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Cardio- and cerebrovascular diseases are leading causes of death and disability, resulting in one of the
highest socio-economic burdens of any disease type. The discovery of bacterial and human plasminogen
activators and their use as thrombolytic drugs have revolutionized treatment of these pathologies. Fibrin-
specific agents have an advantage over non-specific factors because of lower rates of deleterious side
effects. Specifically, staphylokinase (SAK) is a pharmacologically attractive indirect plasminogen activator
protein of bacterial origin that forms stoichiometric noncovalent complexes with plasmin, promoting the
conversion of plasminogen into plasmin. Here we report a computer-assisted re-design of the molecular
surface of SAK to increase its affinity for plasmin. A set of computationally designed SAK mutants was
produced recombinantly and biochemically characterized. Screening revealed a pharmacologically inter-
esting SAK mutant with �7-fold enhanced affinity toward plasmin, �10-fold improved plasmin selectiv-
ity and moderately higher plasmin-generating efficiency in vitro. Collectively, the results obtained
provide a framework for SAK engineering using computational affinity-design that could pave the way
to next-generation of effective, highly selective, and less toxic thrombolytics.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acute myocardial infarction and ischemic stroke are lethal dis-
eases that cause millions of deaths each year and leave many sur-
vivors disabled. In 2016, according to the World Health
Organization, 17.9 million people died of cardiovascular diseases,
with 85% of these deaths being caused by heart attacks and strokes.
The occlusion of blood vessels by fibrin clots causes surrounding
tissues to suffer from a lack of oxygen and nutrients, which can
damage them irreversibly. Streptokinase, discovered in b-
hemolytic streptococci in 1933, was the first thrombolytic factor
capable of promoting enzymatic degradation of fibrin clots inside
blood vessels [1]. This discovery was a huge advance because at
that time acute myocardial infarctions could only be treated
through complex surgery. When applied together with aspirin,
the streptokinase infusions administered within a few hours of
the onset of myocardial infarction halved mortality. Thrombolytics
were introduced for stroke treatment in 1995 and have remained
the first-line treatment ever since [2].

Two important plasminogen activators, urokinase and tissue
plasminogen activator (tPA), were subsequently discovered in
human urine and animal tissues, respectively [3,4]. Both are serine
proteases that promote the conversion of plasminogen into active
plasmin capable of degrading fibrin clots [5,6]. All three factors are
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still widely used to treat pathologies caused by blood vessel occlu-
sions, generating annual revenues estimated to be in the billions of
dollars.

The most widely used thrombolytic agent today is a recombi-
nant tissue plasminogen activator (rtPA) known as alteplase, which
has been approved by the Food and Drug Administration (FDA) for
the treatment of ischemic stroke, acute myocardial infarction, and
pulmonary embolism [2,7]. Due to its short plasma half-life and
limited fibrin specificity, it does not provide reperfusion over 43%
and causes bleeding complications in �3–6% of stroke patients
[8,9]. Moreover, its high cost restricts its use in low-income
countries.

In contrast, staphylokinase (SAK) is an inexpensive indirect
plasminogen activator first discovered in Staphylococcus aureus in
1948 [10]. It has a molecular weight of �15.5 kDa and consists of
only 136 amino acids [5,6]. It lacks enzymatic activity; instead, it
changes the substrate specificity of plasmin, promoting the conver-
sion of plasminogen into plasmin [11]. Its recombinant production
is inexpensive, and it generates plasmin only on the fibrin surface
[11]. The structure of its complex with partner and substrate
microplasmin molecules has been determined by X-ray crystallog-
raphy (PDB ID 1BUI) [12]. Because the activity of the SAK-plasmin
complex is rapidly inhibited by a2-antiplasmin, it can only convert
plasminogen into plasmin in the vicinity of the fibrin clot surface,
where it is protected from the inhibitory effect [11]. It also has a
higher affinity for fibrin-bound plasminogen than for free plas-
minogen [13]. Consequently, SAK could be a safer thrombolytic
agent than alteplase (rtPA).

SAK has been successfully tested in several clinical trials [14–
16]. In the STAR trial, SAK and alteplase exhibited comparable
efficacy with respect to early recanalization following acute
myocardial infarction but SAK was significantly more fibrin-
specific [14]. SAK42D (a natural isoform harboring four single-
point mutations) and polyethylene glycol-modified (PEGylated)
variants were successfully used in the Collaborative Angiographic
Patency Trial of Recombinant Staphylokinase (CAPTORS) I and II
in patients with acute myocardial infarction [15,16]. Both trials
revealed clinically encouraging results of SAK application. There
is also an ongoing phase 4 SAK clinical trial comparing ST-
elevated acute myocardial infarction treatments to alteplase. To
our knowledge, there are no published clinical trial results con-
cerning the use of SAK for stroke treatment. One major draw-
back that limits the clinical usage of current SAK variants is
their low affinity and selectivity for plasmin. Improving the
affinity and selectivity of SAK should increase its residence time
on plasmin, reducing the severity of side effects caused by
unwanted in vivo interactions. Therefore, engineering the affinity
and selectivity of SAK for plasmin could be a powerful way of
improving its clinical usefulness.

Here, we report a structure-based mutagenesis study under-
taken to increase the affinity of SAK for plasmin. We studied a
number of previously reported SAK mutants including M26A,
M26R, M26L, and Y44F [17] along with a number of newly-
designed multiple-point mutants predicted by the recently devel-
oped AffiLib program [18]. Four of these designs, denoted SAK01,
SAK02, SAK03, and SAK04, were selected for comprehensive bio-
chemical and biological characterization. We performed a global
kinetic analysis to identify the effects of each mutation on the indi-
vidual steps of the SAK mechanism of action. The most promising
SAK01 variant exhibited a �7-fold increase in plasmin affinity, a
�10-fold increase in plasmin selectivity, and a slightly higher
plasmin-generating efficiency in vitro. The SAK-wt and SAK01 vari-
ants were also compared to the clinically approved drug alteplase
using in vitro clot models and showed superior or equivalent
efficiencies.
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2. Materials and methods

2.1. Structure preparation

The X-ray structure 1BUI [12] downloaded from RCSB PDB [19]
contains the ternary complex between the ‘‘partner” microplasmin
(chain A), the ‘‘substrate” microplasmin (chain B), and staphyloki-
nase (chain C). Chains A and C were retained in all subsequent
analyses. Residue numbering starts with Ser1, the first residue of
staphylokinase excluding the signal peptide. Staphylokinase in
the crystal structure differs from the wild-type sequence (UniProt
[20] ID: P15240) by the following mutations: Gly34Ser, Arg36Gly,
Arg43His. This three-point mutant structure was used as a starting
point for the calculations.

