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Materials and Methods 

Protein Production and Purification 

The pET28b expression plasmid carrying the staphylokinase gene (NCBI GenBank ID A17529.1) from 

Staphylococcus phage 42D (NCBI Taxonomy ID 10715) encoding the staphylokinase mature protein (EC 

3.4.99.22; UniprotID P15240 without the first 27 amino acids signal peptide) with an additional 

N-terminal 6xHis-tag was inserted into chemically competent Escherichia coli BL21(DE3) cells (New 

England BioLabs, Ipswich, Massachusetts, USA) by the heat shock transformation. Fresh kanamycin-

resistant colonies were inoculated in 10mL of 1×LB medium with kanamycin (50 µg.mL-1) and incubated 

overnight at 37 °C and 200 rpm. The overnight cultures were diluted 100-fold with fresh 2×LB medium 

supplemented with kanamycin (50 µg.mL-1) and the cells were further grown at 37 °C and 200 rpm until 

the optical density OD600 of the culture reached the value of 0.6. At that point, expression of the 

staphylokinase gene was induced by 1 mM IPTG and after 3 hours of further incubation at 37 °C, the 

biomass was harvested by centrifugation at 4 °C and 3,600×g for 10 minutes. The pellet was resuspended 

in 20 mM Tris-HCl buffer pH 7.5 with 200 mM NaCl and 20 mM imidazole and stored at -70 °C. Prior to 

the protein purification, the cells were disrupted by sonication using the ultrasonic processor Hielscher 

UP200S (Hielscher Ultrasonics, Teltow, Germany) and the cell debris was centrifuged at 4°C and 

21,000×g for 60 minutes. The supernatant containing the released protein of interest was applied on Ni-

NTA Superflow Cartridge column (Qiagen, Hilden, Germany) connected to the BioLogic DuoFlow FPLC 

system (Bio-Rad Laboratories, Hercules, California, USA) and equilibrated with the purification buffer 

(20 mM Tris-HCl pH 7.5, 200 mM NaCl and 20 mM imidazole). The target staphylokinase enzyme was 

eluted with a linear gradient of 20–250 mM imidazole. The eluted protein fractions were pooled and 

subsequently loaded onto the Sephadex S75 size-exclusion chromatography column (GE Healthcare, 

Chicago, Illinois, USA). The protein purity was evaluated by sodium dodecyl sulfate denaturing 

polyacrylamide gel electrophoresis (SDS-PAGE) and staining with Coomassie Brilliant Blue R-250 (Fluka, 

Buchs, Switzerland). The freshly purified protein was stored in liquid form in phosphate-buffered saline 

PBS pH 7.4 (10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl) at 4 °C and used for kinetic 

experiments within a week after the purification. 

Circular Dichroism Spectroscopy and Melting Temperature Measurements 

The sample of staphylokinase protein in 10 mM Tris-HCl buffer pH 7.5 with 50 mM NaCl was diluted to 

0.2 mg.mL-1 and its circular dichroism spectrum was recorded at 20 °C using the Chirascan 

spectropolarimeter (Applied Photophysics, Leatherhead, United Kingdom). The circular dichroism signal 

was measured from 195 to 275 nm with 0.5 s integration time and 1 nm bandwidth in a 0.1 cm quartz 

cuvette. The spectrum was measured in five consecutive technical replicates and then averaged and 

corrected for the ellipticity of the buffer. The whole measurement procedure was repeated in two 

biological replicates. The circular dichroism signal was expressed as mean residue ellipticity ΘMRE, 

calculated with Equation 2 where Θobs is the measured ellipticity in degrees, MW is the staphylokinase 

molecular weight in kDa, n is the number of staphylokinase residues, l is the cell path length in cm, and 

c is the protein concentration in mg.mL-1. 

𝛩MRE =
𝛩obs ∙ 𝑀𝑊 ∙ 100

𝑛 ∙ 𝑐 ∙ 𝑙
 (2) 

Thermal unfolding of the protein was monitored by the change of ellipticity at 210 nm over a 

temperature gradient of 25–80 °C (1 °C.min-1) using the same Chirascan spectropolarimeter (Applied 

Photophysics, Leatherhead, United Kingdom). The resulting thermal denaturation curves were fit with 

the sigmoid equation (Equation 3) where Θinit and Θfinal are the initial (native) and the final (denatured) 

mean residue ellipticities of staphylokinase, Tm is the desired value of melting temperature in °C, T is 

the temperature in °C, w is the width of the sigmoidal transition in °C, and m is the slope of the 

unspecific linear drift of the signal. 
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𝛩MRE = 𝛩init +
𝛩final − 𝛩init

1 + 𝑒
𝑇m−T
𝑤

+𝑚 ∙ T 
(3) 

