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Introduction

Plasminogen activators are highly specific serine proteases 
capable of activating plasminogen to plasmin. Two kinds 
have been identified in mammals, urokinase-type (u-PA) 
and tissue-type (t-PA) plasminogen activators. Urokinase 
is important in tissue remodeling and t-PA in vascular 
fibrinolysis. They share the same primary physiological 
substrate (plasminogen) and inhibitors (plasminogen acti-
vator inhibitor types I and II). Studies have indicated that 
urokinase has an ability to degrade the extracellular matrix, 
and is a key mediator in cellular invasion, growth, and the 
metastasis of tumors1–4. Elevated levels of u-PA in cancer 
cells usually indicate a poor prognosis for patient survival5,6. 
Consequently, a selective inhibitor for u-PA may be thera-
peutically useful in cancer treatment. Because t-PA and u-PA 
possess an extremely high degree of structural similarity, it is 
difficult to find inhibitors with specificity exclusively toward 
urokinase7–9. Structural studies of small molecule inhibitors 
of urokinase (residues of inhibitor abbreviated as P3-P2-P1) 
are based on the structure of the enzyme. It is desirable that a 
synthetic u-PA inhibitor has adequate potency and selectiv-
ity for u-PA relative to t-PA, plasmin, thrombin, and trypsin, 
to avoid the possibility of antifibrinolytic side effects.

Initial studies of enzyme–inhibitor complexes by Spraggon 
et al., Nienaber et al., and Katz et al. provided information 
about the binding of a covalent peptidic inhibitor Glu-Gly-
Arg-chloromethyl ketone10–12. These studies showed that the 
guanidine moiety of arginine (P1) forms an ionic interaction 
with Asp-189 carboxylate at the S1 site of urokinase. The 

other sub-site S2 is limited by His-57. The residues of inhibi-
tors larger than glycine or alanine (P2) cannot be accom-
modated in this site without rearrangement of the histidine 
moiety13–15. Tamura et al. reported an inhibitor of urokinase 
containing a d-serine as P3 residue: d-Ser-Ala-Arg-al16. The 
P3 side-chain of peptidic inhibitors is normally oriented into 
the solvent and does not interact with trypsin-like protein-
ases. When position P3 is occupied by unnatural d-amino 
acid, the side-chain of the amino acid projects into the S4 
pocket. The sub-site S4 contains His-99, and the residue of 
d-Ser could form a favorable interaction with this.

Recently, we described the first analogs of a series 
of tripeptides as inhibitors of urokinase containing an 
N-terminal d-Ser and Ac-d-Ser moieties, Gly and Ala as P2 
residues, and a C-terminal Arg-OH and Arg-NH

2
 in the P1 

position17. Compounds with a free amino group: H-d-Ser-
Ala-Arg-OH and H-d-Ser-Gly-Arg-OH, inhibited the amido-
lytic activity of urokinase, thrombin, plasmin, and trypsin. 
The acetylated acids of tripeptides showed some selectivity: 
Ac-d-Ser-Ala-Arg-OH inhibited the amidolytic activities of 
thrombin and trypsin, but Ac-d-Ser-Gly-Arg-OH inhibited 
the amidolytic activities of urokinase and plasmin. Among 
all the compounds with an amide as a C-terminal group, 
only H-d-Ser-Gly-Arg-NH

2
 showed inhibitory activity on 

plasmin.
We present the synthesis of peptides of the general for-

mula H-d-Ser-Ala-Arg-NH-X, where X = (CH
2
)

n
-NH

2
, n = 2–9, 

(CH
2
)

m
-OH, m = 2–4. Six trypsin-like serine proteases were 

used to determine the amidolytic activity of potential 
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Abstract
Eleven peptides of the general formula H-d-Ser-Ala-Arg-NH-X, where X = (CH2)n-NH2, n = 2–9, (CH2)m-OH, m = 2–4, 
were obtained and tested for their effect on the amidolytic activities of urokinase, thrombin, trypsin, plasmin, 
t-PA, and kallikrein. H-d-Ser-Ala-Arg-NH-(CH2)5-NH2 inhibited urokinase with a Ki value of 6.3 μM.
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inhibitors. Trypsin was used as a standard enzyme for this 
protease class, whereas thrombin, plasmin, and kallikrein 
were selected to predict a possible influence on blood 
coagulation and fibrinolysis. We expected that these kinds 
of peptide derivatives would show a high selectivity toward 
urokinase versus t-PA.