2.2. Protein-protein interface optimization by AffiLib

The protein–protein interface was detected using the protein
interface preset of PyMOL 2.1 [21] and optimized using the AffiLib
web server [18]. The positions Tyr17, Tyr24, Met26, Asn28, Thr30,
Thr71, Ala72, Thr90, Ile120, Asn126, and Ile128 were selected as
positions to diversify. These positions represent the hydrophobic
core of the interface (Fig. S1). The side chains of residues His43
and Tyr44 of staphylokinase were retained during the side chain
optimization step of AffiLib because these residues are critical for
binding plasminogen [22]. This resulted in a sequence space in
which mutant structures were modeled. The sequence space was
curated using a position-specific scoring matrix (PSSM) generated
from a multiple sequence alignment of homologous sequences.
The alignment was done by the web server using parameters of
30% minimal sequence identity, a maximum of 3000 sequences,
minimal coverage of 60% length, and an E-value of 10�4. Single
point mutants having a PSSM score of �1.0 and lower were con-
structed in this sequence space. The energy of the single point
mutants was evaluated, and less energetically favorable mutants,
i.e. those with scores higher than the cutoff value of +2.0 Rosetta
energy units (R.E.U.), were discarded. Finally, the mutations were
combined into three- to five-point mutant structures, and the 50
highest scoring structures were made visible to the user.

2.3. Evaluation of thermostability

The thermostability of the top 50 structures from AffiLib was
assessed with Rosetta 3.9 using protocol 16 as described by Kellogg
and coworkers [23]. Structures were minimized with harmonic
constraints placed on the Ca atoms in the crystal structure. The
soft-repulsive design energy function was used for repacking
side-chains. Optimization was performed on each whole protein
without distance restriction. The previously created constraint files
were then used for three rounds of backbone minimization with
increasing weight on the repulsive term. The minimum energy
from 50 iterations was used as the final parameter describing the
thermodynamic stability (DDG) of the multiple-point mutants.
The stability was predicted as the difference in free energy of fold-
ing between the mutant protein and the wild-type (DDG). A value
of DDG lower than 0 kcal.mol�1 indicates that the mutant protein
is more thermodynamically stable then its corresponding wild type
protein.

2.4. Construction of mutant proteins

A megaprimer protocol was used to construct staphylokinase
single-point mutants. The mutagenic primers are listed in
Table S1. The pET-for primer (5́-TAATACGACTCACTATAGGG-3́)
and the N1-SAKxpET28b plasmid were used as a template to gen-
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erate megaprimers that were subsequently purified on 0.8% agar-
ose gels. Gel extraction was performed using a Nucleospin kit
(Macherey-Nagel). The purified megaprimers were then used in
mutagenic PCR with the N1-SAKxpET28b plasmid as a template.
After transforming Escherichia coli DH5a cells with the PCR prod-
ucts and purifying candidate plasmids with a mini-scale plasmid
purification kit (Macherey-Nagel, Germany), the N1-SAK M26A,
M26R, M26L, and Y44F mutations were confirmed by sequencing.
For the AffiLib-predicted SAK01, SAK02, SAK03, and SAK04 vari-
ants, genes bearing the multiple mutations described above were
synthesized by GeneArt (ThermoFisher) and subcloned into the
pET28b expression vector.

2.5. Protein expression and purification

Plasmids with genes coding for SAK variants M26A, M26R,
M26L, Y44F, SAK01, SAK02, SAK03, and the SAK04 mutants were
transferred into chemically competent E. coli BL21(DE3) cells.
Grown colonies were inoculated into LB medium supplemented
with kanamycin (50 mg mL�1). The overnight cultures were diluted
100 times with fresh 2xLB medium containing kanamycin
(50 mg mL�1) and grown at 37 �C to OD600 �0.6. Gene expression
was then induced with 1 mM IPTG and cells were harvested after
3 h incubation at 37 �C by centrifugation. The cells were then
resuspended in a buffer containing 20 mM Tris-HCl (pH 7.5) and
0.2 M NaCl, and stored at –20 �C.

The cells containing the M26A, M26R, M26L, Y44F, SAK01,
SAK02, SAK03, and SAK04xpET28b proteins were disrupted by son-
ication with a Hielscher UP200S ultrasonic processor (Hielscher,
Germany). Disrupted cells were centrifuged at 14,000 rpm for 1 h
at 4 �C using a centrifuge (Laborzentriugen, Germany). The crude
extracts were collected and applied on a Ni-NTA Superflow Car-
tridge column (Qiagen, Germany) in equilibration buffer (20 mM
Tris-HCl, pH 7.5, 0.2 M NaCl, and 20 mM imidazole). The column
was washed with 10 volumes of the equilibration buffer, and the
target enzymes were eluted with a linear gradient of 20–250 mM
imidazole. Protein peak fractions were then concentrated to 4–
5 mL and loaded and purified on a Sephadex 16/60 S75 size-
exclusion chromatography column. The purity of the proteins
was evaluated by denaturing polyacrylamide gel electrophoresis
(SDS-PAGE) and staining with Coomassie Brilliant Blue R-250
(Fluka, Switzerland). Protein concentrations were measured based
on absorption at 280 nm using the following calculated extinction
coefficients (M-1 cm-1): wtSAK – 18910; M26A – 18910; M26R –
18910; M26L – 18910; Y44F – 17420; SAK01 – 18910; SAK02 –
18910; SAK03 – 20400; SAK04 – 18910. The pure protein fractions
were pooled, flash-frozen in liquid nitrogen, and stored at �70 �C.

2.6. Fibrinolytic efficiency testing

SAK mutants’ fibrinolytic properties were tested using fibrin
plates. For this purpose, agar plates containing 1% agarose, 0.18%
fibrin, 0.2 U mL�1 plasminogen, and 0.25 U mL�1 thrombin were
prepared using PBS buffer, pH 7.4. Samples of interest (1–2 lL)
were spotted in small holes on the surface of the agarized fibrin
plates and incubated at 37 �C for several hours, making pictures
on a dark background every 1 h. Buffers without proteins were
used as negative controls. Diluted samples of the wild-type SAK
were used as a positive control. For quantification, the diameter
of the plate and the diameters of the clear fibrin-dissolved zones
were determined using the ImageJ software (NIH and LOCI, USA)
[24]. The diameters of the clear zones were squared and divided
by the squared diameter of the whole plate to obtain the relative
surface of the fibrin-dissolved zones at each time point (0% for
no zone; 100% for the zone occupying the whole plate). For each
SAK protein variant, the relative surface area was plotted against
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time, and the linear dependence of the zone growth was fit using
a linear equation. The calculated slope provided information about
the fibrinolytic activity in % of fibrin surface dissolved per hour.
Finally, this value was normalized against the activity of SAK-wt,
which was set to 1.0, to facilitate comparative analysis.

