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ABSTRACT: Inhibition of the proteolytic activity of urokinase has been shown to inhibit the progression of
tumors in rodent models and is being investigated for use in human disease. Understanding the rodent/
human species-specificity of urokinase inhibitors is therefore critical for interpretation of rodent cancer
progression models that use these inhibitors. We report here studies with a panel of 11 diverse urokinase
inhibitors in both human and mouse enzymatic assays. Inhibitors such as amiloride, B428, and
naphthamidine, that occupy only the S1 subsite pocket were found to be nearly equipotent between the
human and the murine enzymes. Inhibitors that access additional, more distal, pockets were significantly
more potent against the human enzyme but there was no corresponding potency increase against the
murine enzyme. X-ray crystallographic structures of these compounds bound to the serine protease domain
of human urokinase were solved and examined in order to explain the human/mouse potency differences.
The differences in inhibitor potency could be attributed to four amino acid residues that differ between
murine and human urokinases: 60, 99, 146, and 192. These residues are Asp, His, Ser, and Gln in human
and Gln, Tyr, Glu, and Lys in mouse, respectively. Compounds bearing a cationic group that interacts
with residue 60 will preferentially bind to the human enzyme because of favorable electrostatic interactions.
The hydrogen bonding to residue 192 and steric considerations with residues 99 and 146 also contribute
to the species specificity. The nonparallel human/mouse enzyme inhibition observations were extended
to a cell-culture assay of urokinase-activated plasminogen-mediated fibronectin degradation with analogous
results. These studies will aid the interpretation of in vivo evaluation of urokinase inhibitors.

Urokinase (urokinase type plasminogen activator, uPA)
is a trypsin-like serine protease that is important in tissue
remodeling. A primary activity of urokinase is the activation
of plasminogen which then leads to the breakdown of
basement membranes and interstitial matrixes. The activity
of urokinase in affecting tissue remodeling has been impli-
cated in a number of disease processes including cancer
(reviewed in refs1-4), atherosclerosis (5-8), vascular
restenosis (9, 10), arthritis (11-14), postinfarction cardiac
rupture (15), and macular degeneration (16).

The link between urokinase activity and cancer has been
widely studied where it is implicated in the invasion and
spread of many solid tumors. Compared with normal tissue,
many tumors have elevated urokinase activity; furthermore,
patients with tumors that have elevated urokinase activity
tend to have poorer prognoses (recently reviewed in ref17).
Experimentally, transgenic animals deficient in urokinase
show slowed progression of induced tumors (18). Likewise,
plasminogen-deficient animals also show slowed progression
of tumors (19). A number of laboratories have demonstrated

modest tumor inhibitory effects of pharmacological inhibitors
of urokinase (20-25).

Urokinase binds to a cellular receptor through its N-
terminal growth factor-like domain. Expression of the
urokinase receptor is elevated in many cancers where it
focuses urokinase activity to the leading edge of an invading
tumor (reviewed in refs1 and26). Urokinase may be derived
from either the tumor cells or from the surrounding stroma
and its origin appears to depend on the tumor type. In colon
and breast tumors, the urokinase appears to be predominantly
derived from the surrounding stroma (27-30). Conversely,
in squamous cell skin tumors, nonsmall cell lung tumors and
glioblastomas the urokinase is substantially derived from the
tumor cells (31-37).

Caution is required when interpreting the results of
xenograft experiments that study the role of urokinase or its
receptor on tumor progression. Although murine and human
urokinases are highly homologous, murine urokinase binds
poorly to the human receptor (38, 39). The human urokinase
activates human and murine plasminogen more efficiently
than does murine urokinase (40). Both human and murine
urokinases and urokinase receptors are expressed in some
xenograft models (41). These species differences can po-
tentially confound the interpretation of xenograft models of
tumor progression.

* To whom correspondence should be addressed. E-mail:
vered.klinghofer@abbott.com. Phone: (847) 937-3892. Fax: (847) 938-
2365.