Materials and methods

Materials
Fmoc-Arg(Pbf)-OH (Fmoc, 9-fluorenylmethyloxycarbonyl; 
Pbf, pentamethyldihydrobenzofuran), Fmoc-Ala-OH, chlo-
ranil, TNBS (2,4,6-trinitrobenzenesulfonic acid; 1% solu-
tion in dimethylformamide (DMF)), acetaldehyde, HOBt 
(1-hydroxybenzotriazole), 3-amino-1-propanol 2-chlori-
trityl resin, and 4-amino-1-butanol 2-chlorotrityl resin were 
purchased from Fluka. Fmoc-d-Ser(t-Bu)-OH (t-Bu, t-butyl), 
1,2-diaminoethane-, 1,5-diaminopentane-, 1,6-diamino-
hexane-, 1,7-diaminoheptane-, 1,9-diaminononanetrityl 
resins, and glycinol 2-chlorotrityl resin were purchased from 
Merck (Novabiochem). TFA (trifluoroacetic acid), DIPEA 
(diisopropylethylamine), piperidine, TBTU (tetrafluorobo-
rate salt of the O-(7-azabenzotriazolyl)-tetramethyl uronium 
cation), DIC (diisopropylcarbodiimide), NMP (1-methyl-2-
pirrolidon), and 2-chlorotrityl chloride were obtained from 
Iris Biotech GmbH. DCM (dichloromethane) and DMF 
were products of Chempur. DCM was used without further 
purification; DMF was distilled over ninhydrin and stored 
under molecular sieves type 4A. High performance liquid 
chromatography (HPLC) solvent, acetonitrile, was pur-
chased from Merck. 1,8-Diaminooctane was obtained from 
Aldrich.

Urokinase, trypsin, kallikrein, and Bzl-l-Arg-pNA·HCl 
(Bzl, benzyl) were purchased from Sigma. Plasmin, S-2444 
(pyro-Glu-Gly-Arg-pNA·HCl), S-2238 (H-d-Phe-Pip-Arg-
pNA), S-2251 (H-d-Val-Leu-Lys-pNA), S-2266 (H-d-Val-Leu-
Arg-pNA·2HCl, and S-2288 (H-d-Ile-Pro-Arg-pNA) were 
obtained from Chromogenix. Thrombin was purchased from 
Lubelska Wytwórnia Szczepionek, and t-PA was obtained 
from Boehringer Ingelheim.

Synthesis of inhibitors
The peptides shown in Table 1 were synthesized manually 
using a standard Fmoc-based strategy. Fmoc deprotection 

steps were carried out with 20% (v/v) piperidine in DMF/
NMP (1:1) for 15 min. Coupling reactions of Fmoc amino 
acids were performed in DMF/NMP/DCM (1:1:1) using 
a molar ratio of amino acid/DIC/HOBt/resin of 3:3:3:1 in 
the case of coupling of Fmoc-Arg(Pbf)-OH, Fmoc-Ala-OH, 
and Fmoc-Gly-OH. In the case of coupling of Fmoc-d-
Ser(t-Bu)-OH, the molar ratio of amino acid/TBTU/HOBt/
DIPEA/resin was 2:2:2:4:1. Reactions were monitored with 
the Stewart chloranil test for amino alcohol resin and with 
the TNBS test for diamine resins.

Cleavage from the resin was carried out with TFA (thio-
hydroxamic acid)/water (95:5). After 2.5 h stirring, the resin 
was filtered and washed with TFA. The combined filtrates 
were concentrated under reduced pressure. The crude pep-
tide was washed with cold diethyl ether, filtered, dissolved in 
glacial acetic acid, and lyophilized.

The Shimadzu LC-10A system was used for analytical 
and semipreparatory HPLC (Phenomenex C18, Jupiter 90A, 
4 µm, 250 × 10 mm; Phenomenex C18, Jupiter 300A, 5 µm, 
250 × 4 mm; solvents: A, 0.1% aqueous TFA; B, 0.1% TFA in 
acetonitrile, gradient 0% B to 100% B in A in 30 min, flow rate 
1 mL/min, monitored at 220 nm). The major peak fraction was 
pooled and lyophilized. Molecular weight determination was 
performed by mass spectrometry using a Bruker Daltonics 
Esquire 6000 with electrospray ionization (ESI). Mass spec-
trometry analysis confirmed purity and identity (Table 2).