The plasminogen-activating efficiencies of the SAK variants
were tested using a chromogenic substrate kit (AssayPro, USA)
according to the manufacturer’s instructions. Briefly, 60 mL of dilu-
ent, 10 mL of plasminogen, 10 mL of plasmin chromogenic substrate,
and 20 mL of a sample of interest were mixed and the reaction was
followed by an increase of absorbance at 405 nm while incubated
at 37 �C. The buffer, containing 10 mM Tris-HCl (pH 7.5) and
50 mM NaCl, was used as a negative control.

2.7. Circular dichroism (CD) spectra and thermostability
measurements

Samples of SAK mutants with final concentrations of
0.2 mg mL�1 were prepared in a buffer containing 10 mM Tris-
HCl (pH 7.5) and 50 mM NaCl. CD spectra were obtained from
195 to 280 nm at 1 nm bandwidth with a 0.5 s integration time
as an average of 5 readings using a Chirascan spectropolarimeter
(Applied Photophysics, UK). Equilibrium denaturing curves were
derived based on the ellipticity at 200, 210, and 220 nm, where
the difference between the unfolded and native spectra was great-
est. The temperature range was varied from 25 to 90 �C, with a
temperature ramp of 1 �C min�1. Melting curves were fitted using
a sigmoid with slope model (Eq. (1)) where HMRE corresponds to
measured mean residue ellipticity at temperature T, Hinit to initial
mean residue ellipticity of a fully folded/native protein, Hfinal to
final mean residue ellipticity of a fully unfolded protein, Tm to
melting temperature of a protein, w to width of the sigmoid tran-
sition peak, and m to slope of the linear drift.

HMRE ¼ Hinit þHfinal �Hinit

1þ e
Tm�T

w

þm � T ð1Þ
2.8. Surface plasmon resonance (SPR) affinity measurements

Biospecific interactions between the staphylokinase variants
and plasmin were experimentally measured using a MP-SPR Navi
210A instrument (BioNavis, Finland). Plasmin was immobilized
on the surface of an activated carboxymethyl dextran biosensor
chip CMD200L via its amine groups using the EDC-NHS coupling
method as recommended by the manufacturer. The coupling steps
included (i) 7 min of surface cleaning using 2 M NaCl and 10 mM
NaOH, (ii) 7 min of surface activation using a mixture of
50 mM N-hydroxysuccinimide (NHS) and 0.2 M N-(3-dimethyla
mino-propyl)-N-ethylcarbodiimide hydrochloride (EDC), (iii)
10 min of plasmin immobilization, and (iv) 5 min of surface deac-
tivation using 1 M ethanolamine pH 8.0. A flow rate of 20 mL min�1

was used in all steps. Immobilization was performed in sodium
acetate buffer (pH 4.5) using a final plasmin concentration of
20 mg mL�1. The binding of each staphylokinase variant to the
immobilized plasmin molecules was monitored at 25 �C in 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 a staphylok-
inase variant for 5 min at a flow rate of 40 mL min�1, then the dis-
sociation phase was initiated by injecting pure buffer for 5 more
minutes at the same flow rate. Regeneration of the chip and full
release of the bound staphylokinase was accomplished by injecting
3 mM HCl for 2 min at a flow rate of 40 mL min�1. The whole mea-
surement cycle was repeated for each staphylokinase variant indi-
vidually, applying several concentrations ranging from 0 to 50 mM
to obtain the full concentration series. For plasminogen binding
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measurements, the same protocol was followed with three minor
adjustments: (i) a CMD50L biosensor chip was used to reduce
the possibility of plasminogen cross-activation, (ii) the final plas-
minogen concentration during immobilization was 30 mg mL�1,
and (iii) staphylokinase variants’ concentrations ranged from 0 to
65 mM.

2.9. Steady-state kinetics measurements

The kinetics of plasminogen activation were studied by record-
ing changes in the fluorescence of the fluorogenic substrate D-VLK-
AMC (AAT Bioquest, USA), which is processed by plasmin gener-
ated by plasminogen activators to form the fluorescent product
7-amino-4-methylcoumarin (AMC). The experiments were per-
formed at 25 �C in phosphate-buffered saline PBS (pH 7.4) contain-
ing 1 mM CaCl2. First, a staphylokinase variant was premixed with
plasmin (Athens Research & Technology, USA) in a 1:1 ratio to pre-
form the enzymatically active complex. After 30 min, 30 mL of D-
VLK-AMC was mixed with 50 mL of various concentrations of plas-
minogen (Roche Diagnostics, Germany) inside a microplate well,
followed by the addition of 20 mL of the premixed staphylokinase.-
plasmin mixture to initiate the enzymatic reaction. The resulting
concentrations in the reaction mixtures were 200 mM D-VLK-
AMC, 6.2 nM staphylokinase variant, and 6.2 nM plasmin while
the concentration of plasminogen ranged from 0 to 50 mM. Each
measurement was performed in triplicate in three separated
microplate wells of a black 96-well clear bottommicroplate (Perki-
nElmer, USA). The plate was sealed with a transparent adhesive
film to eliminate evaporation and the kinetics of plasminogen acti-
vation were monitored by recording the increase in fluorescence at
460 nm upon excitation at 360 nm using the microplate reader
FLUOstar OPTIMA (BMG Labtech, Germany). For plasmin steady-
state kinetics, the same protocol was applied but the reaction mix-
ture consisted of 57 nM plasmin and D-VLK-AMC ranging from 0 to
600 mM.

2.10. Global numerical analysis of kinetic data

The analysis of kinetic data was performed by applying an
updated protocol using global numeric fitting of raw kinetic data
using KinTek Explorer 10 (KinTek Corporation, USA) [25–27]. This
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, a previously proposed two-step
induced-fit mechanism (Eq. (2)) was used as an input kinetic
model. Eq. (3) was used to describe the results of the experiment
involving an increasing SPR resonance signal (R) over time in
response to the staphylokinase SAK variant binding to plasmin/
ogen (Plm/Plg). For steady-state kinetics data, the measurements
of the increasing fluorescence signal (F) over time upon enzymatic
conversion were described using Eq. (4) based on the calibration
curve of free fluorescent AMC. The steady-state model (Eqs. (5)–
(7)) was used to obtain the values of the turnover number kcat,
and Michaelis constant Km. A conservative estimate for diffusion-
limited substrate binding (k+1 = 1000 lM�1.s�1) was used as a fixed
value to mimic the rapid equilibrium assumption. Such arrange-
ment makes the rate constant of product formation negligible com-
pared to the rate constant of substrate release (k-1 � k+2) and
causes the Michaelis constant to be equal to the dissociation con-
stant of the enzyme-substrate complex, as reflected in Eq. (7). All
the kinetic data were fit globally and directly to the overall kinetic
model depicted schematically in Fig. S3. Numerical integration of
rate equations searching for a set of kinetic parameters that pro-
duce a minimum v2 value was performed using the Bulirsch–Stoer
algorithm with adaptive step size, and nonlinear regression to fit
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the data was based on the Levenberg–Marquardt method. To
account for fluctuations in the experimental data, plasminogen
substrate concentrations were allowed to be slightly adjusted
(±5%) to derive best fits. Residuals were normalized by sigma val-
ues for each data point. The standard error (S.E.) was calculated
from the covariance matrix during nonlinear regression. A more
rigorous analysis of the variation of the kinetic parameters was
achieved by performing a confidence contour analysis using FitS-
pace Explorer (KinTek Corporation, USA). In these analyses, the
lower and upper limits for each parameter were derived from the
confidence contour by setting the v2 threshold at 0.95. The final
fit provided a precise estimation of a total set of 10 kinetic con-
stants for each staphylokinase variant.