Thrombolytic Activity Check by Fibrin Plate Assay 

Sufficient fibrinolytic activities of staphylokinase and alteplase (clinically approved thrombolytic drug) 

were checked at fibrin plates that were prepared by quickly mixing low-melting-point melted agarose 

(Sigma-Aldrich, St. Louis, Missouri, USA) with human plasma fibrinogen (BioVision, Milpitas, California, 

USA), human serum Glu-Plg rich plasminogen (Roche Applied Science, Penzberg, Germany), and human 

plasma thrombin (Sigma-Aldrich, St. Louis, Missouri, USA) preincubated at 37 °C inside a Petri dish. All 

the components were dissolved in physiological phosphate-buffered saline pH 7.4 and their resulting 

concentrations in the plate were 10 mg.mL-1 agarose, 1.8 mg.mL-1 fibrinogen, 0.12 mg.mL-1 plasminogen, 

and 0.2 UN.mL-1 thrombin. Once the fibrin plate was completely solidified, 2 µL of either staphylokinase 

or alteplase (Boehringer Ingelheim, Ingelheim, Germany) sample at the concentration of 25 µM was 

spotted on the surface of the plate, the plate was incubated at 37 °C in the thermal incubator MIR-262 

(SANYO, Osaka, Japan), and the growth of fibrinolytic zones was monitored each hour by time-lapse 

snapshots photographing for 7 hours in total. The surface of the lysis zone was evaluated by image 

analysis for each time point and relativized to the surface of the whole fibrin plate. Relative percentage 

lysis zones were plotted against time and the fibrinolytic activity was determined as a slope of the linear 

fit. The activities of staphylokinase and alteplase were compared. 

Thrombolytic Activity Check by Chromogenic Substrate Assay 

Plasminogen conversion activity of staphylokinase and alteplase (clinically approved thrombolytic drug) 

was tested using the AssaySense Human tPA Chromogenic Activity Kit (AssayPro, St. Charles, Missouri, 

USA). The indirect coupled assay is based on the release of the p-nitroaniline chromophore from the S-

2251 substrate by plasmin that is generated during the preceding step of plasminogen activation and 

conversion to plasmin by either staphylokinase or alteplase. The tested thrombolytic protein at the 

concentration of 1 µM was mixed with all the kit components according to the manufacturer protocol 

inside a microplate well, the plate was sealed with an adhesive transparent foil, and the activity was 

monitored at 37 °C by the change of absorbance at 405 nm measured every 30 minutes for 3 hours in 

total using the microplate reader FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany). The resulting 

kinetic curves were fit with a quadratic (second-order polynomial) equation where the value of the 

quadratic term corresponded to the activity of the tested thrombolytic proteins. The activities of 

staphylokinase and alteplase were compared. 

Surface Plasmon Resonance (SPR) Affinity Measurements 

Biospecific interactions between staphylokinase and plasmin were experimentally measured using the 

MP-SPR Navi 210A instrument (BioNavis, Tampere, Finland). Human plasma plasmin (Athens Research & 

Technology, Athens, Georgia, USA) was immobilized on the surface of an activated carboxymethyl 

dextran biosensor chip CMD200L via its amine groups using the EDC-NHS coupling method by the protocol 

recommended by the manufacturer. The steps included (i) 7 min of surface cleaning using 2 M NaCl and 

0.01 M NaOH, (ii) 7 min of surface activation using the mixture of 50 mM N-hydroxysuccinimide (NHS) 

and 200 mM N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), (iii) 10 minutes of 

plasmin immobilization, and (iv) 5 minutes of surface deactivation using 1 M ethanolamine pH 8.0, all 

steps at the flow rate of 20 µL/min. The immobilization step was performed in sodium acetate buffer 

pH 4.5 using final plasmin concentration of 20 µg/mL. The binding of staphylokinase (0, 0.1, 0.5, 1, 2, 

3, 5, 7, 10, 15, 25, or 40 µM) to the immobilized plasmin molecules was monitored at 25 °C in phosphate-
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buffered saline PBS pH 7.4 (10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl). The association 

phase was initiated by injecting staphylokinase for 5 minutes at the flow rate of 40 µL/min, followed by 

the dissociation phase achieved by injecting pure buffer for 5 more minutes at the same flow rate. 