‡ Department of Cancer Research.
§ These two authors contributed equally to this work.
| Department of Advanced Technology.

9125Biochemistry2001,40, 9125-9131

10.1021/bi010186u CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/14/2001



We have used a structure-based approach to design a series
of aryl-amidine based urokinase inhibitors in order to affect
the progression of cancers (42). These compounds have been
optimized to inhibit human urokinase. The compounds bind
in the S1 specificity subsite of urokinase. They also bind in
the recently described S1â pocket, as well as across the
urokinase substrate-binding groove (43). Analysis of the
murine and human sequences suggests that there are differ-
ences between the two species within their active sites. We
have used cloned murine and human urokinases to compare
inhibitory characteristics of the naphthamidine-based uro-
kinase inhibitors. The crystal structure of the human uro-
kinase in combination with the sequence of the murine
enzyme was then used to understand the differences in
inhibitory potency of compounds between species.

MATERIALS AND METHODS

Human Urokinase.Human low molecular weight uro-
kinase (residues 136-411), which lacks the N-terminal
growth-factor and kringle domains, was used as supplied by
Abbott Laboratories as Abbokinase (44). The lyophilized
powder was resuspended in water to a urokinase stock
solution containing 5% human albumin, 0.5% mannitol and
1% NaCl. This stock solution was aliquoted and kept at-80
°C. Before use, it was diluted 50-fold and used at a final
concentration of 2-3 nM enzyme and 50µg/mL of human
albumin. Human high molecular weight urokinase, residues
1-411, was prepared as previously described (44). Inhibition
results shown in Table 2 use Abbokinase. Experiments with
high molecular weight urokinase were identical within
experimental error (data not shown), consistent with previous
results demonstrating independence of the catalytic domain
from growth factor and kringle domains (45).

Murine Urokinase: Cloning and Expression.Plasmid
pdEMP-75 contains the murine urokinase gene derived from
a murine kidney cDNA library (GenBank, X02389). To
facilitate cloning into a number of different expression
vectors, the following PCR primers were synthesized: 5′-
GTGTGGATCCATGAAGTCTGGCTGGCGAGCCTG-3′
and 5′-GTGTAGATCTCCCGGGCCATCAGAAGGCCA-
GACC-3′. The PCR reactions were performed using the
Takara ExTaq PCR kit (Panvera Corp. Madison, WI). PCR
was performed with 25 cycles of 94°C for 30 s, 55°C for
1 min, and 72°C for 2 min. The PCR product was then
cloned into pGEM-T vector (Promega Madison, WI) to create

pAB60, and the sequence was verified. A 1.3 kbBamHI,
NotI fragment was ligated intoBamHI, NotI cut pAcMP3
(Pharmingen, San Diego, CA) to create pAB61. All methods
for use of the Baculogold expression system including cell
culture and virus propagation were performed as described
by the manufacturer (Pharmingen). All transfer vectors and
viral nucleic acids were obtained from Pharmingen. Grace’s
supplemented insect media and SF900II media were obtained
from Life Technologies (Gaithersburg, MD). Sf9 insect cells
were cotransfected with Baculogold viral DNA and pAB61
to generate recombinant virus. For expression of the murine
urokinase protein, insect cells were infected at a multiplicity
of infection of 5-10. Media containing the secreted protein
were collected after 48 h post infection.