Plm=Plgþ SAK
!kþ1
 
k�1

Plm=Plg:SAK
!kþ2
 
k�2

Plm=Plg�:SAK ð2Þ

R ¼ a � Plm=Plg:SAKþ Plm=Plg�:SAK
Plm=Plgþ Plm=Plg:SAKþ Plm=Plg�:SAK

ð3Þ

F ¼ A � ð1� e�B�½AMC�Þ þ F0 ð4Þ

SAK:Plm� þ Plg
!1000
 
k�1

SAK:Plm�:Plg!kþ2 SAK:Plm� þ Plm ð5Þ

kcat ¼ kþ2 ð6Þ

Km ¼ k�1 þ kþ2
kþ1

� k�1
1000

ð7Þ
2.11. In vitro thrombolytic models

Thrombolytic experiments were performed using previously
described static and flow in vitro models [28,29] that were opti-
mized to determine the suitably measurable effect of alteplase in
a highly repeatable manner as reported in previous publications
[30,31]. Briefly, the static model consisted of 1.5 mL plastic tubes
(Eppendorf, Germany) filled with medium to a total volume of
500 mL in which clots were individually incubated. Tubes were
placed into a dry-block incubator at 37 �C and incubation lasted
60 min (the same amount of time indicated for alteplase treatment
of stroke patients).

The flow model consisted of silicone chips (Sylgard 184 Silicone
Elastomer, Dow Corning, USA) designed to mimic human middle
cerebral artery anatomy, with narrowings based on dimensions
seen in patient CT scans (n = 4). A bifurcation was included to
enable permanent circulation in the system. Each silicone chip
was connected by plastic pipes (internal diameter 3.1 mm) to an
8-channel pump head peristaltic pump (Gilson Minipuls 3, Gilson,
Inc., USA) and the whole system was maintained at 37 �C for an
incubation of 180 min. This arrangement maintained the hydrody-
namic forces involved in clot removal [32], generating a pressure
gradient of 10 mm Hg across the occlusion.

2.12. In vitro penetration microarray

Penetration experiments were performed in the microarray
model outlined in recent publications [33–37] and optimized to
determine the suitably measurable effect of alteplase in a highly
repeatable manner. The microarray consisted of a micro-slide (m-
Slide VI 0.4, ibidi GmbH, Germany) into the channels of which a
fibrin gel was prepared. Fluorescently labelled plasminogen activa-
tors or relevant fibrin non-interacting controls were applied to
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individual micro-slide channels and the fluorescence intensity was
continuously recorded at 5 min intervals for 180 min, at a distance
of up to 1 mm from the application site (in 0.25 mm intervals),
using a microscope (Nicon Eclipse TS 100, Zeiss AxioObserver Z1,
Carl Zeiss AG, Germany) with fluorescent illumination from ametal
halide fluorescence light source (HXP 120, Carl Zeiss AG, Germany)
via a high efficiency filter set (Filter Set 43 HE (excitation BP
550/25; beam splitter FT 570; emission BP 605/70, Filter set 43
HE, Carl Zeiss AG, Germany).
2.13. Clots and fibrin gel preparation

Semi-synthetic clots were employed in both types of in vitro
model. Clots were prepared from a mixture of human fibrinogen
(Tisseel kit, Baxter, dissolved in water for injection to a concentra-
tion of 52 mg mL�1), human thrombin (Tisseel kit, Baxter, dis-
solved in 40 mM CaCl2 solution to a concentration of 3.3 IU mL�1

and red blood cells (RBCs) isolated from healthy donors’ blood
in a volumetric ratio of 1:1:1 by clotting in coated silicone chip
fragments (for the flowmodel) or on parafilm (for the static model)
for 30 min at 37 �C and >90% relative humidity under static condi-
tions; prepared clots were immediately introduced into the model.
The final concentration of components in prepared clots was
17.3 mg mL�1 fibrinogen, 1.1 IU mL�1 thrombin, and 4.17 	 109

RBCs mL�1; the total clot volume was 90 mL for the static model
and 60 mL for the flow model.

RBC dominant clots were prepared from 200 mL of healthy
donors’ whole blood without anticoagulant by clotting in borax
glass tubes (inner diameter 8 mm) for 3.5 h at 37 �C and >90% rel-
ative humidity under static conditions; prepared clots were imme-
diately introduced into the model.

Fibrin gel was prepared from the mixture of fibrinogen (Tisseel
kit, Baxter, dissolved in water for injection to concentration
34.6 mg mL�1) and thrombin (Tisseel kit, Baxter, dissolved in
40 mM CaCl2 solution to concentration 2.2 IU mL�1) in a volumetric
ratio of 1:1 by clotting for 30 min in micro-slide channels at 37 �C
and >90% relative humidity under static conditions. The final con-
centration of components in the prepared fibrin gel was
17.3 mg mL�1 fibrinogen and 1.1 IU mL�1 thrombin; the total vol-
ume per micro-slide channel was 30 mL.

All blood donors had agreed to donate blood samples, providing
signed informed consent for the collection of blood. Individuals
who had received acetylsalicylic acid, a non-steroidal anti-
inflammatory, or antiplatelet drugs within 7 days before blood col-
lection were excluded.
2.14. Plasminogen activators, fibrin non-interacting proteins and
media preparation

