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A B S T R A C T   

Tissue-type plasminogen activator (tPA) is the gold standard for emergency treatment of ischemic stroke, which 
is the third leading cause of death worldwide. Major challenges of tPA therapy are its rapid elimination by 
plasminogen activator inhibitor-1 (PAI-1) and hepatic clearance, leading to the use of high doses and consequent 
serious side effects, including internal bleeding, swelling and low blood pressure. In this regard, we developed 
three polyethylene glycol (PEG)ylated tPA bioconjugates based on the recombinant human tPA drug Alteplase 
using site-specific conjugation strategies. The first bioconjugate with PEGylation at the N-terminus of tPA per-
formed by reductive alkylation showed a reduced proteolytic activity of 68 % compared to wild type tPA. 
PEGylation at the single-free cysteine of tPA with linear and branched PEG revealed similar proteolytic activities 
as the wild-type protein. Moreover, both bioconjugates with PEG-cysteine-modification showed 2-fold slower 
inhibition kinetics by PAI-1. All bioconjugates increased in hydrodynamic size as a critical requirement for half- 
life extension.   

1. Introduction 

Human tissue-type plasminogen activator (tPA) is a serine protease 
(MW 65 kDa) catalyzing the fibrin-enhanced activation of plasminogen 
to the active serine protease plasmin by cleaving its Arg561-Val562 
peptide bond [1,2]. Plasmin is responsible for the dissolution of blood 
clots by degrading fibrin structures and thus is physiologically involved 
in the balance between coagulation and fibrinolysis [3]. tPA is therefore 
used in the treatment of ischemic stroke to indirectly dissolve the 
occluding thrombus. Thereby, tPA is administered in high doses (0.9 mg 
tPA per kg body weight) due to hepatic clearance with half-life about 3 
min and rapid inactivation by endogenous plasminogen activator 
inhibitor-1 (PAI-1) [4–7]. This in turn, leads to serious side effects such 
as bleeding complications and intracerebral hemorrhage and makes it 
necessary to properly evaluate the risk–benefit ratio [8]. 

Substantial efforts were made to develop novel thrombolytics by 
mutations, such as Tenecteplase, to decrease the inhibition by PAI-1. 
Unfortunately, this mutant of human tPA resulted in a higher risk of 
internal bleeding and to date, recombinant tissue-type plasminogen 
activator is the only U.S. Food and Drug Administration (FDA) approved 
thrombolytic drug for the treatment of acute ischemic stroke, 

recommended for its ability to achieve early reperfusion and improve 
neurological outcomes [4,9,10]. 

An FDA approved strategy to prolong serum half-life and reduce 
protein interactions comprises the covalent conjugation of the protein’s 
surface with hydrophilic polymers such as polyethylene glycol (PEG). To 
induce steric hindrance, Mu et al. prepared PEGylated staphylokinase by 
varying the length of the PEG chain and the PEGylation site on the 
protein’s surface. The used PEG polymers of a size up to 20 kDa formed a 
hydrated layer with steric shielding effects to mask interacting amino 
acids at its binding site of the receptor [11,12]. 

Two different strategies are available to achieve site-specific PEGy-
lations on endogenous proteins [13,14]. First, the N-terminus can be 
selectively targeted at pH 5 by reductive amination since the α-amine 
has a lower pKa than the ε-amine of the lysine residues [15]. Never-
theless, complete selectivity cannot be obtained, but the heterogeneity 
often observed when targeting lysine residues is highly reduced [16]. 
We previously performed selective N-terminal modification with PEG 
and PEG alternative polymers of human interleukin-4 and vascular 
endothelial growth factor 165 (VEGF165), demonstrating site-selectivity 
and high bioactivity of the PEGylated product [17,18]. 

Another site-specific strategy deploys free cysteine residue accessible 
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on the protein’s surface with maleimides to form thioether conjugates. 
As cysteines are less present on the surface of proteins and are often 
involved in disulfide bridges, selectivity can be achieved in this way 
[16]. However, this approach also poses challenges, such as instabilities 
derived from hydrolysis of the thioether bond or exchange reactions 
with free thiols e.g. of albumin within the blood after administration 
[13]. 