Regeneration of the chip and a full release of bound staphylokinase was accomplished by injecting 3 mM 

HCl for 2 minutes at the flow rate of 40 µL/min. In the case of human serum Glu-Plg rich plasminogen 

(Roche Applied Science, Penzberg, Germany) binding measurement, the same protocol was followed 

with three minor adjustments: (i) CMD50L biosensor chip was used to decrease the possibility of 

plasminogen cross-activation, (ii) plasminogen final concentration during immobilization was 30 µg/mL, 

and (iii) staphylokinase concentration was 0, 5, 7, 15, 25, 40, or 53 µM. SPR biosensor chip with lower 

hydrogel thickness as well as lower immobilization concentration was applied in order to minimize close 

contact of neighboring plasminogen molecules, their cross-interaction, and the possible plasminogen-

to-plasmin degradation. Due to the lower amount of immobilized plasminogen molecules, lower SPR 

signals and increased noise were expected. 

Steady-State Kinetics Measurements 

Kinetics of plasminogen activation was monitored by the change of fluorescence using the fluorogenic 

substrate D-VLK-AMC (AAT Bioquest, Sunnyvale, California, USA) which is processed by plasmin 

generated by plasminogen activators to form the fluorescent product 7-amino-4-methylcoumarin (AMC). 

The experiment was performed at 25 °C in phosphate-buffered saline PBS pH 7.4 (10 mM Na2HPO4, 1.8 

mM KH2PO4, 2.7 mM KCl, 137 mM NaCl) containing 1 mM CaCl2. First, staphylokinase was premixed with 

human plasma plasmin (Athens Research & Technology, Athens, Georgia, USA) in a 1:1 ratio to pre-form 

the enzymatically active complex. After 30 minutes, 30 µL of D-VLK-AMC was mixed with 50 µL of various 

concentrations of human serum Glu-Plg rich plasminogen (Roche Applied Science, Penzberg, Germany) 

inside a microplate well, followed by the addition of 20 µL of the premixed staphylokinase.plasmin 

mixture to initiate the enzymatic reaction. The resulting concentrations in the reaction mixtures were 

200 µM D-VLK-AMC, 6.2 nM staphylokinase, and 6.2 nM plasmin while the concentration of plasminogen 

was 0, 0.2, 1.1, 3.4, 6.8, 11.4, 22.7, or 47.7 µM. Each measurement was performed in technical 

triplicates in three separated microplate wells of a black 96-well clear bottom microplate (PerkinElmer, 

Waltham, Massachusetts, USA). The plate was sealed with a transparent adhesive film to eliminate 

evaporation and the kinetics of plasminogen activation was monitored by the increase of the AMC 

fluorescence at 460 nm upon excitation at 360 nm using the microplate reader FLUOstar OPTIMA (BMG 

Labtech, Ortenberg, Germany). In the case of human plasmin steady-state kinetics, the same protocol 

was applied but the reaction mixture was composed of 57 nM human plasmin and D-VLK-AMC at the 

resulting concentration of 0, 10, 20, 50, 100, 200, 400, or 600 µM. The whole experimental procedure 

was repeated in two biological replicates to confirm consistency of the collected data. The technical 

triplicate relates to an experiment performed three times with the same biological samples and 

instrumental setup to account only for the technical variations, such as pipetting and instrument reading 

errors. In contrast, biological replicates were performed with different batches of freshly prepared 

staphylokinase enzyme to detect potential variations in gene expression, protein folding, protein purity, 

and similar effects. 

Conventional Analysis of Kinetic Data 

All the steady-state kinetic curves of increasing 7-amino-4-methylcoumarin (AMC) fluorescence were 

first recalculated to AMC concentration changes based on the calibration curve constructed by measuring 

fluorescence of various concentrations of the AMC standard ranging from 0 to 600 µM (Figure S9). The 

concentration dependence of AMC fluorescence provided an exponential trend so the calibration curve 

was constructed by fitting the calibration points with the exponential Equation 4. 
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Fluorescence = 𝐹a ∙ (1 − 𝑒−𝐹b∙[AMC]) + 𝐹0 (4)  

Steady-state kinetic data of D-VLK-AMC conversion by plasmin were analyzed by fitting the initial phases 

with the linear Equation 5, with the slope corresponding to the initial rates v0 of the enzymatic reaction 

in µM.s-1. Values of the initial rates were divided by the plasmin enzyme concentration [Plm] used within 

the experiment to obtain rates in s-1 and the value were plotted against the applied D-VLK-AMC substrate 

concentration [S] to reach the typical hyperbolic concentration dependence curve. This dependence was 

fit with the Michaelis-Menten Equation 6 to obtain the final values of kcat,Plm and Km,Plm for the enzymatic 

reaction of D-VLK-AMC conversion by plasmin. 

