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ABSTRACT: The plasminogen activator staphylokinase is a fibrin-specific thrombolytic biomolecule and an attractive target
for the development of effective myocardial infarction and stroke therapy. To engineer the protein rationally, a detailed un-
derstanding of the biochemical mechanism and limiting steps is essential. Conventional fitting to equations derived based on
simplifying approximations may be inaccurate for complex mechanisms like that of staphylokinase. We employed a modern
numerical approach of global kinetic data analysis whereby steady-state kinetics and binding affinity datasets were analyzed
in parallel. Our approach provided an extended, revised understanding of the staphylokinase mechanism without simplifying
approximations and determined the value of turnover number ket of 117 s that was 10,000-fold higher than that reported
in the literature. The model further showed that the rate-limiting step of the catalytic cycle is binding of staphylokinase to
plasmin molecules, which occurs via an induced-fit mechanism. The overall staphylokinase effectivity is further influenced by
the formation of an inactive staphylokinase.plasminogen complex. Here, we describe a quick and simplified guide for obtain-
ing reliable estimates of key parameters whose determination is critical to fully understand the staphylokinase catalytic func-
tionality and define rational strategies for its engineering. Our study provides an interesting example of how global numerical
analysis of kinetic data can be used to better understand the mechanism and limiting factors of complex biochemical pro-

cesses.

INTRODUCTION

Cardiovascular diseases, mainly myocardial infarction and
ischemic stroke, are the leading causes of morbidity and
mortality worldwide responsible for nearly 18 million
deaths every year.! Such alarming statistics are a clear mo-
tivation to develop efficient thrombolytic treatment strate-
gies.?? One of the current clinically approved approaches in-
volves using plasminogen activators, i.e., biocatalytic thera-
peutic molecules with enzymatic activities that help dis-
solve fibrin clots by generating plasmin (PIm) on the clot
surface.*> However, the efficiency of plasminogen activa-
tors is still far from ideal and is often accompanied by side
effects and bleeding complications. Thus, there is a need to
improve current approaches or find new thrombolytic bio-
catalysts.2? Staphylokinase (SAK) is an attractive potential
thrombolytic agent owing to its fibrin specificity and low
production costs.®” Even though it is immunogenic, it has
the potential to be clinically applied, especially in develop-
ing countries where cost-effectiveness is prioritized.8-11

SAK belongs to the group of so-called indirect plasmino-
gen activators. This means it does not have any biocatalytic
activity and cannot initiate fibrinolysis alone. Instead, it fol-
lows a complex molecular mechanism (Figure 1) that has
been intensively studied.212-18 SAK forms an equimolar
complex with PIm, changing its substrate specificity toward
plasminogen (Plg). Consequently, the SAK.PIm complex be-
comes a typical plasminogen activator capable of Plg-to-PIm
catalytic conversion. Finally, generated Plm molecules
cleave the fibrin network, resulting in dissolution of fibrin
clots to fibrin degradation products. Because two PIm mol-
ecules can bind SAK, the terms Plm “partner” and Plm
“product” are often used to distinguish between them.1920

Even though there have been several attempts to improve
the SAK thrombolytic biocatalytic potential by engineering,

none of the generated proteins exhibited a significant in-
crease of effectivity.!>21-28 This was mainly due to the com-
plex SAK molecular mechanism, which makes it difficult to
properly identify the real limiting step, which is critical to
be known for rational protein engineering.?°3° The major
challenge is that the generated PIm “product” can also act as
a “partner” and form more of the SAK.PIm complex, contin-
uously changing equilibria without reaching a real steady-
state phase. Such a phenomenon makes it impossible to pre-
cisely characterize the kinetics of the protein using the con-
ventional approach of initial rate analysis without major ap-
proximations. In contrast, global kinetic analysis using nu-
merical integration allows fitting of raw kinetic data directly
without any simplifying assumptions.3! Thus, even complex
multimolecular systems, such as the herein presented SAK
case, can be solved with no approximations.