A previous study revealed a significant reduction of the proteolytic 
activity of tPA when non-specifically PEGylated using N-Hydrox-
ysuccinimide (NHS) based chemistry [19]. Here, we aimed for site- 
specific PEGylation of the recombinant human tPA Alteplase using (i) 
reductive alkylation and (ii) maleimide chemistry, the latter with linear 
and branched PEG. Both approaches and the influence of the PEG ar-
chitecture were compared regarding bioactivity and interaction of 
PEGylated tPA with its inhibitor PAI-1. 

2. Material and methods 

Recombinant tissue-type plasminogen activator (tPA) was purchased 
as lyophilized powder formulation (Actilyse® 50 mg, Alteplase for in-
jection E.P., PZN 03300636) from Boehringer Ingelheim (Ingelheim am 
Rhein, Germany). According to the drug manufacturer, 1 mg tPA cor-
responds to 46.66 mg Actilyse® and 580,000 International Units (IU). 
Linear methoxy-polyethylene glycol functionalized with a single alde-
hyde group (mPEG-Ald) and an average mass of 20,000 g/mol was 
purchased by Iris Biotech GmbH (Marktredwitz, Germany). Linear 
methoxy-polyethylene glycol functionalized with a single maleimide 
group (mPEG-Mal) and an average mass of 20,000 g/mol was purchased 
from Merck KGaA (Darmstadt, Germany). 2-arm branched methoxy- 
polyethylene glycol functionalized with a single maleimide group (m- 
bPEG-Mal) and an average mass of 20,000 g/mol was purchased from 
NOF Corporation (Tokyo, Japan). Fluorescence substrate glutaryl-L- 
glycine-L-arginine-7-amino-4-methylcumarin-hydrochloride (Glutaryl- 
Gly-Arg-AMC, > 99 %) was purchased by Bachem AG (Bubendorf, 
Switzerland). Chromogenic substrate methanesulfonyl-D- 
hexahydrotyrosine-L-glycine-L-arginine-p-nitroanilide-acetate (T2943, 
≥ 95 %), human plasminogen activator inhibitor-1 (PAI-1, ≥ 98 %) and 
Dulbecco’s modified Eagle’s medium were purchased from Merck KGaA 
(Darmstadt, Germany). WST-1 was purchased from Roche Diagnostics 
GmbH (Mannheim, Germany). 4x NuPAGE Sample buffer and 4–20 % 
Tris-Glycine acrylamide gel were purchased from ThermoFisher Scien-
tific (Karlsruhe, Germany). Deionized, purified water (Millipore water) 
was generated by a Millipore purification system from Merck KGaA 
(Darmstadt, Germany). All other reagents and laboratory consumables 
were purchased by Merck KGaA (Darmstadt, Germany) or VWR Inter-
national GmbH (Ismaning, Germany) in at least biochemical grade, 
unless otherwise noted. 

2.1. Synthesis of tPA PEGylated at the N-terminus 

Site-specific conjugation of tPA with polyethylene glycol (PEG) at 
the N-terminus (Ser1) was achieved by reductive amination at pH 5 via a 
Schiff base intermediate with mPEG-Ald [20]. Therefore, 40 µM tPA in 
0.1 M sodium acetate buffer pH 5 was dialyzed using Slide-A-Lyzer ® 
MINI with 3.5 kDa cut-off (ThermoFisher Scientific, Karlsruhe, Ger-
many) against the same buffer for 40 h at 4 ◦C to remove interfering 
arginine and salts present in the formulation. The resulting pre-chilled 
protein solution was gently mixed with 15-fold molar excess of mPEG- 
Ald in the same buffer. The reaction was started by further addition of 
freshly prepared reducing agent sodium cyanoborohydride solution 
(NaCNBH3) as reducing agent to a final concentration of 30 mM. The 
reaction mixture was gently shaken on a VWR OS-500 shaker (VWR 
International GmbH, Ismaning, Germany) for 40 h at 4 ◦C. 

2.2. Synthesis of tPA PEGylated at a single-free cysteine 

Site-specific modification of tPA with PEG at a single-free cysteine 
(Cys83) was performed by maleimide reaction. For this reason, 17 µM 
tPA in buffered saline (PBS) pH 7.4 was gently mixed with 15-fold molar 
excess of mPEG-Mal or m-bPEG- Mal in the same buffer. The reaction 
mixture was gently shaken on a VWR OS-500 shaker for 40 h at 4 ◦C. 
[21]. 

