breaks down extracellular matrix and facilitates
metalloproteinase activation [56; 57; 58; 59; 60; 61]. This has led to sophisticated
approaches for specific imaging of uPA activity (e.g. [62]). Fewer studies have addressed Pg
binding to its numerous receptors [52; 61; 63]. Our studies of generic detection of [Lys]Pg-
binding receptors provide a platform for new receptor-specific imaging of Pg/Pm on normal
migrating cells and on cells in a variety of pathological settings. With respect to cancer
imaging, the challenge is whether the differential imaging of normal monocytes/
macrophages and these cells in cancer metastasis is large enough to be used diagnostically.

Conclusions
An SK mutant was rationally engineered that exhibits greatly reduced Pm generation, while
maintaining sufficient affinity for Pg conformational activation to facilitate the production of
active site-specific and stoichiometrically labeled fluorescent Pg analogs. Use of the SK
mutant increased the yield for labeling of [Lys]Pg and [Glu]Pg from ~5% to 13% and ~20%,
respectively, reduced the time of their preparation at least 2-fold, and maintained the high
purity of previous methods. The versatility of the labeling scheme was advanced to include
application of [Lys]Pg labeled with the near-infrared probe, Alexa Fluor 680, to identify and
quantitate murine immune cell populations harboring Pg receptors by flow cytometry. The
results suggest that new Pg analogs may be designed by the same strategy for imaging of
normal and pathological cellular functions.
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Figure 1. Illustrations of the SK construct used for active site-labeling and the labeling reaction
scheme
A. Modifications of SK to generate SKΔ(R253-L260)ΔK414-His6. SK represented (dark
blue) by the α-, β-, and γ-domains from the NH2- to COOH-terminus. The NH2-terminal
His6-tag is followed by the TEVp substrate recognition sequence (not shown) immediately
adjacent to the essential Ile1- residue of the α-domain that is cleaved by TEVp-His6 (red
arrow), removing the His6-segment. Residues Arg253-Leu260 in the SK β-domain
containing the kringle 5-binding R253, K256, and K257 residues were deleted (red X, X). The
COOH-terminal K414 was also deleted (red X). B. Reactions of the active site-labeling
scheme: (1) SK (dark blue) binds to the [Lys]Pg (green) catalytic domain, which is attached
to kringles 1–5 (numbered) forming the SK· [Lys]Pg* conformationally activated catalytic
site (light blue oval). In coupled reactions (red) that are greatly inhibited by the use of the
construct in A, [Lys]Pg binds as a substrate of SK· [Lys]Pg*, forming SK· [Lys]Pg*·
[Lys]Pg, which is proteolytically activated to Pm. (2) Nα-[(acetylthio)acetyl]-D-Phe-Phe-
Arg-CH2Cl reacts irreversibly with the active site in SK· [Lys]Pg*, trapping and inactivating
the complex. (3) Reaction of the inhibitor incorporated into the SK· [Lys]Pg* active site
with NH2OH generates a free thiol that in the presence of a fluorescence probe-
iodoacetamide (magenta ball) (4) is selectively, covalently modified. (5) The probe-
inhibitor-labeled SK· [Lys]Pg* complex is dissociated in NaSCN and the active site-labeled
fluorescent [Lys]Pg analog is purified.
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Figure 2. Purification of SKΔ (R253-L260) ΔK414-His6 by Ni2+- iminodiacetic acid-Sepharose
chromatography
A. Elution profile of the products of a reaction of His6-(TEVp cleavage site)-SKΔ (R253-
L260) ΔK414-His6 with TEVp-His6 at a 10:1 substrate:protease molar ratio as described in
Materials and methods, monitored by the A280 nm-absorbance eluting from a 5 ml Ni2+-
iminodiacetic acid-Sepharose FPLC column equilibrated at 22 °C with 50 mM Hepes, 400
mM NaCl, 50 mM imidazole, pH 7.4, followed by a linear gradient of 0.05–0.5 M imidazole
in the equilibration buffer. Minor contaminants eluting in the equilibration buffer (peak 1),
the TEVp-cleaved protein SKΔ (R253-L260) ΔK414-His6 (peak 2), residual uncleaved
His6-(TEVp cleavage site)-SKΔ (R253-L260) ΔK414-His6 (peak 3), and TEVp-His6 (peak
4). B. SDS-PAGE (4–15% gradient gel) of reduced samples (7 μg) of native SK (lane 1),
SKΔ (R253-L260) ΔK414-His6 (lane 2), and His6-(TEVp cleavage site)-SKΔ (R253-L260)
ΔK414-His6 (lane 3). Molecular mass markers in kDa (lane Mr).
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Figure 3. Purification of labeled [Lys]Pg from labeling reaction mixtures by Ni2+-iminodiacetic
acid-Sepharose and SK-AffiGel-10 affinity chromatography