In this study, we systematically collected kinetic data for
each step of the SAK molecular mechanism and analyzed
them globally using a modern numerical analysis approach.
This allowed us to describe an extended mechanism of SAK.
Importantly, we identified that there is a substantial under-
estimation of kinetic parameters when they are calculated
by the conventional approach. Based on the newly acquired
mechanistic knowledge, we propose an upgraded guide to
derive close-to-real estimates of key parameters of SAK Kki-
netics while still using the simple conventional fitting to
equations. This method of data processing is available to a
wide community and requires no extensive expertise in ad-
vanced numerical methods. We believe that the simple up-
graded protocol for more detailed SAK characterization will
improve its rational engineering toward an optimized ther-
apeutic biocatalyst with a high level of effectivity. In this ex-
ample, we also demonstrate how the study of other complex
biochemical systems could benefit from rigorous global



kinetic analysis compared to conventional analytical fitting
with simplifying approximations.31-33
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Figure 1. Generally accepted mechanism of staphylokinase.
Staphylokinase (SAK) has no enzymatic activity, but it creates
an equimolar 1:1 complex with a plasmin (Plm) “partner” to
form a catalytically active compound (red arrow). SAK changes
the substrate specificity of the Plm “partner” so that the
SAK.PIm complex activates the plasminogen (Plg) “substrate”
and converts it to additional PIm molecules (yellow arrow).
Free generated Plm “products” finally cleave the fibrin network
to release degradation products and dissolve fibrin clots (green
arrow).

RESULTS

Biophysical characterization confirms protein
quality. After heterologous gene overexpression in E. coli,
SAK protein was successfully purified via its His-tag by
metal affinity chromatography followed by size-exclusion
chromatography, resulting in a purity higher than 95 %
(Supplementary Figure S1a) and average yield of 30 mg per
one liter of bacterial culture. Subsequent circular dichroism
spectroscopy and thermostability measurements con-
firmed correct folding of the protein (Supplementary Figure
S1b) as well as the corresponding melting temperature of
59.4 °C (Supplementary Figure S1c). Activity measurements
using both the standardized fibrin plate assay (Supplemen-
tary Figure S1d,e) and indirect chromogenic substrate assay
(Supplementary Figure S1f) confirmed that the protein was
fully active with a plasminogen activation effectivity compa-
rable to the clinically approved thrombolytic drug alteplase.

Kinetic analysis by conventional approach con-
firms consistency with previous results. Previous
studies have analyzed steady-state kinetics with a premixed
solution of SAK and PIm in a 1:1 ratio, assuming that 100 %
molecules form the catalytic SAK.PIm complex (Figure 1).
The concentration dependence of initial rates then gives a
typical Michaelis-Menten relationship from which steady-
state kinetic parameters can be determined. However, this
approach does not consider that only a fraction of SAK mol-
ecules is complexed and, moreover, the equilibrium con-
stantly changes during the reaction due to Plm accumula-
tion.

We applied the same methodology of conventional initial
rate analysis to our kinetic data (Figure 2a,b,d,e; Supple-
mentary Table S1) and compared the obtained values with
those from the literature.19.24252834-39 Values similar to the
reported range (Table 1) were obtained for both the turno-
ver number ket (0.011 £ 0.001 s'1) and Michaelis constant
Km (21 = 1 pM). Such results confirmed the consistency of
our kinetic data with those previously reported.
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Figure 2. Conventional analytical fitting of staphylokinase ki-
netic data. The fitting of raw data (a-c) requires the generation
of secondary plots (d-f), analyzing concentration dependencies
of initial rates and amplitudes separately, losing connections in
between them. Analytical fitting was performed for conversion
of plasminogen Plg by staphylokinase SAK (yellow curves; a
and d), conversion of D-VLK-AMC by plasmin Plm (green
curves; b and e), and binding of SAK to immobilized Plm (red
curves; ¢ and f). Solid lines represent the best fit. All the exper-
iments were performed in physiological phosphate-buffered
saline (PBS) pH 7.4 at 25 °C in biological duplicates, each in
technical triplicates.