2.3. Purification of PEGylated tPA conjugates 

The tPA conjugates PEGylated at the N-terminus (PEG-Ser1-tPA), at a 
single cysteine with linear PEG (PEG-Cys83-tPA) or branched PEG 
(bPEG-Cys83-tPA) were purified by cation exchange chromatography 
(CEX). For this purpose, the reaction mixtures were diluted 4-fold in 25 
mM sodium acetate buffer pH 5 respectively and subsequently loaded on 
a FPLC system (ÄKTA pure) equipped with two HiTrap™ SP HP 1 mL 
columns (Cytiva, Freiburg, Germany) with a flow rate of 1 mL/min. For 
elution, the NaCl concentration was linearly increased from 0 % to 40 % 
in 12 column volumes using 25 mM sodium acetate buffer pH 5 with 2 M 
NaCl. The fractions with mono-conjugated tPA were identified with SDS- 
Page analysis and rebuffered against PBS pH 7.4 using Slide-A-Lyzer ® 
MINI with 3.5 kDa cut-off. 

2.4. SDS-page analysis 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis was 
performed under reductive conditions. For this, samples were mixed 
with solubilization buffer (250 mM Tris-HCl pH 8.0, 7.5 % w/v SDS, 25 
% v/v glycerol, 0.25 mg/mL bromophenol blue, 12.5 % v/v β-mercap-
toethanol) and incubated at 95 ◦C for 5 min. SDS-Page was performed 
using 37.5 mM Tris-HCl with 1 g/L SDS for stacking (pH 6.8) and 
separating gel (pH 8.8), the latter with 12 % acrylamide. 25 mM Tris- 
HCl with 192 mM glycine and 1 g/L SDS was used as running buffer. 
Staining was performed with Coomassie blue G-250 solution. 

2.5. Size exclusion chromatography 

Purities of PEGylated tPA variants were analyzed on an Agilent 1260 
infinity II HPLC (Agilent Technologies Inc., Waldbronn, Germany) using 
a TSKgel G300SW 10 µm 600 × 7,5 mm size exclusion (SEC) column 
(Tosoh Bioscience GmbH, Griesheim, Germany). The device was 
equipped with a variable wavelength detector (G7115A, Agilent), an 
automatic vial sampler (G7129C, Agilent), a pump (G7104C, Agilent), 
and a multicolumn oven (G7116A, Agilent). Mobile phase was 30 g/L 
sodium dihydrogen phosphate and 1 g/L sodium dodecyl sulfate (SDS) 
pH 6.8 in Millipore water with an isocratic flow of 0.5 mL/min for 60 
min. The injection volume was 50 µL and the detector was set to a 
wavelength of 214 nm. 

2.6. Protein content BCA assay 

Protein concentration of wild type tPA (wt tPA) and PEGylated tPA 
variants were determined using Pierce™ BCA Protein Assay Kit (Ther-
moFisher Scientific, Karlsruhe, Germany) and measured according to 
manufacturer’s instructions at λ = 562 nm using Tecan Reader Infinite 
M Plex (Tecan Group, Maennedorf, Switzerland). The measurement was 
performed in triplicate. 

2.7. Degree of PEGylation 

The degree of PEGylation was examined by determination of the 
mass measured by MALDI mass spectra as previously described [22]. In 
short, 15–40 µg of the protein variants were desalted by Sep-Pak Vac 
C18 cartridges (Waters GmbH, Eschborn, Germany) and lyophilized at 
–100 ◦C, 0.001 mbar. Burker Protein II standard was used as external 
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calibration. The protein variants were examined after double layer 
preparation using sinapinic acid solution. 

2.8. Trypsin in-gel digest 

For Trypsin in-gel digest, 0.8 µg of wt tPA, PEG-Ser1-tPA and PEG- 
Cys83-tPA were diluted with 4x NuPAGE Sample buffer. Samples were 
incubated with 50 mM dithiothreitol at 70 ◦C for 10 min before 120 mM 
iodoacetamide was added. The pH was adjusted to 7–8 and the samples 
were stored at room temperature for 20 min in the dark. 

The samples were transferred to a gradient gel (4–20 % acrylamide) 
and SDS-Page was performed. Subsequently, the gel was stained with 
Coomassie blue G-250 and the indicated protein bands were cut out 
precisely (Figure S2A). Separate bands were destained with 400 µL of 
destaining buffer (70 % 100 mM ammonium bicarbonate, 30 % ACN) for 
10 min. Then, the buffer was replaced with 400 µL equilibration buffer 
(100 mM ammonium bicarbonate, pH 8). After 10 min, gel pieces were 
dehydrated with 200 µL ACN for 5 min and dried by vacuum 
centrifugation. 