Enzymatic investigations
Determination of amidolytic activity was performed as 
described previously18. Detailed description of the method 
is given below. To 0.2 cm3 of examined compound (1–11; 
0.15 M NaCl as control), buffer, and 0.1 cm3 of enzyme solu-
tion was added:

tris buffer—0.6 cma.	 3 (pH = 8.8); enzyme: urokinase  
(50 units/cm3); synthetic substrate: S-2444 (0.1 cm3, 
3 mM/dm3);

tris buffer—0.5 cmb.	 3 (pH = 8.4); enzyme: thrombin 
(1 unit/cm3); synthetic substrate: S-2238 (0.2 cm3, 
0.75 mM/dm3);

tris buffer—0.5 cmc.	 3 (pH = 7.4); enzyme: plasmin  
(0.4 unit/cm3); synthetic substrate: S-2251 (0.2 cm3, 
3 mM/dm3);

Table 1.  Structures of obtained peptides: H-d-Ser-Ala-Arg-NH-X.

Compound X

1 (CH
2
)

2
-NH

2

2 (CH
2
)

3
-NH

2

3 (CH
2
)

4
-NH

2

4 (CH
2
)

5
-NH

2

5 (CH
2
)

6
-NH

2

6 (CH
2
)

7
-NH

2

7 (CH
2
)

8
-NH

2

8 (CH
2
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9
-NH

2

9 (CH
2
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2
-OH

10 (CH
2
)

3
-OH

11 (CH
2
)

4
-OH

Table 2.  Analytical data of the synthesized compounds.

Compound Yield (%) MW [M + H]+ Retention time (min)

1 47 374 375 17.1

2 46 388 389 17.3

3 48 402 403 17.2

4 42 416 417 16.5

5 43 430 431 18.1

6 39 444 445 16.9

7 21 458 459 17.3

8 45 472 473 20.1

9 44 375 376 17.9

10 39 389 390 17.9

11 40 403 404 18.1
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borane buffer—0.5 cmd.	 3 (pH = 7.5); enzyme: trypsin 
(0.4 unit/cm3), synthetic substrate: Bzl-l-Arg-pNA·HCl 
(0.2 cm3, 8 mM/dm3);

tris buffer—0.6 cme.	 3 (pH = 9.0); enzyme: kallikrein 
(3 units/cm3); synthetic substrate: S-2266 (0.1 cm3, 
7.5 mM/dm3);

tris buffer—0.6 cmf.	 3 (pH = 8.4); enzyme: t-PA  
(1. 67 mg/cm3); synthetic substrate: S-2288 (0.1 cm3, 
10 mM/dm3).

The mixture was incubated at 37°C for 3 min then synthetic 
substrate solution in the same buffer was added. After 20 min 
of incubation, adding 0.1 cm3 of 50% acetic acid stopped the 
reaction and absorbance of the released p-nitroaniline was 
measured at 405 nm. Every value represents the average of 
triplicate determination. The IC

50
 value was considered as 

the concentration of inhibitor that decreased the absorb-
ance at 405 nm by 50%, compared with the absorbance 
measured under the same conditions without inhibitor. 
Inhibition constant K

i
 was calculated from IC

50
 based on the 

Cheng–Prusoff equation19. Results are given in Table 3.
Our results were compared with the data obtained by 

Tamura et  al.16 for 2-phenethyl-SO
2
-d-Ser-Ala-Arg-al, the 

irreversible urokinase inhibitor with the same tripeptide 
sequence. The determination methods were identical.

Results and discussion

The examined compound did not influence the enzymatic 
activity of kallikrein and t-PA.

According to the obtained results, the compounds con-
taining amide residues substituted with a short aliphatic 
amine chain (CH

2
)

n
-NH

2
 (n = 2, 3, 4) as a C-terminal group 

did not have an influence on the amidolytic activity of the 
investigated enzymes. Compound 4 containing an amide 
group substituted with (CH

2
)

5
-NH

2
 residue inhibited 

urokinase and plasmin. Compound 5 with the (CH
2
)

6
-NH

2
 

group showed weak activity toward trypsin and plasmin. 
Compounds 6 and 8 with (CH

2
)

7
-NH

2
 and (CH

2
)

9
-NH

2
 inhib-

ited urokinase, trypsin, and plasmin. Compound 7 contain-
ing (CH

2
)

8
-NH

2
 residue inhibited urokinase, thrombin, and 

trypsin, but not plasmin; 7 (H-d-Ser-Ala-Arg-NH-(CH
2
)

8
-

NH
2
) with K

i
 value 0.24 µM was the most active compound 

toward trypsin. Compounds 9, 10, and 11 with (CH
2
)

2
-OH, 

(CH
2
)

3
-OH, and (CH

2
)

4
-OH residues were poor inhibitors of 

plasmin, but compounds 10 and 11 were better inhibitors of 
trypsin. All compounds with a hydroxyl residue of an amide 
group did not inhibit urokinase and thrombin.