The affinity-corrected analysis provides close-to-
real values of kinetic parameters. The most significant
inaccuracy using the conventional approach is caused by
underestimation of the turnover number ket. This is due to
the assumption that all SAK molecules form the catalytic
SAK.PIm complex. In reality, a dynamic equilibrium be-
tween the free and complexed active forms always exists. If
the SAK affinity toward the PIm “partner” is low, only a frac-
tion of the molecules forms the active SAK.PIm complex.
Therefore, the actual value of kcar is proportionally higher.

Using surface plasmon resonance (SPR) affinity measure-
ments (Figure 2c,f), we determined the equilibrium dissoci-
ation constant Ka of the SAK.PIm complex of 22 + 2 pM. This
was in agreement with previously reported SAK affinity ex-
periments applying analogical experimental condi-
tions.194041 Based on this affinity value, we calculated that
only 0.03 % of SAK formed the SAK.PIm complex under the
experimental steady-state conditions. Hence, the apparent
value of ket was underestimated by an enormous factor of
3,400. By simply applying the known SAK.PIm dissociation
constant Kg, the affinity-corrected value of kca: can be calcu-
lated using Equation 1, where csak and cpim correspond to



the concentrations of SAK and Plm applied during the
steady-state experiment to pre-form the SAK.PIm complex.

2:CsAK
keat = k : 1
cat cat,a
PP kg+csak+Cpim—v(Kq+CSAK+CPIm)? —4"CSAK CPIm

This simple adjustment to the conventional data fitting pro-
vides results comparable to the advanced global numerical
analysis described below (Table 1).

Table 1. Comparison of staphylokinase steady-state ki-
netic parameters.®

o e . Conventional Global
Kinetic Scientific Conventional

i . affinity kinetic

parameter literature? analysis .
corrected analysis

Keatsak [s1] 0.01-0.52 0.011+0.01 39.5%+0.4 117 9
Kmsax [uM] 1-20 21+1 21+1 56+4
Kpsak [uM] n.a.c n.a.c n.ac > 20
Kapim [uM] n.a.c n.a.c 222 26+2
Kapig [uM] n.a.c n.a.c n.a.c 28+13

aThe values reported in the literature are compared with the
parameters determined herein by different approaches of data
analysis. The parameters were derived from Kinetic experi-
ments performed in physiological phosphate-buffered saline
(PBS) pH 7.4 at 25 °C. bThe range is based on previously pub-
lished results.19.24252834-39 cpn a. = not applicable.

Global kinetic analysis reveals an extended mech-
anism and rate-limiting step of SAK. As illustrated in
Figure 2, the conventional analysis is strictly focused on the
initial phases of the reaction and does not consider addi-
tional mechanistic information that can be inferred from
later kinetic phases. This additional understanding can only
be obtained by parallel fitting the full progress curves using
numerical data analysis (Figure 3). An extended SAK kinetic
mechanism was revealed by applying this approach (Figure
4). The extension provided an accurate quantitative de-
scription of the known kinetic steps but also revealed pre-
viously undescribed phases. In addition to the basic steady-
state kinetic parameters kcat and Km (Table 2), the analysis
of the entire time course of the kinetic data allowed estima-
tion of the product inhibition constants K for both enzy-
matic reactions (Figure 4 - Kpsak and Kppim). Their values
were comparable to their respective Michaelis constants Km
(Table 2), suggesting that the products could act as potent
inhibitors after their accumulation during later stages of the
conversion. The newly identified phases of the SAK mecha-
nism included (i) a two-step induced-fit mechanism of SAK
binding to Plm (Figure 4 - red pathway), and (ii) an inhibi-
tory effect of Plg “partner” binding on Plg “substrate” acti-
vation by SAK (Figure 4 - blue pathway).

The proposed two-step mechanism of PIm binding was
based on the SPR data analysis (Figure 3c). The SPR signal
exhibited two distinct kinetic phases for both association
and dissociation, which could not be explained by a simple
one-step binding. Detailed analysis (Supplementary Note
S1) revealed that interaction between SAK and Plm oc-
curred via a two-step induced-fit mechanism comprising in-
itial binding of SAK to Plm, followed by conformational
change of Plm induced by bound SAK. This result is in ac-
cordance with previous mechanistic studies suggesting that

binding of SAK induces changes in the substrate specificity
of Plm.1819.42
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Figure 3. Global numerical analysis of staphylokinase kinetic
data. Our approach is based on simultaneous global fitting of
the full-progress curves obtained from four different experi-
ments: (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. 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.