Tryptic digests were performed shortly before liquid chromatog-
raphy – mass spectrometry (LCMS) analysis with 0.1 µg trypsin per gel 
band overnight at 37 ◦C in equilibration buffer. After removing the su-
pernatant, peptides were extracted from the gel slices with 5 % formic 
acid, and extracted peptides were pooled with the supernatant. 

2.9. NanoLC-MS/MS (tandem mass spectrometry) analysis of in-gel 
digest samples 

NanoLC-MS/MS analyses were performed on a LTQ-Orbitrap Velos 
Pro (Thermo Fisher, Karlsruhe, Germany) equipped with a PicoView Ion 
Source (New Objective, Littleton, MA) and coupled to an EASY-nLC 
1000 (Thermo Fisher, Karlsruhe, Germany). Peptides were loaded on a 
trapping column (2 cm × 150 µm ID, PepSep) and separated on a 
capillary column (30 cm × 150 µm ID, PepSep) both packed with 1.9 µm 
C18 ReproSil and separated with a 30 min linear gradient from 3 % to 
30 % ACN and 0.1 % formic acid and a flow rate of 500 nl/min. 

MS scans were acquired in the Orbitrap analyzer with a resolution of 
30,000 at m/z 400, MS/MS scans were acquired in the Orbitrap analyzer 
with a resolution of 7500 at m/z 400 using HCD (higher-energy C-trap 
dissociation) fragmentation with 30 % normalized collision energy. A 
TOP5 data-dependent MS/MS method was used; dynamic exclusion was 
applied with a repeat count of 1 and an exclusion duration of 15 s; singly 
charged precursors were excluded from selection. Minimum signal 
threshold for precursor selection was set to 5x104. Predictive automatic 
gain control (AGC) was used with AGC target a value of 106 for MS scans 
and 5x104 for MS/MS scans. Lock mass option was applied for internal 
calibration in all runs using background ions from protonated deca-
methylcyclopentasiloxane (m/z 371.10124). 

2.10. MS data analysis of in-gel digest samples 

Database search was performed against the protein sequence of 
human tPA with PEAKS Xpro software (Bioinformatics Solutions Inc., 
Waterloo, Canada) with the following parameters: peptide mass toler-
ance: 10 ppm, MS/MS mass tolerance: 0.02 Da, enzyme: Trypsin with [D 
\P], variable modifications: Acetylation (Protein N-term), Oxidation 
(M); fixed modifications: Carbamidomethylation (C), Pyro-glu from Q. 
Results were filtered to 1 % PSM-FDR by target-decoy approach. 

2.11. Protein integrity 

The structural integrity of tPA after conjugation with PEG were 
verified by circular dichroism (CD). CD Spectra of wt tPA (3.13 µM), 
PEG-Ser1-tPA (2.28 µM), PEG-Cys83-tPA (2.37 µM) and bPEG-Cys83- 
tPA (2.35 µM) in 25 mM acetate buffer pH 5 with 0.5 M NaCl were 
recorded on a Jasco J-1500CD spectrometer (Jasco Deutschland GmbH, 

Pfungstadt, Germany) in 0.1 cm quarz glass cuvettes. 

2.12. Dynamic light scattering 

The hydrodynamic size of wt tPA and PEGylated tPA variants were 
measured in PBS at a protein concentration of 0.2 to 0.3 mg/mL using 
Zetasizer Ultra Red from Malvern Panalytical (Kassel, Germany). The 
sample volume of 5 µL was measured using glass capillary cuvettes in 
four technical replicates at a scattering angle of 90◦. The number- 
weighted size distribution was used to compare the samples. 

2.13. Determination of proteolytic activity of tPA by fluorescence activity 
assay 

The enzyme activities of wt tPA and PEGylated tPA variants were 
measured by mixing with 100 µM prewarmed Glutaryl-Gly-Arg-AMC 
substrate dissolved in 0.1 M Tris-HCl buffer pH 8.5 containing 0.02 % 
Tween 80 [23]. After incubation at 37 ◦C for 20 min, the reaction was 
stopped by adding 2 % SDS solution. Fluorescence intensity of proteo-
lytically cleaved AMC was measured at emission and excitation wave-
lengths of 455 and 383 nm at 37 ◦C in Tecan Reader Infinite M Plex. 
Measurements were performed in triplicate. 