Murine Urokinase: Purification and ActiVation:. Full-
length murine pro-urokinase, residues 1-413, was over-
expressed in baculovirus SF9 cell cultures. All purification
steps were at 4°C unless otherwise indicated. An S-
Sepharose Fast Flow (Amersham Pharmacia, Piscataway, NJ)
column (5 × 2.5 cm) was equilibrated in 10 mM MES
(Sigma, St. Louis, MO), pH 5.6. Conditioned media, 1.2 L,
was diluted with an equal volume of equilibration buffer and
applied to the column at 20 mL/min. After washing to
baseline, the bound pro-urokinase was eluted in minimal
volume by changing directly to 25 mM Tris, 0.5 M NaCl,
pH 7.4. Fractions (4 mL each) were pooled according to
activity using a microtiter plate assay based on hydrolysis
of a chromogenicp-nitroanilide substrate S-2444 [DiaPharma
Group, Inc. Franklin, OH (46)]. The pro-urokinase in the
pooled fractions was subsequently converted to active
urokinase during a 2-h incubation at 37°C with biotinylated
plasmin. Plasmin had been previously biotinylated using
sulfo-NHS-biotin (Pierce, Rockford, IL) following the manu-
facturer’s recommendations. The pro-urokinase activation
step was stopped by adding 1 mL of streptavidin-agarose
resin (Pierce) to the 67 mL incubation mixture and filtration.
The activation incubate was applied to a 25 mL bed
p-aminobenzamidine column (Sigma) previously equilibrated
with buffer B to capture the active murine urokinase. Elution
with 500 mM sodium chloride and 100 mM sodium acetate,
pH 4.5, yielded fractions containing highly purified murine
urokinase.

Human and Murine Urokinase Enzymatic Assays.Human
urokinase was used at 2-3nM and murine urokinase was
used at 52 nM for inhibitor assays. For compounds potent
against murine urokinase (compounds 2, 9, 10) the murine
enzyme concentration was lowered to 5.2 nM to ensure that
the enzyme concentration was less than the inhibitor
concentration during the assay. Both enzymes contain
albumin: human albumin with the Abbokinase and bovine
albumin with the murine urokinase. The final concentration
of albumin in both assays was 50µg/mL. The assay was
performed in a 96 well polystyrene, flat bottom plate in a
50 mM Tris/0.15 M NaCl/0.5% Pluronic F-68 (Sigma), pH
7.4 buffer. The compounds were dissolved in DMSO1 and
tested at concentrations of 0.01-250µM in a final reaction
volume of 200µL. The reactions were initiated by the

1 Abbreviations: pyroGlu-Gly-Arg-pNA-HCl,L-pyroglutamyl-gly-
cine-argininep-nitroanilide; DMSO, dimethyl sulfoxide; PBS, phosphate
buffered saline; Glu-Gly-Arg-CMK, glutamyl-glycine-arginine chloro-
methyl ketone.

Table 1: Crystallographic Data Collection and Refinement Statistics

compd
resolution

(A)
completenes
(final shell) Rmerge

a Rfactor(Rfree)b

1 2.20 99.8 (99.8) 0.108 21.5 (29.1)
2 2.00 89.9 (88.4) 0.083 20.9 (27.7)
3 2.20 93.2 (96.7) 0.062 20.6 (29.9)
4 1.60 97.9 (97.7) 0.073 23.6 (21.0)
5 1.64 95.0 (97.8) 0.139 26.5 (21.1)
7 1.85 96.5 (94.4) 0.050 22.2 (28.4)
8 1.84 97.9 (99.0) 0.138 20.5 (24.4)
9 2.00 96.3 (93.0) 0.139 26.6 (21.0)

11 1.60 87.9 (85.9) 0.065 20.7 (27.5)
a Rmerge) ∑((I - 〈I〉)2)/∑(I2). b Rfactor ) [∑|Fo - Fc|/∑|Fo|] × 100,

Rfree is determined from 10% of the data randomly removed from the
refinement.
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addition of substrate to a final concentration of 200µM with
human urokinase and 1.5 mM with murine urokinase. The
reaction was followed by the formation ofp-nitroanaline at
405 nm at ambient temperature on a Spectromax (Molecular
Devices, Sunnyvale, CA) plate reader for 15 min.Ki values
were calculated using the previously establishedKm values
for S-2444: 55µM and 1.5 mM for human and murine
urokinase, respectively.