Alteplase (Actilyse, Boehringer-Ingelheim International GmbH,
Germany; Z. Nr. 1–24717) was dissolved in water for injection to
a concentration of 1 mg mL�1 (for thrombolytic experiments) or
2 mg mL�1 (for penetration experiments) and was stored aliquoted
at �20 �C (not re-frozen once thawed); it was then further diluted
with PBS. The final concentration of alteplase was selected to be in
line with clinically relevant dosing indicated for patients with
ischemic stroke (1.3 mg mL�1), according to the manufacturer’s
instructions and supporting pharmacokinetic data [38]. Wild type
staphylokinase and the SAK01 mutant were dissolved in 10 mM
Tris-HCl and 0.2 M NaCl buffer pH 7.5 to concentrations of
1.8 mg mL�1 and 1.1 mg mL�1, respectively, and stored at 4 �C
for up to 4 weeks. The final concentration of the staphylokinase
variants was selected to be in line with the clinically relevant dos-
ing of alteplase indicated for patients with ischemic stroke
(1.3 mg mL�1).
1370
For penetration experiments, fibrin non-interacting proteins
with similar molecular weights to the tested plasminogen activa-
tors were used as controls: bovine serum albumin (BSA, A9418,
Sigma-Aldrich, USA) and a-lactalbumin from bovine milk (a-LA,
L5385, Sigma-Aldrich, USA). BSA was dissolved in water for injec-
tion to a concentration of 2 mg mL�1 and stored at 4 �C for up to
4 weeks. a-LA was dissolved in 10 mM Tris-HCl and 0.2 M NaCl
buffer pH 7.5 to a concentration of 2 mg mL�1 and stored at 4 �C
for up to 4 weeks. Plasminogen activators and fibrin non-
interacting proteins were fluorescently labelled prior to the pene-
tration assay with rhodamine B isothiocyanate (283924, Sigma-
Aldrich, USA), according to standard labeling protocol provided
by the manufacturer. The final concentration of labelled plasmino-
gen activators (and control proteins) was the same as for throm-
bolytic experiments, i.e. 1.3 mg mL�1. The thrombolytic efficacy of
the labelled plasminogen activators was verified in the static
model (data not shown). All media were prepared using reagent
grade chemicals. Plasma was used as the incubation environment
in both models and was freshly prepared for each experiment from
donors’ citrated blood (in standard ratio of 3.8% sodium citrate:
blood, 1:9) by centrifugation (500	g, 10 min, 4 �C) and kept at
4 �C prior to the experiment (up to 4 h).

2.15. Lytic efficacy testing

Clot lysis in the static model was determined by measuring clot
mass loss [29–31,39] and by spectrophotometric determination of
RBC release into the incubation media at 575 nm [30,31]. Clot lysis
in the flow model was determined by measuring recanalization
time, clot length, and spectrophotometric determination of RBC
release [30]. Recanalization frequency was determined as a per-
centage ratio of complete recanalization to the total number of
samples in the given treatment group. Relative clot reduction
was determined as a percentage of clot area reduction before the
release of the clot from the narrowed occlusion site. In addition,
the thrombolysis rate was calculated using linear regression of rel-
ative clot reduction at 30 min intervals.

2.16. Penetration rate testing

Plasminogen activator penetration rate through fibrin was
determined by continuous measurement of fluorescence intensi-
ties at a distance of up to 1 mm from the plasminogen activator
application site front. The penetration rate was expressed as rela-
tive fluorescence intensity (RFI) at a given distance and time. RFI
was determined using a custom image analysis script in the Python
programming language. Penetration rate data were further stan-
dardized against the relevant control.

2.17. Data analysis and statistics

We expected relative clot mass loss in the static model to be
7 ± 6% for semi-synthetic clots and 24 ± 11% for RBC-dominant
clots in the untreated group. Experiments were performed with 5
independent replicates for each clot type, giving us 80% statistical
power to detect a relative clot mass loss of 18 ± 6% or more for
semi-synthetic clots and 44 ± 11% or more for RBC-dominant clots
in the treated group. All samples were processed in triplicate and
in parallel. We expected the recanalization time in the flow model
to be 180 ± 25 min in the untreated group. Five independent repli-
cates were performed for each experiment, giving us 80% power to
detect recanalization times of 132 ± 25 min or less in the treated
group. All samples were processed in duplicate and in parallel.
We expected the penetration rate to be 1.0 ± 0.2 in the control
(BSA) group. Five independent replicates were conducted in each
experiment, giving us 80% power to detect penetration rates of
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0.6 ± 0.2 or less or 1.4 ± 0.2 or more in the treated group. All sam-
ples were processed in duplicate and in parallel. All analyses were
performed with STATISTICA 12 (StatSoft) software. Data are
expressed as means ± standard deviation if not otherwise indi-
cated. The box plots show mean values (square), medians (lines),
interquartile ranges (boxes), and minimum and maximum values
(whiskers). Unpaired t-tests were used to compare data. P-
values 
 0.05 were considered statistically significant.
3. Results and discussion

3.1. AffiLib prediction of improved SAK candidates

A set of 17,918 structures was generated with AffiLib using
structural information on the SAK-microplasmin interface
(Fig. S1) and the 50 best-scoring mutants were visually inspected
for favorable interactions and evaluated for thermostability using
Rosetta. Four mutants with favorable interactions were selected
for further analysis (Table 1). Compared to the wild-type SAK-
microplasmin complex, these structures all had: (i) longer side
chains that were rich in hydrophobic amino acids, strengthening
the desolvation effect of binding, (ii) more salt bridges and hydro-
gen bonds between the partner proteins, and (iii) more favorable
AffiLib scores. Stability evaluations showed that some of the muta-
tions in the chosen structures had destabilizing effects, so the cor-
responding designs would be expected to exhibit lower stability
than the wild-type protein. The interfaces of the mutants selected
for production are shown in Fig. 1.
3.2. Biochemical and functional characterization of SAK mutants

For our study, we selected the four best-scoring AffiLib designs
(SAK01-04) SAK mutants and four previously studied mutants
(SAK-M26A, SAK-M26R, SAK-M26L, and SAK-Y44F) carrying sub-
stitutions of key functional amino acids [40–42]. The proteins were
purified from induced biomass using two-step affinity and size-
exclusion chromatographies (see Materials and methods). As
shown in Fig. S2, recombinantly produced SAK mutants were
homogenously purified with yields of up to 40 mg per liter of bac-
terial culture. The yields of SAK03 and SAK04 were lower, up to
5 mg per 1 L of bacterial culture.

As shown in Fig. 2A and B, the circular dichroism (CD) spectra of
the chosen SAK variants indicate that they generally folded cor-
rectly. The CD profiles of most of the SAK mutants resemble the
wild-type SAK profile, although the profiles of SAK-M26L and
SAK04 differed markedly from the native protein. It seems likely
that the M26L substitution caused a serious CD shift (Fig. 2A, green
line) and that these secondary structural changes were compen-
sated by other amino acid substitutions in the SAK02, SAK03, and
SAK04 variants (which also carry the M26L substitution). In the
case of the SAK04 variant, the CD spectrum change appears to be
related to partial unfolding.