2.14. PAI-1 resistance 

The resistance of the PEGylated tPA variants against PAI-1 were 
determined by incubating 15 nM of PEG-Ser1-tPA, PEG-Cys83-tPA, 
bPEG-Cys83-tPA and wt tPA with various concentrations of PAI-1 for 
one hour at 37 ◦C in TBS buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.4). 
Then, T2943 substrate was added to a final concentration of 0.6 mM, 
and the residual enzyme activity was immediately determined by 
spectrophotometric measurement of the initial p-nitroanilide release 
rate at 405 nm for 45 min at 37 ◦C, measured in triplicate in Tecan 
Reader Infinite M Plex [24]. In addition, the second-order association 
rate constants (k1) for the inhibition of the PEGylated tPA variants by 
PAI-1 were determined as previously described [25]. Therefore, 400 nM 
of PEG-Ser1-tPA, PEG-Cys83-tPA, bPEG-Cys83-tPA and wt tPA were 
incubated with a 1.2-fold molar excess of PAI-1 in the TBS buffer for 60 
s. The reactions were stopped by dilution with TBS buffer containing 
200 µM chromogenic substrate T2943 and the residual enzyme activity 
was determined at 405 nm for 15 min at 37 ◦C as described above. The 
second-order association rate constant (k1) was obtained by applying a 
standard equation for a second-order reaction, under conditions of slight 
excess of inhibitor over enzyme (see Eq. (1)). 

k1 × t =
1

(I0 − E0)
×

[

ln
(

1 +
(I0 − E0)

Et

)

− ln
(

I0

E0

)]

(1)  

with E0 and I0 as the initial concentrations of enzyme and inhibitor, 
respectively and Et as the enzyme concentration at time t in seconds. 

2.15. Cytotoxicity 

The cytotoxicity of the PEGylated tPA variants were examined using 
human embryonic kidney HEK293 cells (ATCC; CRL-1573) seeded in a 
96-well plate format (5000 cells/well; 100 µL per well) in Dulbecco’s 
modified Eagle’s medium supplemented with 10 % (v/v) BCS, 100 U/ 
mL penicillin G, and 100 µg/mL streptomycin. The HEK293 cells were 
treated with dilution series of wt tPA as control and the tPA-variants, 
PEG-Ser1-tPA and PEG-Cys83-tPA, ranging from 30 nM to 1.9 pM. 
Appropriate concentrations of storage buffer (25 mM acetate buffer pH 5 
with 0.5 M NaCl) were used as negative control. After 24 h of treatment, 
cells were incubated with WST-1 for 4 h at 37 ◦C according to manu-
facturer’s instructions. The mitochondrial activity after incubation with 
the tPA variants was determined by measuring the absorbance of the 
soluble formazan product at 450 nm as well as background noise at 630 
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nm using Tecan Reader Infinite M Plex. 

2.16. Statistical analysis 

Statistical analysis was performed with OriginPro 2020 (OriginLab 
Corporation, Northampton, USA). Comparison between enzyme activ-
ities was performed using two sample t-test. Comparison of PAI-1 

resistance and increase of hydrodynamic size was performed with 
analysis of variance (ANOVA). Samples with p-value < 0.05 were 
considered as statistically significant and are marked with an asterisk 
(*). 

Scheme 1. (A) tPA modelled by alpha-fold (UniProt: P00750) with the five domains including Ser1 (blue) at the N-terminus, Cys83 (orange), the proteolytic site with 
the catalytical triad (His322, Asp371, Ser478; green) and the inhibitor binding sites (purple) [37,38]. (B) Site-specific PEGylation at the N-terminus (Ser1, blue) of 
tPA with mPEG-Ald by reductive amination. First step shows formation of imine intermediate at pH 5, second step the reduction with NaCNBH3 to the secondary 
amine. (C) Site-specific PEGylation at the single-free cysteine (Cys83, orange) of tPA with mPEG-Mal or m-bPEG-Mal by maleimide reaction at pH 7.2. 
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3. Results and discussion 

3.1. Selection of PEGylation sites 

PEGylation sites of tPA were selected considering the selectivity for a 
single conjugation approach and its possible influence on bioactivity 
(Scheme 1A). 