[AMC] = 𝑣0 ∙ (t + 𝑡0) 

𝑣0
[Plm]

=
𝑘cat,Plm ∙ [S]

𝐾m,Plm + [S]
 

(5) 

(6) 

In the case of plasminogen conversion by staphylokinase, the steady-state kinetic curves were fit with 

the quadratic Equation 7 due to the coupled nature of the measured assay. The obtained values of initial 

rates v0 were again plotted against the applied plasminogen substrate concentration [Plg] to yield a 

typical hyperbolic dependence but due to the coupled arrangement of the measured kinetic data, the 

estimates of kcat,SAK and Km,SAK for the plasminogen conversion by staphylokinase were calculated based 

on the modified Michaelis-Menten Equation 8, derived for the herein used coupled kinetic pathway. 

[AMC] = 𝑣0 ∙ (t + 𝑡0)
2 

𝑣0
[SAK]

∙
𝐾m,Plm + [S]

𝑘cat,Plm ∙ [S]
=
𝑘cat,SAK ∙ [Plg]

𝐾m,SAK + [Plg]
 

(7) 

(8) 

In order to calculate the affinity-corrected value of kcat,SAK according to Equation 1, the SPR experiment 

of increasing resonance R due to the staphylokinase affinity binding to plasmin was examined using the 

analytical data fitting approach as well. The initial kinetic phase of the association step was fit with the 

exponential Equation 9 to derive observed rate kobs and amplitude A for each applied concentration of 

staphylokinase. Both the observed rate and the amplitude were plotted against the staphylokinase 

concentration [SAK] and the obtained dependencies were fit with the linear Equation 10 and the 

hyperbolic Equation 11 to get the estimates of the final parameters kon, koff, and Kd describing the affinity 

of staphylokinase binding to plasmin. 

R = 𝐴 ∙ (1 − 𝑒−𝑘obs∙t) + 𝑅0  

𝑘obs = 𝑘on ∙ [SAK] + 𝑘off 

𝐴 =
𝐴lim ∙ [SAK]

𝐾d + [SAK]
 

(9) 

(10) 

(11) 

Global Numerical Analysis of Kinetic Data 

The analysis of kinetic data was performed by applying an updated protocol employing global numerical 

fitting of raw kinetic data using KinTek Explorer 10 (KinTek Corporation, Austin, Texas, USA). The 

software allows for the input of a given kinetic model via a simple text description, and the program 

then derives the differential equations needed for numerical integration automatically. In the case of 

SPR affinity data, the experiment of increasing SPR resonance signal (R) over time upon the 

staphylokinase SAK binding to plasmin(ogen) Plm/Plg was described with Equation 12 and the revealed 

two-step induced-fit mechanism (Equation 13), as described in Note S1, was used as an input kinetic 

model. In the case of steady-state kinetics data, the measurement of increasing fluorescence signal (F) 
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over time upon enzymatic conversion was described with Equation 14 based on the calibration curve of 

the free fluorescent AMC product standard. The steady-state model (Equations 15–19) was used to obtain 

the values of Michaelis constant Km, turnover number kcat, and product inhibition constant Kp for both 

SAK (Equation 15) and Plm (Equation 16) steady-state kinetics. A conservative estimate for diffusion-

limited substrate and product binding (k+1 = k-3 = 1000 μM-1.s-1) was used as a fixed value to mimic the 

rapid equilibrium assumption. All the kinetic data were then fit globally directly to the overall kinetic 

model for each tested scenario that are schematically depicted in Figure S3. Numerical integration of 

rate equations searching a set of kinetic parameters that produce a minimum χ2 value was performed 

using the Bulirsch–Stoer algorithm with adaptive step size, and nonlinear regression to fit data was based 

on the Levenberg–Marquardt method. To account for fluctuations in experimental data, plasminogen 

and D-VLK-AMC substrates concentrations were allowed to be slightly adjusted (± 5 %) to derive the best 

fits. Residuals were normalized by sigma values for each data point. The standard error (S.E.) was 

calculated from the covariance matrix during nonlinear regression. In addition to S.E. values, a more 

rigorous analysis of the variation of the kinetic parameters was accomplished by confidence contour 

analysis using FitSpace Explorer (KinTek Corporation, Austin, Texas, USA). In these analyses, the lower 

and upper limits for each parameter were derived from the confidence contour by setting χ2 threshold 

at 0.95. The final fit provided a precise estimation of a total set of 14 kinetic constants describing all 

the individual steps of the staphylokinase mechanism in detail. 