Human and Murine Fibronectin Degradation Assays.A
modified procedure of Towle et al. (25) was used to measure
the cell-surface urokinase-mediated activation of plasminogen
and subsequent plasmin-mediated degradation of fibronectin.
Microtiter plates were precoated with 50µL/well of 20 µg/
mL human fibronectin in 0.1 M sodium phosphate buffer,
adjusted to 0.073µCi with N-methyl [3H]human fibronectin
(Amersham Pharmacia). After 16-20 h at 37°C/5% CO2,
the plates were washed three times with sterile PBS (Life
Technologies) and incubated covered at 4°C until use. Both
human and murine cells were used in this assay. MiaPaCa-2

(ATCC; human pancreatic carcinoma cells) and Lewis Lung
Carcinoma cells (ATCC; murine lung carcinoma) were
grown to confluency, washed with sterile PBS, and harvested
with Versene (Life Technologies). The cells were resus-
pended in serum-free media containing 1% BSA at 1× 106

cells/mL. MiaPaCa-2 or Lewis Lung Carcinoma cells (50 000
cells in 50µL) were added to the fibronectin coated plates.
Serial dilutions of compounds were added as a DMSO/PBS
solution so that the final concentration of DMSO was 0.1%.
Human plasminogen (Sigma) (0.0215 mg/mL final concen-
tration) was added to each well to start the reaction. The
plates were then incubated for 2.5 h at 37°C/5% CO2. An
aliquot of the reaction mixture (50µL) was then transferred
to a 96-well counting tray containing 200µL Optiphase
scintillation cocktail (Millipore, Bedford, MA). The trays
were then counted in a MicroBeta 1450 scintillation counter
(Wallac) to quantify the released [3H]fibronectin fragments.
Controls included cell-free incubations with and without
human plasmin (100µg/mL; Enzyme Research Labs, South

Table 2: Chemical Structures and Assay Results for Human and Murine Urokinases
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Bend, IN) to define the total amount of releasable activity
and background release of radioactivity from the well,
respectively.

Urokinase Inhibitor Crystal Structures.Amiloride, 1, was
purchased from Sigma. B428,2, and naphthamidine,3, were
synthesized according to literature procedures (24, 47).
Compounds4-10 were synthesized at Abbott Laboratories
(48). The synthesis of compound11 will be described in a
separate publication. Protein X-ray crystallographic studies
of the compounds bound to the active site of human

urokinase were solved using procedures previously described
(42, 43). Briefly, compounds were soaked into existing
crystals, and data were collected at 160 K. Data were
processed using the HKL program suite (49) and refined
using the program XPLOR (50). Electron density maps were
examined using the program QUANTA. Ordered waters were
placed inFo - Fc map peaks greater than 4σ, with good
hydrogen bonding geometry. Data collection and refinement
statistics for the compounds in Table 2 are shown in Table
1. Coordinates for compounds 1-5, 7-9, and 11 bound to

FIGURE 1: (A) Sequence alignment of the protease domain of human (GenBank Q15844, H) and murine (GenBank Q02389, M) urokinases.
Chymotrypsinogen numbering is shown with the corresponding human urokinase numbering given in parentheses. The active site triad
residues, His 57, Asp 102, and Ser 195 are marked with asterisks. Residues comprising S1, S1â, S2, or Asp sites are color coded (blue, red,
green, and magenta, respectively) (B) Protein X-ray crystal structure of compound9 in the active site of urokinase showing the location of
residues which differ between human and murine enzymes. A good hydrogen bond between the inhibitor and Asp 60 is shown as a black
dotted line. A good van der Waals contact between the inhibitor and Ser 146 is shown as a black solid line. Dashed lines show the approximate
location of the S1, S1â, S2, and Asp sites with color scheme as above. (C) Protein X-ray crystal structure of compound11 in the active site
of urokinase showing the location of contacting residues which differ between human and murine enzymes. A good hydrogen bond between
the inhibitor and Gln 192 is shown as a black dotted line. A good van der Waals contact between the inhibitor and His 99 is shown as a
black solid line.
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human urokinase have been deposited with Protein Data
Bank.