The important effect of Plg “partner” binding on the catal-
ysis was derived from the steady-state kinetic curves of Plg
conversion by SAK.PIm. When the data were analyzed glob-
ally, it was possible to obtain a reasonable fit of the initial
phase of Plg activation, but there was an evident slowdown
at later stages compared to the expected fit (Supplementary
Figure S2a). This deviation could potentially be explained
by a product inhibition effect only (Supplementary Figure
S3), but the obtained Kpsax value of 0.07 + 0.01 uM was un-
realistically low (Supplementary Table S2); a value 500-fold
lower than Kmsax was judged to be unlikely. Thus, this mech-
anism was assumed to be biochemically irrelevant despite
providing a relatively good fit. Another possible cause of the
fit deviation could be attributed to the inactive SAK.Plg com-
plex formation. SAK has been reported to bind not only PIm
but also Plg molecules as “partners” to form an equimolar
complex but the SAK.Plg complex is catalytically inactive
and cannot serve as a plasminogen activator.®1440 We tested
this phenomenon using global kinetic analysis by including
an additional dataset obtained from an SPR affinity binding
experiment between SAK and Plg (Figure 3d). Plg binding
exhibited an induced-fit mechanism similar to that of PIm
(Supplementary Note S2). Strikingly, when formation of the
SAK.Plg complex was included in the complex kinetic model,
the goodness of the global fit was significantly improved
and the model fully matched the experimental data (Figure
3 and Supplementary Figure S4). The value of kcaisak was
further increased when Plg binding was considered, result-
ing in an overall underestimation factor of 11,700 when
compared to the conventional analysis. A rigorous
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Figure 4. Extended mechanism of staphylokinase (SAK). (a) Simplified graphical schematic of the mechanism, and (b) detailed ki-
netic pathway with all analyzed steps and parameters are provided for clarity. Compared to the general mechanism (Figure 1), the
extended mechanism newly includes binding of staphylokinase (SAK) to plasminogen (Plg) to form an inactive complex, preventing
plasminogen-to-plasmin (Plg-to-PIm) conversion and having a significant effect on the overall effectivity. The mechanism further
includes a newly identified two-step induced-fit binding mechanism for both PIm and Plg binding by SAK. SAK.Plg* to SAK.PIm*
conversion by Plm, reported previously!4 and marked with a grey dotted arrow, was not included in the kinetic model because its
rate was very slow and not significantly detectable during the experimental time window. Forward and reverse rate constants of the
i-th step are denoted with the symbols k+i and ki, respectively. The steady-state kinetic parameters Km, kcat and Kp correspond to the
Michaelis constant, turnover number and product inhibition constant, respectively.

confidence contour analysis (details in Materials and Meth-
ods) showed that all the obtained kinetic parameters were
well constrained by the data (Table 2, Supplementary Table
S3, Supplementary Figure S5) and confirmed the statistical
significance of including the event of Plg binding by SAK in
the extended SAK mechanism represented in Figure 4.

The simplified guide facilitates quantification of
key processes influencing the overall SAK effectivity.
To account for the complex biochemical mechanism and ad-
ditional effects that influence the overall SAK fibrinolytic ef-
fectivity, the herein presented global numerical data analy-
sis is the preferred option. However, the advanced kinetic



methodology requires extensive prior knowledge. Thus, we
propose a user-friendly upgrade of the simple conventional
data fitting. The upgraded guide (Table 3) allows for easy
and reliable quantification of four key processes that influ-
ence the overall SAK fibrinolytic effectivity by their respec-
tive parameters: (i) plasmin binding, (ii) plasminogen bind-
ing, (iii) plasmin selectivity, and (iv) catalytic efficiency. The
effect of the key processes is schematically illustrated in
Supplementary Figure S6.

Table 2. Kinetic constants describing the extended
mechanism of staphylokinase.?