The first approach selectively targets the primary amine (Ser1) at the 
N-terminus of tPA by reductive amination at pH 5 as previously 
described (Scheme 1B) [17]. As a second approach, the surface exposed 
free cysteine residue Cys83 was used for thiol-maleimide reaction 
(Scheme 1C). All other cysteines in tPA are bound in disulfide bonds. 
Both PEGylation sites are spatially distant from the low-lying catalytic 
triad of tPA which consists of His322, Asp371 and Ser478 (Scheme 1A) 
to enable bioactivity of the PEGylated product [26]. In addition to 
conjugating linear PEG at both PEGylation sites, the thiol-maleimide 
reaction was also performed with 2-arm branched PEG to investigate 
the effect of PEG’s architecture on the steric hindrance of the PAI- 
binding sites. 

3.2. Site-specific PEGylation and purification 

The primary amine (Ser1) at the N-terminus of tPA was selectively 
PEGylated by reductive amination with linear mPEG-Ald. Mono-PEGy-
lated tPA (PEG-Ser1-tPA) was separated from unreacted tPA by cation 
exchange chromatography, yielding in an overall purity exceeding 99 % 
of the PEGylated product (Fig. 1A, B). Reductive SDS-Page showed the 
increase in molar mass of PEG-Ser1-tPA compared to wt tPA 
(Figure S1A). Since precise determination of molar mass by SDS-Page is 
interfered by the interaction of PEG with negatively charged SDS mi-
celles, MALDI was used to determine the degree of PEGylation and the 
molar mass [27]. The results showed mass increase of about 20,000 g/ 
mol compared to wt tPA, corresponding to the mono-conjugated PEG- 

tPA (Fig. 1C, D). 
The second PEGylation approach of tPA targeted the single-free 

cysteine (Cys83) by deploying maleimide chemistry with linear mPEG- 
Mal and branched m-bPEG-Mal. Both mono-PEGylated products (PEG- 
Cys83-tPA and bPEG-Cys83-tPA, respectively) were purified by cation- 
exchange chromatography. PEG-Cys83-tPA was obtained with a purity 
exceeding 95 % (Fig. 2A, B) and bPEG-Cys83-tPA with a purity 
exceeding 96 % (Fig. 3A, B). Similar to PEG-Ser1-tPA, the band shift of 
the maleimide mediated tPA conjugates occurred on the SDS-Page 
compared to wt tPA (Fig. S1B, S1C). The mass of PEG-Cys83-tPA and 
bPEG-Cys83-tPA were increased by one PEG molecule to approximately 
85,000 g/mol compared to wt tPA (Fig. 2C, D, 3C, D). 

The selectivity of the PEGylation site was verified by in-gel trypsin 
digestion of PEG-Ser1-tPA and PEG-Cys83-tPA followed by liquid 
chromatography – mass spectrometry of obtained peptides. PEGylated 
peptides cannot be measured due to their size and therefore disappear 
from the chromatograms compared to wt tPA. Examination of the pep-
tides showed the underrepresentation of the N-terminal peptides 
(SYQVIcRDEK, SYQVIcR) for PEG-Ser1-tPA and the Cys83-containing 
peptide (ccEIDTR) for PEG-Cys83-tPA (Figure S2). This finding and 
the degree of PEGylation from the MALDI results suggest site-specific 
modification of tPA for both types of conjugation chemistries used. 

3.3. Structural integrity and hydrodynamic size of PEGylated tPA 
variants 

The structural integrity of the PEGylated tPA variants was investi-
gated by circular dichroism (CD). The CD spectra of the PEGylated tPA 
variants showed similar characteristics to those of wt tPA (Figure S4). In 
particular, the curve of the far UV CD spectra (240 nm and below) 
showed the random coil of the secondary structure from the peptide 
bond region and suggests structure maintenance after PEGylation [28] 
(Fig. 4A). 

Fig. 1. Purification of PEG-Ser1-tPA. (A) Chromatogram of CEX purification step showing absorbance at 280 nm (black) and conductivity (gray). Arrow marks 
conjugated tPA. (B) SEC-HPLC chromatogram of tPA as control (black) and PEG-Ser1-tPA (blue). (C) MALDI-mass spectrum of tPA as control. (D) MALDI-mass 
spectrum of PEG-Ser1-tPA. 
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Fig. 2. Purification of PEG-Cys83-tPA. (A) Chromatogram of CEX purification step showing absorbance at 280 nm (black) and conductivity (gray). Arrow marks 
conjugated tPA. (B) SEC-HPLC chromatogram of tPA as control (black) and PEG-Cys83-tPA (orange). (C) MALDI-mass spectrum of tPA as control. (D) MALDI-mass 
spectrum of PEG-Cys83-tPA. 