A. Elution profile, measured by A280 nm-absorbance, of [Lys]Pg products from a reaction
mixture of 25 μM [Lys]Pg with 50 μM SKΔ (R253-L260) ΔK414-His6 inactivated with 410
μM ATA-FFR-CH2Cl, and subsequently labeled with 155 μM 5-IAF on Ni2+- iminodiacetic
acid-Sepharose (5 ml). Proteins were eluted with a steep gradient of NaSCN over 6 column-
volumes. The black bar represents the fractions of peak 1 pooled. B. Elution profile of the
pooled, concentrated, and dialyzed fractions in A on SK-AffiGel-10 (1 cm 16 cm; 5 mg of
SK/ml of gel) as described in Materials and methods. The SK mutant·Pg/Pm complexes
elute in the equilibration buffer (peak 1), labeled [Lys]Pg (peak 2) is eluted with a shallow
gradient of 3 M NaSCN in the equilibration buffer over 20 column-volumes, and labeled Pm
elutes at higher NaSCN (not detectable in this chromatogram). C. SDS-PAGE (4–15%
gradient gels) of reduced samples (8–10 μg) from panel A, peak 1 (A1) and peak 2 (A2), and
from panel B, peak 1 (B1) and peak 2 (B2). Sample B2 was from the same preparation run
on a separate, identical gel. Bands representing labeled [Lys]Pg ([Lys]Pg), SKΔ (R253-
L260) ΔK414-His6 (SKΔ (R253-L260) ΔK414-His6), the Pm heavy chain (Pm-h) and
labeled light chain (Pm-l) are identified by the arrows.
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Figure 4. Specificity of active site-labeling of conformationally activated SKΔ (R253-L260) Δ
K414-His6· [Glu]Pg* complex with ATA-FFR-CH2Cl and 5-IAF assessed by SDS-PAGE
The fluorescence (A and C) and protein-stained bands (B and D) are shown for reduced (A
and B) and non-reduced (C and D) samples (~11 μg). Reactions were performed with 15 μM
[Glu]Pg, 30 μM SKΔ (R253-L260) ΔK414-His6, and 355 μM ATA-FFR-CH2Cl for 2 h at
25 °C, followed by removal of excess inhibitor by Sephadex G25 centrifugal
chromatography through 2 ml spin-columns (Bio-Rad). Free thiol was generated by addition
of 1 M NH2OH to 0.1 M and incubation with 170 μM 5-IAF for 2 h at 25 °C . Free dye was
removed by Sephadex G25 (2 ml) centrifugal chromatography. [Glu]Pg (lane1), SKΔ
(R253-L260) Δ K414-His6 (lane 2), the SKΔ (R253-L260) ΔK414-His6· [Glu]Pg* complex
after inactivation with ATA-FFR-CH2Cl (lane 3), the complete set of labeling reactions
(lane 4), control reactions where SKΔ (R253-L260) ΔK414-His6 was omitted (lane 5),
NH2OH was omitted (lane 6), or the catalytic site of SKΔ (R253-L260) ΔK414-His6·
[Glu]Pg* complex was blocked with 200 μM FFR-CH2Cl before incubation with ATA-
FFR-CH2Cl, and 5-IAF in the presence of NH2OH, as described above (lane 7).
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Figure 5. Effects of an SK COOH-terminal His6-tag and deletion of Arg253-Leu260 on the
affinity of SK for [5F]FFR-[Lys]Pg
A. Fluorescence titrations (ΔF/Fo) of 15 nM [5F]FFR-[Lys]Pg as a function of total SK
concentration ([SK]o) for native SK in the absence (●) and presence (○) of 10 mM 6-AHA.
B. Titrations as in A with SK-His6 in the absence (▲) and presence (△) of 10 mM 6-AHA.
C. Titrations as in A with SKΔ (R253-L260) ΔK414-His6 in the absence (■) and presence
(□) of 10 mM 6-AHA. Solid lines represent the non-linear least-squares fits to the data by
the quadratic binding equation with the parameters in Table 1. Titrations were performed
and analyzed as described in Materials and methods.
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Figure 6. Steady-state kinetics of conformational and proteolytic [Lys]Pg activation by SK
constructs
A and B. v1 and v2, respectively, as a function of total SK concentration ([SK]o) for native
SK (●) and wtSK (▲). C and D, v1 and v2, respectively, for SKΔ(R253-L260) (●) and
wtSK-His6 (▲). E. and F., v1 and v2, respectively, for SKΔ(R253-L260))ΔK414-His6 (●).
Experiments were performed in the absence solid symbols (●,▲) or presence open symbols
(○,△) of 10 mM 6-AHA. The solid lines represent the fits of Eq 2 and 4 for v1, and Eq 3 and
4 for v2 in Materials and methods with the parameters listed in Table 2. Kinetics of 10 nM
[Lys]Pg activation by SK constructs were performed and analyzed as described in Materials
and methods.
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Figure 7. Application of the active site-labeling procedure to flow cytometry analysis of Pg
receptors on immune cells visualized with [AlexaFluor 680]FFR-[Lys]Pg
A, Representative flow cytometry dot plots collected from the blood (top) and spleen
(bottom) from C57BL/6 mice (n=3). Populations of cells studied are highlighted with others
cells (lymphocytes and red blood cells) denoted by the white circle, neutrophils (CD11b+