Parameter Value Standard .Confidence
error (S.E.) intervals
Km,sak [uM] 56 4 48-65
keatsak [s1] 117 9 107-134
Kpsak [pM] > 20 nac > 20
PLASMIN STEADY-STATE KINETICS
Kmpim [UM] 400 30 370-450
Kcat,pim [571] 0.96 0.06 0.90-1.03
Kppim [uM] 310 30 250-490

PLASMIN BINDING KINETICS

ki1,pim [pM-1s1] 0.000979 0.000006 0.000919-0.001025

k-1,pim [s71] 0.0252 0.0001 0.0229-0.0257
ke2pim [s1] 0.00214 0.00008 0.00184-0.00219
k-2,pim [s71] 0.0013 0.0004 0.0010-0.0016

PLASMINOGEN BINDING KINETICS

k1pim [pM-1s1] 0.0011 0.0005 0.0007-0.0014
k-a,pim [s71] 0.031 0.002 0.022-0.043
ki2,pim [s71] 0.0014  0.0005 0.0007-0.0023
k-2pim [s71] <0.00016 n.a. 0-0.00016

aThe parameters and their statistics were obtained by simulta-
neous global fitting of full-progress curves using numerical in-
tegration and by confidence contour analysis with a x2 thresh-
old of 0.95. The parameters were derived from kinetic experi-
ments performed in physiological phosphate-buffered saline
(PBS) pH 7.4 at 25 °C. bn.a. = not applicable.

DISCUSSION

SAK is a promising thrombolytic drug with many advanta-
geous properties, including high fibrin specificity and low
production cost.®” However, its administration is connected
with an immune response and its biocatalytic effectivity is
not significantly better than current thrombolytic drugs.
Thus, there is a need for its improvement.?? The success of
rational protein engineering relies on proper understand-
ing and characterization of the studied system and espe-
cially identification of its main limitation.2?3° In this study,
we addressed the challenge that improper SAK kinetic char-
acterization can cause significant underestimation of the
catalytic activity and misleading assumptions that the low
activity is the limiting factor of the overall fibrinolytic effec-
tivity. By applying rigorous global Kkinetic analysis, we
showed that the activity of the enzymatic SAK.PIm complex

is high, but the inefficient formation of this complex is the
main limiting factor.

We validated our kinetic data by first applying a conven-
tional data analysis approach and obtained comparable val-
ues of underestimated steady-state kinetic parameters as
those reported previously.1924252834-39 [t should be noted
that some studies have reported values of ke approxi-
mately 10-fold higher and out of the range of other con-
sistent results.2223262743 However, those data were col-
lected at elevated temperatures where exponentially higher
rates are expected. Therefore, those results are not in con-
flict with our observations. Conventional analytical fitting of
SPR curves of PIm and Plg binding yielded comparable val-
ues of dissociation constants Ka as reported previously for
the same experimental conditions,'94041 confirming the va-
lidity of the data used in this study. Similarly, some studies
have reported significantly lower values of K41623.26:44-46 hut
these experiments were performed under different condi-
tions, making comparison irrelevant. Most of these studies
were based on immobilization of SAK instead of Plm via its
amine groups, including the N-terminus. Such arrangement
is not optimal since the crystal structure of the SAK.uPIm
complex!® and mutagenesis functional studies!74%47 have
shown that the N-terminal part of SAK must be accessible
for its interaction with Plm.

Although many prior reports have focused on the kinetic
characterization of SAK and its modified variants,1922-2834-
3943 we were unable to find a single study reporting the anal-
ysis of SAK kinetics by a combination of steady-state and
binding affinity datasets. Some studies conducted both
types of experiments!9232640 but did not combine the data
to obtain global estimates of kinetic parameters. We em-
ployed global numerical analysis of kinetic data to consider
not only an initial equilibrium fraction of the active SAK.PIm
complex but also assume dynamic changes in this equilib-
rium due to the ongoing accumulation of Plm during the
steady-state kinetic experiment.