Fig. 3. Purification of bPEG-Cys83-tPA. (A) Chromatogram of CEX purification step showing absorbance at 280 nm (black) and conductivity (gray). Arrow marks 
conjugated tPA. (B) SEC-HPLC chromatogram of tPA as control (black) and bPEG-Cys83-tPA (orange dashed). (C) MALDI-mass spectrum of tPA as control. (D) 
MALDI-mass spectrum of bPEG-Cys83-tPA. 
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The hydrodynamic size of PEGylated tPA was determined by dy-
namic light scattering (Fig. 4B, Figure S3). The hydrodynamic size of 
unconjugated tPA was 7.16 ± 0.82 nm (Table S1). After PEGylation, the 
hydrodynamic size increased statistically significant to 10.51 ± 1.05 nm 
(PEG-Ser1-tPA), 9.76 ± 1.41 nm (PEG-Cys83-tPA) and 9.50 ± 0.37 nm 
(bPEG-Cys83-tPA), respectively. 

3.4. Determination of remaining proteolytic activity of PEGylated tPA 
variants 

The remaining bioactivity of the PEGylated tPA variants was 
assessed by proteolytic activity per milligram protein and compared to 
wild type tPA. For this purpose, protein quantification was first per-
formed with bicinchoninic acid (BCA), and proteolytic activity was 
subsequently determined using a commercial fluorescence substrate 
assay. Thereby, proteolytic activity is expressed in international units 
[IU], referenced to the WHO Reference Material II for rt-PA as described 

in the European Pharmacopoeia monograph for Alteplase for injection 
(Ph.Eur. 11.2, 1170 (07/2013)). 

Compared to wild type tPA, the activity of PEG-Ser1-tPA was 
reduced to 68 %. In contrast, the maleimide conjugated tPA variants 
showed higher activities with 96 % for bPEG-Cys83-tPA and, in the case 
of PEG-Cys83-tPA, no statistically significant decrease in activity 
(Fig. 5A). 

Since the integrity of the proteins is maintained, as demonstrated 
above, the difference in the remaining activity could be attributed to the 
shielding of the catalytic triad from the substrate, depending on the 
PEGylation site (Scheme 1). 

3.5. PAI-1 resistance of PEGylated tPA variants 

PAI-1 binds to the catalytic triad of tPA in a two-step mechanism. In 
the first step, tPA and PAI-1 associate reversibly, followed by slow 
irreversible complex formation, leading to rapid metabolization in the 

Fig. 4. (A) Circular dichroism spectra (195 nm–260 nm) of wt tPA (black), PEG-Ser1-tPA (blue), PEG-Cys83-tPA (orange) and bPEG-Cys83-tPA (orange dashed). (B) 
The number weighted size distribution of PEG-Ser1-tPA (blue), PEG-Cys83-tPA (orange) and bPEG-Cys83-tPA (orange dashed) compared to wt tPA (black) measured 
by dynamic light scattering (DLS) shows the increase in hydrodynamic size after conjugation with PEG (20 kDa). Measurements were performed at a scattering angle 
of 90◦ and were performed in quadruplicate. 

Fig. 5. Proteolytic enzyme activity of PEG-Ser1-tPA (blue), PEG-Cys83-tPA (orange solid) and bPEG-Cys83-tPA (orange striped; orange open) compared to wild type 
tPA (open, black). (A) Enzyme activity in international units per milligram of protein. Protein amounts were measured by BCA assay, enzyme activities were 
determined by fluorescence substrate activity assay. (B) PAI-1 resistance assessed by residual enzyme activity depending on inhibitor concentrations. Determination 
of enzymatic activity using chromogenic substrate T2943. All measurements were performed in triplicate, asterisks mark statistically significant differences to wt tPA. 
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liver [29,30]. tPA has multiple binding sites on the surface interacting 
with the reactive center loop (RCL) of PAI-1 [26,31]. Therefore, the 
effect of PEGylations on shielding tPA from PAI-1 and disrupting in-
teractions with these binding sites was investigated considering both the 
PEGylation site and PEG architecture. The residual activity of the 
PEGylated tPA variants after one hour incubation with PAI-1 showed a 
similar correlation with the concentration of the inhibitor as wt tPA 
(Fig. 5B). In contrast, the second order associated rate constants 
behaved differently. PEG-Ser-1 tPA showed slightly faster inhibition by 
PAI-1 than wt tPA, whereas PEG-Cys83-tPA and bPEG-Cys83-tPA 
exhibited 2-fold slower inhibition (Table 1). This suggests that PEGy-
lation at the single-free cysteine of tPA masks PAI-1 binding sites with 
some molecular reduction of interaction. 