𝑅 = 𝑎 ∙
Plm/Plg. SAK + Plm∗/Plg∗. SAK

Plm/Plg + Plm/Plg. SAK + Plm∗/Plg∗. SAK
 

Plm/Plg + SAK 

𝑘+1
→ 

𝑘−1
← 

 Plm/Plg. SAK 

𝑘+2
→ 

𝑘−2
← 

 Plm∗/Plg∗. SAK 

F = 𝐹a ∙ (1 − 𝑒−𝐹b∙[AMC]) + 𝐹0 

SAK. Plm∗ + Plg 

1000
→  

 𝑘−1 
←  

 SAK. Plm∗. Plg 
𝑘+2
→  SAK. Plm∗. Plm 

 𝑘+3 
→  

1000
←  

 SAK. Plm∗ + Plm 

Plm + D-VLK-AMC 

1000
→  

 𝑘−1 
←  

 Plm. D-VLK-AMC 
𝑘+2
→  Plm. AMC 

 𝑘+3 
→  

1000
←  

 Plm + AMC 

𝐾m = 𝑘−1/1000 

𝑘cat = 𝑘+2 

𝐾p = 𝑘+3/1000 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 
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Figure S1. Biophysical characterization of the recombinantly produced staphylokinase (SAK-wt) protein. 

(a) SDS-PAGE analysis confirms the correct molecular weight of the protein (EC 3.4.99.22) and the purity 

higher than 95 %. (b) Circular dichroism spectrum confirms the correct folding and native state of the protein. 

(c) Thermostability measurement confirms sufficiently high and corresponding melting temperature of 59.4 

°C. (d) Fibrin plate assay confirms the fibrinolytic activity of SAK-wt with the generated lytic zone of 

comparable size as in the case of alteplase (clinically approved thrombolytic drug). (e) Quantitative analysis 

of the fibrin plate lytic zones growth over time confirms fibrinolytic activity comparable to alteplase. (f) 

Indirect coupled chromogenic substrate assay confirms plasmin-generation activity comparable to alteplase. 

Table S1. Values and standard errors of additional parameters determined by the conventional analytical 

data fitting approach. The parameters were determined based on the analytical fitting of kinetic data shown 

in Figure 2 and used to calculate the essential constants provided in Table 1. The parameters were derived 

from kinetic experiments performed in physiological phosphate-buffered saline (PBS) pH 7.4 at 25 °C. 

Step Parameter Value Standard error (S.E.) 

7-Amino-4-methylcoumarin 

(AMC) calibration 

Fa 55000 1000 

Fb 0.0113 0.0009 

Plasmin vs. D-VLK-AMC 

steady-state kinetics 

Km [µM] 548 5 

kcat [s-1] 1.035 0.008 

Staphylokinase vs. plasmin 

SPR binding kinetics 

kon [µM-1.s-1] 0.00079 0.00007 

koff [s-1] 0.024 0.001 
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Figure S2. Representation of kinetic data variability in between experimental replicates. Variation is 

illustrated for the datasets of (a) plasminogen activation and conversion to plasmin by staphylokinase (SAK), 

(b) D-VLK-AMC conversion to 7-amino-4-methylcoumarin (AMC) by plasmin, (c) binding of SAK to plasmin, and 

(d) binding of SAK to plasminogen. Dashed lines represent the average values while the confidence bands 

correspond to values of ± standard deviation for each timepoint. In the case of datasets (a)–(c), 95 % of the 

individual timepoints had their relative standard deviations (RSDs) below 10 % and none of them exceeded 15 

%. The dataset (d) exhibited higher noise due to the lower amount of immobilized ligand and lower signal 

amplitudes, so it comprised 95 % of timepoints with RSDs below 30 % and all of them were lower than 40 %. 

The average RSD of all the timepoints and all the kinetic datasets was 6.57 %. All the experiments were 

performed in physiological phosphate-buffered saline (PBS) pH 7.4 at 25 °C. 
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Figure S3. Illustrative workflow summarizing consecutive steps of the process for the extended kinetic model building. 

By extending the kinetic data with additional experiments and more rigorous global numerical analysis (successive steps A–

D), a realistic kinetic model with reliable kinetic parameters and an identified limitation could be obtained. 
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Note S1. Kinetic analysis of the mechanism of staphylokinase (SAK) binding to plasmin (Plm). The 

SPR curves (Figure 3c) exhibited two kinetic phases for both the association and the dissociation events, 

suggesting a more complex binding mechanism. The association phase could be fit with a double-

exponential equation whose observed rate yielded a linear and increasing hyperbolic concentration 

dependence for the fast and the slow phase, respectively (Figure S10). The highest used concentrations 

of SAK yielded kinetic curves whose slow phases were still far from reaching the equilibrium within the 

monitored time so for these concentrations, only the fast phase observed exponential rate was 

determined. The combination of the obtained linearly dependent fast phase followed by the increasing 

hyperbolically dependent slow phase is typical for the induced-fit binding mechanism, supporting the 

proposed extended mechanism of SAK (Figure 4 – red pathway). Analytical fitting of observed rates 

concentration dependencies of both the fast and the slow phases (Figure S10) provided estimates of 

k+1,Plm = 0.0014 µM-1.s-1 (slope of the linear phase), k-1,Plm = 0.019 s-1 (intercept of the linear phase), k+2,Plm 