cells, but positive for B220/CD90/CD49b/NK1.1/Ly6G/Ter119 antibody cocktail) by the
orange circle and monocytes (CD11b+ and B220/CD90/CD49b/NK1.1/Ly6G/Ter119
negative) by the black circle. Total [AF680]FFR-[Lys]Pg uptake for these same immune cell
groups is shown as histograms with the MFI shown for each. B. [AF680]FFR-[Lys]Pg MFI
compared among the same groups isolated from the spleen after incubation with or without
5 mM 6-AHA at 4 °C for 30 min. C. Binding of [AF680]FFR-[Lys]Pg to CD11b+ cells in
the presence of increasing concentrations of [Lys]Pg. Results demonstrate the specificity of
[AF680]FFR-[Lys]Pg labeling for labeling of neutrophils and monocytes. Experiments were
performed in triplicate as described in Materials and methods, and standard error of the
mean is shown. * indicates p < 0.05.
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Scheme 1.
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Table 1

Equilibrium binding parameters for SK constructs binding to 5-fluorescein-labeled [Lys]Pga

SK construct

No 6-AHA 10 mM 6-AHA

Kd (nM) ΔFmax/Fo (%) Kd (nM) ΔFmax/Fo (%)

Native SK 23 ± 6b −22 ± 1 310 ± 60 −22 ± 1

SK-His6 240 ± 30 −33 ± 1 290 ± 50 −24 ± 1

SKΔ (R253-L260) ΔK414-His6 470 ± 40 −26 ± 1 820 ± 90 −22 ± 1

a
Dissociation constants (Kd) and maximum fluorescence changes (ΔFmax/Fo) are listed for the titrations shown in Fig. 5. [5F]FFR-[Lys]Pg (15

nM) was titrated with the indicated SK constructs in the absence (No 6-AHA) and presence of 6-AHA (10 mM 6-AHA). Binding experiments were
performed and analyzed as described in Materials and methods.

b
Experimental error represents the 95% confidence interval.
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