Thermostability measurements (Fig. 2C, Fig. S3, Table S2)
showed that the melting temperatures of the SAK-M26R and
SAK-M26L variants were 2.75 �C higher and 2 �C lower than those
of the wild-type SAK protein (60 �C), respectively. Even greater dif-
ferences were observed among the AffiLib designs: the melting
temperature of SAK02 was 2 �C higher than that of SAK-wt,
whereas the melting temperatures of SAK01, SAK03, and SAK04
were reduced by 2.5 �C, 9.3 �C, and 13 �C, respectively. Chro-
mogenic substrate and fibrin plate assays (Fig. S4A-C and Fig. 3)
revealed that the SAK01, M26L, and Y44F variants had higher fibri-
nolytic efficiencies than SAK-wt but the other mutants were much
less efficient.
1371
3.3. Global kinetic analysis of the AffiLib designs of SAK

To determine the effects of the AffiLib-designed mutations on
individual steps influencing the overall fibrinolytic activity and
mechanism of action of SAK (Fig. S5), a global kinetic data analysis
was performed (Fig. S6, Tables S3–5) as described previously [17].
This rigorous kinetic analysis allowed us to quantitatively charac-
terize four key processes that determine the overall fibrinolytic
effectivity of SAK variants (Fig. 3). A detailed description of the glo-
bal data analysis, statistical details, and quantitative data on key
processes is available in Supplementary Note 1. A detailed compar-
ison of individual kinetic constants is provided in Supplementary
Note 2.

The mutations of SAK02 and SAK03 exhibited no significant
effects on plasmin and plasminogen binding, leading to only minor
changes in plasmin selectivity when compared to SAK-wt. Further-
more, both SAK02 and SAK03 exhibited 3-fold reduced catalytic
efficiencies, correlating well with their reduced overall fibrinolytic
activities in the fibrin plate assay. The SAK04 mutations negatively
affected binding to both plasmin and plasminogen but the effect on
plasminogen was more pronounced, resulting in a slightly
improved plasmin selectivity. However, the catalytic efficiency of
SAK04 was 8% lower than that of SAK-wt, explaining its low overall
fibrinolytic activity (Fig. 3).

Most significantly, the SAK01 variant exhibited a �7-fold
increase in affinity toward plasmin with a reduced affinity for plas-
minogen relative to the wild type. As a result, the selectivity for the
formation of the active SAK01.plasmin complex was �10-fold
higher than for SAK-wt. The proposed mutations thus delivered
the desired affinity increase but also reduced catalytic efficiency,
leading to only a marginal improvement in overall fibrinolytic
activity for SAK01.

3.4. Static model analysis of thrombolysis on in vitro clots

Treatment with all tested plasminogen activators provided
greater clot mass loss (p < 0.001) and RBC release (p < 0.001) than
in negative controls for both clot types (semi-synthetic and RBC-
dominant). For semi-synthetic clots, alteplase showed lower clot
mass loss (p < 0.001) and RBC release (p < 0.001) than SAK-wt,
and similar clot mass loss (p = 0.575) and RBC release (p = 0.233)
to SAK01. Additionally, SAK-wt induced greater thrombolysis than
SAK01 (clot mass loss p < 0.001, RBC release p = 0.006). For RBC-
dominant clots, alteplase caused lower clot mass loss (p = 0.011)
but similar RBC release (p = 0.157) to SAK-wt, and similar clot mass
loss (p = 0.271) and RBC release (p = 0.588) to SAK01. Both SAK pro-
teins induced comparable levels of thrombolysis (clot mass loss
p = 0.163, RBC release p = 0.409). These results are presented in
more detail in Fig. 4, Fig. S7, and Table S6.

3.5. Flow model analysis of thrombolysis on in vitro clots

Treatment with all tested plasminogen activators reduced the
recanalization time (p < 0.001), increased the recanalization fre-
quency (p < 0.001) and RBC release (p < 0.001), reduced clot size
(p 
 0.004), and increased the thrombolysis rate (p < 0.001) when
compared to the untreated group. Alteplase showed similar
recanalization time (p = 0.706, p = 0.049), recanalization frequency
(p = 1.000, p = 1.000), RBC release (p = 0.996, p = 0.703), relative
clot reduction (p = 0.362, p = 0.470), and thrombolysis rate
(p = 0.918, p = 0.715) as both SAK-wt and SAK01, respectively. Both
SAK proteins had similar recanalization and thrombolysis parame-
ters (recanalization time p = 0.086, recanalization frequency
p = 1.000, RBC release p = 0.692, relative clot reduction p = 0.914,
thrombolysis rate p = 0.854). The results obtained using the flow
model are presented in more detail in Fig. 5, Fig. S8 and S9, and



Table 1
The SAK mutants chosen for further study, showing the amino acids at the diversified positions, the mutants’ total scores according to AffiLib, and their predicted DDG values
obtained using protocol 16. The mutants are sorted according to their predicted score in Rosetta Energy Units (R.E.U). Mutated residues are shown in bold.

Name Identity of diversified residues Total Score [R. E. U.] DDG [kcal.mol-1]

17 24 26 28 30 71 72 90 120 126 128

SAK-wt Y Y M N T T A T I N I �974.3 0.0
SAK01 Y Y M N I T A Q V R I �990.8 0.8
SAK02 Y Y L N T E A T A R V �989.5 2.4
SAK03 Y Y L N I E A Y I V I �989.5 �4.2
SAK04 Y Y L D T E A E V N I �988.4 4.5

Fig. 1. Designed interfaces between the structures of staphylokinase (cyan) mutants SAK01–SAK04 (A–D, respectively) and partner microplasmin (grey) complexes. In the
top-scoring structures, hydrophobic core residues and novel polar contacts are introduced. Mutated amino acids are shown as yellow sticks. Polar contacts between
microplasmin and staphylokinase are shown as yellow dashed lines. Residues with new polar contacts between microplasmin and staphylokinase are shown as grey sticks,
and the polar contacts as yellow dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Biophysical properties of SAK mutants. (A) CD spectra of the previously reported mutants M26A, M26R, M26L, and Y44F. (B) CD spectra of the AffiLib predicted designs
SAK01–SAK04. (C) Melting temperatures of the previously reported mutants and AffiLib designs. The error bars represent a standard deviation from three replicates.
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Table S7. In addition, clots treated with SAK-wt exhibited fragmen-
tation: disintegration of clots into small pieces was observed in
67% of clots treated with SAK-wt but only in 10% of clots treated
with SAK01, 0% of clots treated with alteplase and 0% in the
untreated group.
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3.6. Penetration microarray

All tested plasminogen activators caused detectable changes in
the penetration rate when compared to a relevant fibrin non-
interacting control. The initial normalized penetration rates (at a