= 0.0040 s-1 (amplitude of the hyperbolic phase), and k-2,Plm = 0.0036 s-1 (intercept of the hyperbolic 

phase). These values were in good agreement with the final rate constants values obtained by the global 

fit of the kinetic data (Table 2), supporting the proposed mechanism. In order to cover alternative 

scenarios typical for SPR binding experiments – such as surface heterogeneity, analyte heterogeneity, 

or bivalent analyte – these models were tested in our analysis during the global fitting as well but none 

of them provided a satisfactory fit (Figure S11). After combining the SPR dataset with the related steady-

state kinetic data, it was possible to obtain an excellent global fit (Figure 3) with well-constrained rate 

constants (Figure S7, Table 2) which further confirmed the validity of the proposed induced-fit 

mechanism for the binding of SAK to Plm. Considering the reported observation that SAK changes the 

substrate specificity of Plm after binding to it18,19,42, the induced-fit mechanism is very plausible and 

adequately explains how the change of the specificity is achieved. This physiological role also well 

explains the necessity of the induced conformational change step upon the initial binding and its 

importance for the SAK mechanism despite not increasing the overall affinity of the SAK.Plm complex 

significantly. 

 
Figure S4. Global numerical fitting of staphylokinase kinetic data assuming initial phases of the 

staphylokinase steady-state kinetics only. The global fit (Figure S3 – step B) includes datasets of the 

staphylokinase steady-state conversion of plasminogen (a), the plasmin steady-state conversion of D-VLK-AMC 

(b), and staphylokinase binding to plasmin (c). Solid lines represent the best fit. All the experiments were 

performed in physiological phosphate-buffered saline (PBS) pH 7.4 at 25 °C in biological duplicates, each in 

technical triplicates (details in Materials and Methods). 
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Figure S5. Global numerical fitting of staphylokinase kinetic data extended with strong plasmin product 

inhibition and reversible binding during the staphylokinase steady-state kinetics. The global fit (Figure S3 

– step C) includes datasets of the staphylokinase steady-state conversion of plasminogen (a), the plasmin 

steady-state conversion of D-VLK-AMC (b), and staphylokinase binding to plasmin (c). Solid lines represent the 

best fit. All the experiments were performed in physiological phosphate-buffered saline (PBS) pH 7.4 at 25 °C 

in biological duplicates, each in technical triplicates (details in Materials and Methods). 

Table S2. Comparison of kinetic parameters derived by the global numerical fitting of staphylokinase 

kinetic data after applying different kinetic models. Visual comparison of the three kinetic models data 

fitting and their corresponding χ2/DoF (degrees of freedom) values are provided in Figure S3 – steps B,C,D and 

Figure S6. The parameters were derived from kinetic experiments performed in physiological phosphate-

buffered saline (PBS) pH 7.4 at 25 °C. n.a. = not applicable 

Parameter 

Global 
numerical 
analysis – 

initials only 

Global numerical analysis – 
product inhibition extended 

Global numerical analysis – 
plasminogen Plg binding 

extended 

kcat,SAK [s-1] 39 ± 6 75 ± 5 117 ± 9 

Km,SAK [µM] 22 ± 6 34 ± 2 56 ± 4 

Kp,SAK [µM] n.a. 0.07 ± 0.01 > 20 

Kd,Plm [µM] 26 ± 2 26 ± 2 26 ± 2 

Kd,Plg [µM] n.a. n.a. 28 ± 13 

Global fit χ2/DoF 59.2 19.4 17.2 

Note S2. Kinetic analysis of the mechanism of staphylokinase (SAK) binding to plasminogen (Plg). 

The obtained SPR curves of the SAK binding to Plg (Figure 3d) resembled those collected for binding to 

plasmin Plm (Figure 3c). The kinetic curves exhibited the same two phases with comparable observed 

rates, pointing out the same induced-fit binding mechanism, as described in detail in Note S1. Due to 

the high similarity of Plm and Plg structures, the same binding mechanism with comparable rate 

constants was expected. This was further confirmed by the global numerical fit of all the data (Figure 

3) which yielded an excellent fit of all the datasets with the well-constrained derived kinetic parameters 

(Figure S7, Table 2). Despite the high overall similarity of rate constants values, the binding of SAK to 

Plg exhibited one major difference when compared to Plm binding. The reverse rate constant of the 

induced conformational change (k-2,Plg) was 10-fold lower (comparison in Table 2), significantly shifting 

the equilibrium towards the inactive SAK.Plg form and decreasing the SAK selectivity towards Plm over 

Plg. This observation explains why it is crucial to monitor not only binding to Plm but also to Plg when 

assessing the overall SAK effectivity and selectivity. Since more and more inactive SAK.Plg complex is 

formed at later incubation times, Plg binding is the main reason why the slowdown of the Plg-to-Plm 
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conversion was observed at later stages of SAK steady-state kinetics (Figure S6), negatively influencing 

the SAK effectivity significantly. The described effect is another reason why the conventional analytical 

fitting, incapable of assuming continuous equilibria changes between free SAK, SAK.Plm, and SAK.Plg, 

can never provide a precise estimation of rate constants without major approximations. The effect of 

all these factors is schematically represented in Figure S8 and summarized in Table 3. 