Our results showed a significant 10,000-fold underesti-
mation of the turnover number (k) value when the con-
ventional analysis approach was applied. A quick correction
to obtain a more realistic value of ket can be made by apply-
ing a known equilibrium constant of the SAK.PIm complex
to the simple equation provided in the Results section. Fur-
thermore, the global data analysis revealed a detailed ex-
tended mechanism of SAK, including (i) an induced-fit
mechanism for both PIm and Plg binding and (ii) an inhibi-
tory effect of Plg binding on the overall thrombolytic effec-
tivity of SAK. These processes should be considered when
characterizing and comparing the effectivities of SAK vari-
ants. Conversion of the inactive SAK.Plg complex into the ac-
tive SAK.PIm complex, reported previously,’* was not as-
sumed in our mechanism because it was much slower than
other steps of the SAK mechanism and did not alter the data
fit. Our detailed analysis with additional pathway steps
identified that future modifications of SAK should be fo-
cused on improving the Plm selectivity, i.e., either increas-
ing PIm binding or decreasing Plg binding.

While global numerical data analysis without simplifying
approximations will always be the preferred option, it is not
always easy to use this methodology without extensive
prior experience. As an alternative, we propose a simple



Table 3. Upgraded guide for reliable quantification of SAK Kkinetics.

Key parameter®

Plasmin binding

Catalytic efficiency

Plasminogen binding

Plasmin selectivity

Determination/calculation

Determine Kapim (= 1/K4pim) of the active SAK.PIm
complex (e.g., by an SPR experiment) to obtain in-
formation about SAK affinity toward Plm.

Calculate the ratio kcatsak/Kmsax using the conven-
tional approach and the affinity-corrected value of
Kkcat based on known Kqpim and Equation 1.

Determine Kapig (= 1/Kapig) value of the inactive
SAK.Plg complex in an analogical way as for plasmin
binding.

Calculate the ratio of the above-determined plas-
min(ogen) binding constants Kapim/Kapig to deter-

Effect on the overall effectivity

A higher affinity with higher Kapim leads to an in-
creased fraction of active SAK.Plm, and thus higher
overall effectivity.

A higher value of the correctly estimated ratio leads
to increased catalytic conversion capability of the
pure SAK.PIm complex, and thus higher overall ef-
fectivity.

A higher affinity with higher Kapiz leads to an in-
creased fraction of inactive SAK.Plg, shifting the
equilibrium toward less SAK.PIm, and thus lower
overall effectivity.

A higher value of the ratio leads to increased SAK
preference toward Plm rather than Plg and for-

mine the preference for Plm over Plg.

mation of more SAK.Plm, and thus higher overall ef-
fectivity.

aEach parameter quantifying the key process can be estimated in a simplified manner as described in the table without the need for

expertise in advanced methods of global kinetic data analysis.

upgrade of the widely used conventional data analysis
method to obtain reliable estimates of SAK kinetic parame-
ters. The upgraded guide requires only a few additional
steps to determine four key parameters that are critical to
fully understand SAK functionality and to correctly inter-
pret the effect of modifications during its engineering.

SAK is only one of many examples of complex multimo-
lecular biochemical systems whose analysis by conven-
tional data fitting might lead to oversimplified results.31-33
We believe that our study provides an example of how
global numerical analysis of kinetic data can be used to bet-
ter understand the mechanism and limiting factors of com-
plex biochemical processes.

CONCLUSIONS

An extended molecular mechanism of SAK was identified by
applying a modern global numerical analysis of kinetic data
with three major findings: (i) both PIm and Plg “partner”
molecules bind SAK via a two-step induced-fit mechanism;
(ii) the steady-state kinetic parameters are significantly un-
derestimated if SAK.PIm and SAK.Plg complex formation is
not considered; and (iii) the major limitation of SAK bio-
chemistry is the inefficient formation of the catalytically ac-
tive SAK.PIm complex. Reliable estimates of key parameters
can be obtained using the upgraded conventional analysis.
The proposed simplified guide may help to easily track and
correctly interpret contributions of individual steps to the
overall SAK effectivity when designing improved molecules
rationally. The results show that future protein engineering
of SAK should target improved selectivity of Plm binding
and efficiency of SAK.PIm complex formation.
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