Fig. 3. Comparison of key parameters influencing the overall fibrinolytic effectivity
of staphylokinase (SAK). The parameters include (i) formation of the active
SAK.plasmin complex (plasmin binding), (ii) formation of the inactive SAK.plas-
minogen complex (plasminogen binding), (iii) selectivity for plasmin over plas-
minogen, and (iv) catalytic efficiency of the formed SAK.plasmin complex. The
parameters were calculated as combinations of kinetic constants determined by
global numerical analysis of kinetic data, as described in Supplementary Note 1. All
kinetic experiments were performed in triplicate in phosphate-buffered saline PBS
(pH 7.4) at 25 �C and the error bars represent standard deviations. For comparative
purposes, the graph also includes the overall fibrinolytic activities for each variant
determined by the fibrin plate assay.
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distance of 0 mm) were as follows: bovine serum albumin (BSA)
1.0 ± 0.2, alteplase 0.6 ± 0.2 (p = 0.001), a-lactalbumin (a-LA)
1.0 ± 0.1, SAK-wt 1.9 ± 0.6 (p < 0.001), SAK01 1.7 ± 0.7
(p = 0.003). Alteplase had a significantly different penetration rate
(p < 0.050) compared to the control (BSA) up to distances of
0.5 mm. Conversely, the penetration rates for SAK–wt and SAK01
only differed significantly from the control rate (a-LA) at the fibrin
gel surface (0 mm), (p 
 0.003); at distances further from the sur-
face, their rates were similar to the control (p � 0.050). These
results are presented in more detail in Fig. 6.

3.7. Comparison of previously reported data with our results

We selected a number of previously reported single point
mutants and subjected them to deep structural and functional test-
ing. Residue methionine 26 (M26) was previously established to be
responsible for high-affinity binding to plasminogen [40]. Specifi-
Fig. 4. Clot lysis in a static model expressed as relative clot mass loss. (A) semi-synthe
(squares), medians (lines), interquartile ranges (boxes), and minimum and maximum valu
activators (alteplase, SAK-wt, SAK01) induced efficient thrombolysis. Alteplase induced
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cally, it was shown that the inactive M26A and M26R SAK mutants
exhibited 10–20-fold lower association affinity constants for plas-
minogen binding than SAK-wt. Our results indicated that M26R
retains some weak plasmin-generating activity, but M26A com-
pletely lacks such activity (Fig. S4A and C). The M26V substitution
caused almost complete inactivation of the protein [41]. Interest-
ingly, introducing a leucine residue with a non-polar sidechain
bulkier than those of alanine and valine markedly changed the pro-
tein’s functional and structural properties: the M26L mutant was
not only functional but had a higher plasmin-generating efficiency
than the wild-type SAK in both the chromogenic substrate and the
fibrin plate assays (Fig. S4A-C). This mutant was previously
reported to be as active as the wild type [41]. The presence of
the bulky hydrophobic amino acid at position 26 affected the pro-
tein’s secondary structure, as indicated by a comparison of its CD
spectrum to that of the wild type, but did not reduce its stability
(Fig. 2A and C).

Tyrosine 44 (Y44) and histidine 43 (H43) were proposed to con-
tribute to cation-p and p-p interactions with the tryptophan 215
(W215) residue of plasmin [43]. According to the Dahiya and
coworkers, the Y44F mutant was almost as efficient as the wild
type SAK protein (kcat = 0.40 and 0.43 s�1, respectively). In our
chromogenic substrate assay, this mutant was much less produc-
tive in plasmin generation than wild type SAK (Fig. S4A), but
slightly outperformed it in the fibrin plate assay (Fig. S4C). This sin-
gle amino acid mutation had neutral effects on the protein’s sec-
ondary structure and stability.

The results of our melting temperature estimation experiments
were somewhat inconsistent with previous reports [42]. In partic-
ular, an earlier publication claimed melting temperatures of 43.7
and 43.5 �C for wild-type SAK and the M26L variant, respectively.
In contrast, we estimated them to be 60 and 58 �C. These differ-
ences could be explained by differences in buffer composition,
sample preparation, and instrument choice.
3.8. The AffiLib-designed staphylokinase variant SAK01 outperforms
wild-type SAK in plasmin affinity and selectivity

Despite intensive efforts in SAK engineering, to our knowledge
the single and multiple amino acid mutations studied so far have
all reduced or completely eliminated the protein’s capacity to gen-
erate plasmin. To avoid such problems, we used a recently devel-
tic clots, N = 15. (B) RBC dominant clots, N = 15. The box plots show mean values
es (whiskers). The plotted results show that treatment with the tested plasminogen
a lower level of thrombolysis than SAK-wt and a similar level to SAK01.



Fig. 5. Clot lysis in a flow model. (A) recanalization time. (B) RBC release, N = 10. The box plots show mean values (square), medians (lines), interquartile ranges (boxes), and
minimum and maximum values (whiskers). The dashed line shows the experimental time window (180 min). The plotted results show that treatment with the tested
plasminogen activators (alteplase, SAK-wt, SAK01) led to efficient recanalization and increased the thrombolysis rate. Alteplase had similar effects on recanalization and
thrombolysis to SAK-wt and SAK01.

Fig. 6. Penetration rates for alteplase, SAK-wt, and SAK01, determined using a penetration microarray, N = 10–12. The box plots showmean values (squares), medians (lines),
interquartile ranges (boxes), and minimum and maximum values (whiskers). The rates are standardized against the rates for relevant fibrin non-interacting controls, namely
bovine serum albumin for alteplase and a-lactalbumin for SAKs. The tested plasminogen activators exhibited clearly and measurably different penetration rates compared to
relevant controls, at least close to the surface (at a distance of 0 mm). Alteplase was significantly hindered in the gel relative to the control at distances of up to 0.5 mm,
whereas the SAKs penetrated without being hindered.
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oped algorithm implemented in AffiLib [18] to predict multiple-
mutation SAK variants with increased plasmin affinity based on
the previously reported crystal structure of SAK in complex with
two microplasmin molecules [12]. This algorithm takes into
account pre-organized polar interaction networks responsible for
high specificity to create synthetic interaction networks. Using this
rational design approach, we predicted and selected four SAK mul-
tiple amino acid mutants that were predicted to have superior
plasmin-binding properties (Fig. 1). We hypothesized that these
variants might outperform the wild-type protein by promoting
thrombolysis at lower concentrations with shorter reperfusion
times.

Recent publications have highlighted the value of drug-target
residence time as a predictor of future in vivo efficacy [44,45].
The clinical profile of SAK could thus be improved by increasing
its drug-target residence time. In particular, such an increase could
reduce side-effects arising from binding to other receptors, includ-
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ing immunogenic responses induced by binding to immune cells or
dissolving physiological hemostatic clots. Increasing the resistance
of SAK to being washed out of the clot could also enhance the effec-
tivity of thrombolysis. Finally, SAK mutants with improved affinity
could be retained in clot fragments for a longer time after clot frag-
mentation, which could prevent re-occlusions, a major complica-
tion of thrombolysis in the clinic [46,47]. All these processes
could lead to a more effective and safer thrombolytic treatment.
Furthermore, it was previously shown that inefficient binding to
plasmin is the main factor limiting overall staphylokinase effectiv-
ity, making the rational improvement of SAK’s affinity for plasmin
a highly desirable goal [17].