 
Figure S6. Comparison of the staphylokinase steady-state kinetics dataset fitting improvement during 

global numerical data analysis employing various staphylokinase mechanisms of action. (a) Global 

numerical analysis assuming the initial phase of the staphylokinase kinetics only. (b) Global numerical analysis 

extended with the product inhibition only. (c) Global numerical analysis extended with the plasminogen 

binding step. The fits were obtained by applying the constants provided in Table S2. The step-by-step 

workflow of extending the kinetic model and global fitting from (a) to (c) is illustrated in Figure S3. 

Table S3. Values, standard errors, and confidence intervals of additional parameters determined by global 

numerical data analysis. The parameters were applied as additional variables well-constrained by the kinetic 

data in order to obtain the best fit shown in Figure 3 and final values of the kinetic constants provided in 

Table 2, according to the plasminogen binding extended kinetic model illustrated in Figure 4 and Figure S3 – 

step D. Confidence intervals of the parameters were obtained by confidence contour analysis for χ2 threshold 

of 0.95. The parameters were derived from kinetic experiments performed in physiological phosphate-

buffered saline (PBS) pH 7.4 at 25 °C. 

Parameter Value Standard error (S.E.) Confidence intervals 

Fa 54300 500 53100–55600 

Fb 0.0113 0.0002 0.0109–0.0119 

SPRPlm 0.725 0.003 0.724–0.742 

SPRPlg 0.020 0.002 0.016–0.025 
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Figure S7. Confidence contour analysis of parameters obtained during the final global numerical analysis 

of staphylokinase kinetic data extended with plasminogen binding. An upper bound of the plasmin product 

inhibition and reversible binding during staphylokinase steady-state kinetics conversion (Kp; yellow points) 

was not well defined by the data, allowing to estimate only the lower limit of the constant. Similarly, a lower 

bound limit of the reverse rate of the second step of plasminogen binding (k-2; blue points) was not well 

constrained and only the upper limit of the rate constant could be derived. After fixing these two parameters 

at the lower and upper bound limits, respectively, all the remaining parameters were well constrained by the 

collected kinetic data, confirming the robustness of the performed analysis. The grey dashed lines represent 

the χ2 threshold of 0.95. Confidence contour analysis corresponds to evaluation of kinetic parameters provided 

in Table 2 and Table S3 and obtained by applying the final kinetic mechanism shown in Figure 4 and Figure S3 

– step D. 
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Figure S8. Schematic representation of the effect of the proposed key parameters (grey arrows) on the 

overall staphylokinase (SAK) mechanism. Plasminogen (Plg) binding is directly proportional to the efficiency 

of the SAK.Plg complex formation and the follow-up induced conformational change to form the inactive 

SAK.Plg* complex. Analogously, plasmin (Plm) binding is proportional to the formation of the SAK.Plm and the 

follow-up SAK.Plm* complex. Plasmin selectivity is proportional to the ratio of plasmin binding over 

plasminogen binding so it is influenced by both the binding events. Finally, catalytic efficiency is proportional 

to the effectivity of Plg activation (Plg-to-Plm conversion) by the pure pre-formed enzymatically active 

SAK.Plm* complex. All these parameters have a significant effect on the overall thrombolytic effectivity of 

SAK and their further description and methods of determination are provided in Table 3. 

 

Figure S9. Calibration curve of the 7-amino-4-methylcoumarin (AMC) standard. Fluorescence of varied AMC 

concentrations was measured at 25 °C in physiological phosphate-buffered saline (PBS) pH 7.4 in five technical 

replicates. The solid line represents the best fit with an exponential equation. The obtained calibration curve 

was used to recalculate fluorescence to AMC concentration time-dependence for analytical fitting and to 

define parameters of observables for global fitting. 
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Note S3. Derivation of equations for analytical fitting of staphylokinase (SAK) steady-state kinetic 

data. The steady-state kinetic experiment was based on an enzymatic cascade (Figure 4b – yellow and 

green pathways) where SAK converts inactive plasminogen (Plg) to an active plasmin (Plm) enzyme 

which, in turn, converts the fluorogenic substrate D-VLK-AMC (VLK) to the fluorescent product 7-amino-