We expected that the use of a specific tripeptide 
sequence would cause much higher selectivity with regard 
to urokinase. Compound 4 contained a fragment of pen-
tamethylenediamine (cadaverine) as an amide residue 
in its structure, which seems to have a significant influ-
ence on selectivity. The moiety of cadaverine is a form of 

Table 3.  Inhibition of H-d-Ser-Ala-Arg-NH-X on the amidolytic activity of enzymes.

No. X

K
i
 (µM)

Urokinase 
S-2444

Thrombin 
S-2238

Trypsin 
Bzl-l-Arg-pNA·HCl

Plasmin 
S-2251

1 (CH
2
)

2
-NH

2
n.i. n.i. n.i. n.i.

2 (CH
2
)

3
-NH

2
n.i. n.i. n.i. n.i.

3 (CH
2
)

4
-NH

2
n.i. n.i. n.i. n.i.

4 (CH
2
)

5
-NH

2
6.3 ± 0.5 n.i. n.i. 37 ± 3

5 (CH
2
)

6
-NH

2
n.i. n.i. 2.5 ± 0.2 181 ± 14

6 (CH
2
)

7
-NH

2
244 ± 19 n.i. 30 ± 2 364 ± 28

7 (CH
2
)

8
-NH

2
87 ± 7 0.24 ± 0.02 10 ± 0.7 n.i.

8 (CH
2
)

9
-NH

2
293 ± 22 n.i. 5 ± 0.4 90 ± 7

9 (CH
2
)

2
-OH n.i. n.i. n.i. 727 ± 54

10 (CH
2
)

3
-OH n.i. n.i. 15 ± 1.2 1090 ± 81

11 (CH
2
)

4
-OH n.i. n.i. 10 ± 0.7 545 ± 45

 2-phenethyl-SO
2
-d-Ser-Ala-Arg-al IC

50
 = 3.1 nM16 

K
i
 = 3nM15

— — IC
50

 = 367 nM16 

—

 i-Boc-d-Ser-Ala-Arg-al IC
50

 = 23.1 nM16 

K
i
 = 28 nM15

— — IC
50

 = 1460 nM16 

—

Note. n.i.,  no inhibition was observed in maximum concentration (0.02M).
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Figure 1.  Lineweaver–Burk analysis of compound 4 inhibition of uroki-
nase was performed in amidolytic assays with S-2444 as described in 
“Enzymatic investigations.” S-2444 substrate concentration was 3 mM. 
Compound 4 concentration was 2 mM. Data represent the means of trip-
licate determinations.
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decarboxylated derivative of lysine. In the literature, there 
are peptides described with a C-terminus lysine amide20 
and also an amide residue of lysine substituted with cadav-
erine, as inhibitors of plasmin21. These kinds of compounds 
were designed to be similar to a natural substrate sequence 
hydrolyzed by plasmin22. However, H-d-Ser-Ala-Arg-NH

2
, 

tested previously by Markowska et al.17, showed no activity 
toward plasmin and urokinase, but H-d-Ser-Gly-Arg-NH

2
 

showed weak antiplasmin activity (IC
50

 = 1 mM, K
i
 = 90 nM; 

unpublished data).
The most active inhibitor of urokinase was 4, H-d-Ser-

Ala-Arg-NH-(CH
2
)

5
-NH

2
, with K

i
 value 6.3 µM. The obtained 

values of K
i
 were higher than those of the earlier described 

inhibitors15,16. However, 2-phenethyl-SO
2
-d-Ser-Ala-Arg-al 

and i-Boc-d-Ser-Ala-Arg-al are alkylating agents, and irre-
versibly inhibit urokinase by forming a covalent adduct 
with an active site of the enzyme. Figure 1 presents the 
Lineweaver–Burk analysis for the effect of 4 on the activity of 
urokinase. The results show that compound 4 competitively 
inhibited urokinase.
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