SAK is a small protein of 136 amino acids. As a result, it is diffi-
cult to use mutagenesis to improve one of its properties without
detrimental effects on others. In our case, multiple amino acid sub-
stitutions reduced the protein’s stability (Fig. 2). Particularly severe
losses of stability were observed for the SAK03 and SAK04 variants.
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In biological assays, only SAK01 slightly outperformed the native
protein in both the chromogenic substrate and the fibrin plate
assays (Fig. 3, Fig. S4B and C).

An advanced global kinetic data analysis protocol was applied
to the constructed mutants SAK01–SAK04, allowing analysis of
the effects of mutations on individual steps of SAK’s mechanism
of action. SAK02 and SAK03 exhibited no significant change in plas-
min and plasminogen affinity but their catalytic efficiency was
reduced 3-fold compared to the wild-type (Fig. 3, Fig. S5, Tables
S3–S5). SAK04 yielded reduced affinity to both plasmin and plas-
minogen, leading to slightly improved plasmin selectivity. How-
ever, the catalytic efficiency dropped more than 10-fold, in
keeping with this variant’s low overall fibrinolytic activity. SAK01
exhibited �7-fold improved plasmin affinity and �10-fold
increased plasmin selectivity. However, its catalytic efficiency
was 5% of that for SAK-wt, resulting in comparable overall fibri-
nolytic activity. Computational design using AffiLib thus success-
fully improved selectivity for plasmin binding and yielded an
interesting variant, SAK01. An improved plasmin affinity would
be expected to increase the drug-target residence time, potentially
improving the overall clinical profile of SAK even though the vari-
ant’s fibrinolytic activity is comparable to that of the wild type
protein.

3.9. In vitro clot assay comparison of alteplase, SAK-wt, and SAK01

In vitro thrombolysis assays were conducted to compare the
efficacy of SAK-wt and SAK01 to that of alteplase (the current stan-
dard for stroke treatment) when applied to in vitro clots prepared
from human blood or its components. Static and flow in vitro mod-
els were developed and used for functional characterization of
SAK-wt and SAK01. Clots were incubated in human plasma, mim-
icking the native environment of thrombolysis, in particular the
high abundance of plasminogen and other fibrinolytic activators
and inhibitors. The limitations of these models, including the
absence of an excretory system, paradoxically ensured a sufficient
supply of fibrinolytic factors without the need for continual sup-
plementation of fresh plasma. The concentrations of alteplase
and SAKs were set to levels reflecting the therapeutic doses of alte-
plase used in stroke patients [38]. Additionally, a penetration
microarray was conducted to study the penetration rate of the cho-
sen plasminogen activators through a fibrin network mimicking a
blood clot.

In the static model (high plasminogen concentration) with
semi-synthetic clots, SAK-wt induced a higher degree of thrombol-
ysis than alteplase and SAK01, as indicated by rates of both clot
mass loss and RBC release. On the other hand, with RBC-
dominated clots, increased thrombolysis was apparent only in
measurements of clot mass loss. All of the tested plasminogen acti-
vators yielded similar results with regards to RBC release. The fact
that clot mass loss mediated by SAKs did not correlate with RBC
release suggests that the mechanism of action of SAK and its vari-
ants differs from that of alteplase, for which the amount of released
RBCs correlates closely with the relative clot mass loss in the long
term [30,31]. The greater loss of clot mass following treatment
with SAK-wt suggests that clot lysis proceeded mainly in the fibrin
component, while RBCs remained densely packed in the remaining
clot. The high penetration capability and relatively low plasmin
affinity of SAK-wt could lead to rapid clot penetration followed
by fibrin degradation inside the clot [5,6]. However, SAK01 has a
�7-fold higher affinity for plasmin than SAK-wt; this might be
expected to limit its penetration into clots, explaining its lower
thrombolytic efficacy in the static model. In the flow model (with
high plasminogen levels), there were no statistically significant dif-
ferences between the studied thrombolytic enzymes with respect
to recanalization and thrombolysis. This suggests that hydrome-
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chanical forces may cause unbound SAK-wt to penetrate through
the clot too rapidly. The increased plasmin affinity of SAK01 could
prevent its leaching from the clot. In accordance with the higher
thrombolytic efficacy of SAK-wt observed in the static model, this
protein induced clot fragmentation in 67% of cases in the flow
model. Conversely, fragmentation was never seen with alteplase
(0% of cases) and rarely with SAK01 (10% of cases). These results
again suggest that the mechanism of action of alteplase in the pres-
ence of high plasminogen concentrations differs from that of SAK-
wt and its variants because alteplase has limited ability to pene-
trate into clots. The higher clot fragmentation rates observed with
the two SAK variants could potentially be helpful for preventing
reocclusion in clinical applications.

Penetration capability through the fibrin network was evalu-
ated using a penetration microarray in the presence of low plas-
minogen concentrations. Under such conditions, the formation of
complexes between SAKs and plasmin is apparently limited. There-
fore, the assay monitors mainly the fibrin-SAK interaction. Alte-
plase showed a significantly lower penetration rate than the
control protein BSA, indicating a substantial level of binding within
the fibrin network [5,6,48]. Conversely, the penetration rates of
SAK-wt and SAK01 did not differ from the control. We speculate
that this could be due to the limited supply of plasminogen in
the microarray, suggesting a plasmin and/or plasminogen depen-
dency of SAKs [5,6,49,50]. Both SAKs accumulated in the surface
layer of the fibrin network and then penetrated at the same rate
as the non-interacting control protein a-LA, suggesting a weak
interaction with fibrin.
4. Conclusion

We performed a detailed characterization of the biophysical
and functional properties of the previously reported SAK variants
M26A, M26R, M26L, and Y44F along with four new AffiLib-
predicted mutants. Global kinetic analysis and an analysis of
in vitro clot thrombolytic efficiency revealed that the variant
SAK01 exhibited 7-fold increased plasmin binding affinity and
10-fold increased plasmin selectivity compared to wild-type SAK.
This improvement confirmed the success of the computational
design strategy, which aimed to improve protein–protein interac-
tions between SAK and plasmin. SAK01 was shown to retain the
overall fibrinolytic activity of SAK-wt and its thrombolytic effi-
ciency towards in vitro clots while greatly reducing its main clinical
limitation of inefficient plasmin binding. A protein with a poten-
tially superior clinical profile has thus been identified and could
serve as a valuable starting point for further computational design
efforts or directed evolution studies seeking to improve its cat-
alytic efficiency. These results also constitute a proof-of-concept
of a strategy for designing thrombolytic drugs that can be used
at lower dosages while having longer half-lives, shorter reperfu-
sion times, and negligible side effects when compared to currently
used treatments.
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