RESULTS AND DISCUSSION

An alignment of the protease domains of the murine and
human enzymes is shown in Figure 1A and indicates an
overall identity of 71%. The availability of the protein X-ray
structure of the human enzyme allowed us to identify the
residues located at the active site that differ between the two
species. The sequence alignment in Figure 1A was un-
ambiguous in all regions, except for a single residue deletion
at position 38 (Figure 1A) which is far removed from the
inhibitor binding region. Thus only side-chain replacements,
rather than backbone movement, will characterize the dif-
ferences between the murine and human enzymes. We have
defined the active site as those residues that lie within 6 Å
of the peptide inhibitor Glu-Gly-Arg-CMK as observed
crystallographically (51). The active sites of the urokinase
enzymes from the two species have four residue differences
between them. These are illustrated in Figure 1B using the
crystal structure of compound9 bound to human urokinase.
None of the variable residues reside in the S1 pocket, but
there are potentially important residue differences at more
distal regions.

Given this difference in active sites between the murine
and human enzymes, we therefore evaluated a structurally
diverse set of enzyme inhibitors in both enzymatic and cell-
based assays of human and murine urokinases (Table 2 and
Table 3, respectively). Compounds1, 2, and3 are standard
benchmark inhibitors of urokinase that have been reported
previously (52). Amiloride, compound1, is an inhibitor of
the acylguanidine class, and B428 and naphthamidine,

compounds2 and 3, respectively, are members of the
arylamidine class of enzyme inhibitors. Crystal structures
of all three inhibitors showing their orientation within the
S1 subsite have been described (42, 53, 54). As indicated
above, the S1 subsite possesses no residues that differ
between human and murine urokinases. In accord with this
fact is the observation of nearly unitary murine/human
inhibition Ki ratios (see Table 2).

Compounds4-10are naphthamidine-class inhibitors that
emerged from our urokinase inhibition program (43, 48).
They differ from compounds1-3 in having structural
extensions that enhance their enzyme inhibition potencies
against the human enzyme. Crystal structures of each
compound bound to urokinase have been determined, and
the active site orientation of compound9 is shown in Figure
1B and is representative of the series of compounds.
Compound4 gains potency against the human enzyme due
to an aryl-aryl interaction with His 57, a member of the
catalytic triad of serine proteases. This interaction would be
expected to be similar for both human and murine enzymes,
and accordingly, the murine/human ratio is not significantly
different from naphthamidine.

Compound5 gains 14-fold in potency against the human
enzyme, relative to compound4, because of an attractive
electrostatic interaction between the positively charged
primary amine of the inhibitor and the negatively charged
side-chain carboxylate of Asp60 of the human enzyme. This
interaction in shown in Figure 1B for compound9, and the
analogous interaction also occurs for compound5. The
corresponding protein residue at position 60 in the murine
enzyme is Gln, and the interaction would be expected to be
weaker due to the lack of charge of the Gln residue.

Table 3: Potencies for Urokinase Inhibitors in Cell-Based Assays
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Cyclization of the benzylamine in compound5 yields
compound6. The crystal structures of compounds5 and6
indicate similar interactions between their primary or second-
ary amino groups (respectively) and the Asp 60 of the human
urokinase. Accordingly, the murine/humanKi ratio of
compounds5 and6 are similar.

Compound7 gains 170-fold in potency against the human
enzyme, relative to compound3, because of the efficient
occupation of the S1â hydrophobic exosite pocket by an
aminopyrimidine substituent (43). This interaction is shown
in Figure 1B for compound9, and the analogous interaction
also occurs for compound7. One residue that comprises this
S1â pocket in the human enzyme is Ser 146, which is replaced
by Glu in the murine enzyme. The proximity of the
aminopyrimidine unit to residue 146 is illustrated in Figure
1B. While the details of the interaction of the amino-
pyrimidine of compound7 with the S1â pocket of murine
urokinase await crystallographic analysis, the replacement
of a neutral Ser with a charged Glu residue suggests that
interaction of compound7 within the murine S1â pocket will
be significantly altered, relative to the human pocket. The
aminopyrimidine substituent leads to a potency gain against
the mouse enzyme; however, the difference is only 14-fold
relative to compound3. Similar results have been demon-
strated with compound8.