3.6. Cytotoxicity of PEGylated tPA variants 

The cytotoxicity of the PEGylated tPA variants, PEG-Ser1-tPA and 
PEG-Cys83-tPA, were assessed by mitochondrial activity of human 
embryonic cells after incubation with the tPA conjugates. The PEGylated 
tPA variants showed no difference to wt tPA at all concentrations 
(Figure S5). 

In this study, we compared two strategies of site-specific PEGylation 
for tPA. PEGylation was successfully performed by both chemistries, 
reductive amination at the N-terminus and by thiol-maleimide reaction, 
resulting in mono-PEGylated products. Thiol-maleimide mediated 
conjugation with linear PEG resulted in PEGylated tPA without loss of 
bioactivity and a 2-fold decreased binding kinetics to the inhibitor PAI- 
1. Although bioactivity of the PEGylated product with cysteine modifi-
cation was unaltered as prerequisite for therapeutic use, shielding of tPA 
to the inhibitor PAI-1 should be further improved. Conceptionally, the 
ideal tPA therapeutic would benefit from long circulation, unaltered 
enzymatic activity, and low binding to its blood derived inhibitor PAI-1. 
To optimize the steric hindrance of PAI-1 to tPA, initial attempts were 
made to investigate bulkier 2-armed PEG. The resulting conjugate 
showed similar bioactivity but no improvement in inhibition by PAI-1 
compared to the use of linear PEG. Thus, future studies are needed to 
extend our conjugation strategy of wild type tPA using even larger or 
bulkier PEG material, e.g. 40 kDa or multi-branched PEG polymers for 
conjugation of tPA at Cys83, to potentially yield in an improved 
coverage of the PAI–1 – tPA binding interphase. Another approach may 
include protein engineering strategies. One option is the decoration of 
PEG in the proximity to the PAI-1 binding site (Glu326, Tyr368, Ala419, 
Pro422, Gln475) with genetic code expansion for site-specific incorpo-
ration of an unnatural amino acid in tPA for polymer attachment as 
previously demonstrated [31,32]. However, this approach demands 
recombinant manufacturing of a tPA mutant with potential safety risks 
as demonstrated for Tenecteplase [10]. 

Regarding the in vivo stability of tPA-maleimide conjugates with free 
thiols in blood, the bioconjugates should withstand at least the time of 
repetitive hepatic exposure. Other studies show half-lives of 20 to 80 h 
for retro reactions of maleimide thiol adducts [33,34]. For instance, 
Shen et al. confirmed the partial transfer of their conjugate to albumin in 
plasma after 96 h [35]. Since free tPA is hepatically cleared within a few 
minutes, the stability of the conjugates during this time window can be 
assumed, but should further be verified in a future pharmacokinetic (PK) 
study. 

From a PK perspective, fully bioactive PEG-Cys83-tPA or bPEG- 
Cys83-tPA with a hydrodynamic size of 10 nm should be tested in future 
in vivo studies to assess if PEG attachment reduces interactions with 
mannose and low density lipoprotein (LDP) receptors, responsible for 
the fast hepatic clearance of free tPA [36]. 

4. Conclusion 

This work presents two different bioconjugation chemistries and 
purification strategies for site directed PEGylation of human 

recombinant tPA to address its rapid clearance from blood. PEGylation 
by maleimide chemistry with linear or branched PEG and reductive 
amination at the N-terminus with linear PEG was effective, yielding 
mono-PEGylated tPA products. Bioactivities of the maleimide based 
PEGylated tPAs (PEG-Cys83-tPA, bPEG-Cys83-tPA) were on par to the 
wild-type with 2-fold reduced binding kinetics to the inhibitor PAI-1. 
Demonstrating hydrodynamic diameters of 10 nm, PEG-Cys83-tPA and 
bPEG-Cys83-tPA are suitable candidates for future pharmacokinetic and 
pharmacodynamic studies. 
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