4-methylcoumarin (AMC). The kinetics was monitored by changes of the AMC fluorescence that was 

subsequently recalculated to changes of the AMC concentration based on the calibration curve of the 

free AMC standard (Figure S9). Due to the untypical coupled nature of the assay, where the product of 

the first reaction (Plm) serves as an enzyme of the second enzymatic reaction, modified Michaelis-

Menten kinetic relationships were derived for analytical fitting of steady-state kinetic data. Assuming 

that the conventional fitting is strictly focused on the analysis of initial rates of enzymatic reactions 

only, the product concentration [P] increases linearly with time while the slope corresponds to the initial 

rate v0 for any type of enzymatic reaction (Equation 20). The value of v0 depends on the substrate 

concentration [S] according to the Michaelis-Menten relationship so the dependence of [P] increase with 

time can be expanded more universally as shown in Equation 21 for any enzymatic reaction in general. 

[P] = 𝑣0 ∙ t 

[P] =
𝑘cat ∙ [E] ∙ [S]

𝐾m + [S]
∙ t  

(20) 

(21) 

This relationship can be applied to both SAK kinetics converting the Plg substrate to the Plm product 

with the initial rate v0,SAK (Equation 22; Figure 4b – yellow pathway), as well as the coupled Plm kinetics 

converting the VLK substrate to the fluorescence AMC product with the initial rate v0,Plm (Equation 23; 

Figure 4b – green pathway). 

[Plm] = 𝑣0,SAK ∙ t =
𝑘cat,SAK ∙ [SAK] ∙ [Plg]

𝐾m,SAK + [Plg]
∙ t 

[AMC] = 𝑣0,Plm ∙ t =
𝑘cat,Plm ∙ [Plm] ∙ [VLK]

𝐾m,Plm + [VLK]
∙ t 

(22) 

(23) 

Under the experimental conditions, SAK steady-state kinetics was monitored by the change of the 

coupled AMC product concentration (Equation 23) but to account for non-constant Plm concentration, 

that was continuously increasing by the action of SAK, the term [Plm] was substituted with its 

concentration dependence described in Equation 22 to yield the final combined Equation 24. Rearranging 

the time term provided a dependence showing that in the coupled arrangement, the AMC product 

concentration increases with time squared and the observed initial rate v0,obs could be obtained by fitting 

the kinetic curves with a parabolic function (Equation 7; Equation 24). The derived dependence also 

provided a modified Michaelis-Menten relationship (Equation 25) where the apparent limiting rate of the 

enzymatic reaction vlim,app depends on the kinetic parameters of the coupled Plm-catalyzed reaction and 

the used concentration of VLK. Dividing both sides of the equation by the known constants yielded the 

final Equation 8 which was used for hyperbolic fitting with the amplitude corresponding directly to the 

value of kcat,SAK. 

[AMC] =

𝑘cat,Plm ∙
𝑘cat,SAK ∙ [SAK] ∙ [Plg]

𝐾m,SAK + [Plg]
∙ t ∙ [VLK]

𝐾m,Plm + [VLK]
∙ t = 𝑣0,obs ∙ t

2 

𝑣0,obs =

𝑘cat,Plm ∙
𝑘cat,SAK ∙ [SAK] ∙ [Plg]

𝐾m,SAK + [Plg]
∙ [VLK]

𝐾m,Plm + [VLK]
=
𝑣lim,app ∙ [VLK]

𝐾m,Plm + [VLK]
 

(24) 

(25) 
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Figure S10. Concentration dependence of observed exponential rates obtained by analytical fitting of 

staphylokinase binding to plasmin SPR kinetic data. (a) The fast exponential phase (kfast) yields a linear 

dependence with derived estimates of k+1,Plm = 0.0014 µM-1.s-1 and k-1,Plm = 0.019 s-1. (b) the slow exponential 

phase (kslow) provides a hyperbolic dependence, giving estimates of k+2,Plm = 0.0040 s-1 and k-2,Plm = 0.0036 s-1. 

Despite high standard errors of the analytical fitting, the estimated values are in good agreement with the 

values obtained by the global numerical data fitting (Figure 3, Table 2). 

 

Figure S11. Comparison of fitting staphylokinase SPR binding to plasmin data by applying alternative 

kinetic models. Except for the final induced-fit binding model (a), other alternative scenarios typical for SPR 

experiments were tested – bivalent analyte (b), surface/ligand heterogeneity (c), and analyte heterogeneity 

(d). Data fitting to models (b)–(d) provided poor results not accounting for the observed data so the alternative 

scenarios were dismissed. 