The doubly substituted naphthamidine, compound9,
possesses the combined structural features of both com-
pounds5 and7, with interactions with both Asp60 and the
S1â pocket of the human enzyme (Figure 1B) These potency-
increasing interactions are additive and lead to sub-nanomolar
potency against the human enzyme and a 10000-fold gain
in potency relative to the parent naphthamidine compound
3. In contrast to this very large potency gain against the
human enzyme is the observation of only a 70-fold gain in
potency of compound9 against the murine enzyme, relative
to compound3. The structural explanation for this nonparallel
potency enhancement against the human and murine enzymes
lies in the summed combination of the structural effects
described above for compounds5 and7.

To extend our observations beyond aryl-amidine-based
inhibitors of urokinase, compounds1-10, we evaluated one
example of a peptide-mimetic covalent inhibitor. Compound
11 in Table 2 is an Ac-Thr-Ala-Lys-ketobenzoxazole
tripeptide inhibitor of urokinase and represents a standard
extension of the peptide aldehyde inhibitors reported recently
for human urokinase (55). This peptide mimetic inhibitor
exhibits an apparentKi of 48 nM against human urokinase
and 900 nM against the murine enzyme (19-fold difference).

The binding mode of compound11 is typical of that found
in other peptide-ketobenzoxazole-seine protease complexes
(Figure 1C) where the ketobenzoxazole unit makes both
hydrogen bonding and van der Waals interactions with Gln
192 of human urokinase. (56). In murine urokinase, residue
192 is a Lys, and the specific interactions would be expected
to be altered from that observed in human urokinase. In
addition to the contacts at residue 192, residue 99 is a His
in human urokinase and is part of the S2 binding pocket. In
murine urokinase, residue 99 is Tyr, and this larger residue
alters the shape of the binding pocket and decreases the
binding affinity of compound11.

We measured the activation of plasminogen and subse-
quent degradation of fibronectin in a cell-based assay. Cells

from human (MiaPaCa-2) and murine (Lewis Lung Carci-
noma) origin, and hence their cognate urokinase enzymes
were tested. The results (Table 3) found in the cellular assay
paralleled those seen in the enzymatic assay. Typically, the
IC50 value for inhibition by a given compound in the cell-
based assay is larger than itsKi determined in the enzymatic
assay. For those compounds where solubility allowed an
accurate determination, the ratios between the murine and
human IC50 values are very similar to those seen forKi values
in the enzymatic assay (Table 2).

CONCLUSIONS

In summary, 11 urokinase inhibitors from three inhibitor
classes, acylguanidine, arylamidine, and peptide-mimetic,
with potencies ranging 4 orders of magnitude from 0.6 nM
to 6.0µM against the human enzyme were evaluated. Assays
of inhibitory potency in isolated enzyme and in cell systems
were carried out. Compounds that occupy only the S1 subsite
contact only amino acid residues that are identical between
human and murine urokinases and consequently show no
species differences. Compounds that extend beyond the S1

subsite and achieve potency gains by making additional
interactions with four residues that vary between human and
murine urokinase, positions 60, 99, 146, and 192, show
species-specific affinities. The compounds illustrated here
emerged from a discovery effort focused on the human
enzyme and exhibit potent inhibitory activity against human
urokinasesfor example, subnanomolarKi in the case of
compound9. The potencies against the murine enzymes are
either equal or diminished, relative to the human potencies,
and the most potent murine urokinase inhibitor described
here hasKi of 85 nM (compound9).

Because both murine and human components of the
urokinase/urokinase receptor system are expressed in xeno-
graft tumor model systems, caution must be observed when
using these systems. Our studies described here will aid with
the interpretation and design of in vivo studies of urokinase
inhibitors.
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