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ABSTRACT: The urokinase plasminogen activator (uPA) plays a critical role in tumor cell invasion and migration and is a promis-
ing anti-metastasis target. 6-Substituted analogs of 5-N,N-(hexamethylene)amiloride (HMA) are potent and selective uPA inhibitors
that lack the diuretic and anti-kaliuretic properties of the parent drug amiloride. However, the compounds display pronounced selec-
tivity for human over mouse uPA, thus confounding interpretation of data from human xenografted mouse models of cancer. Here,
computational and experimental findings reveal that residue 99 is a key contributor to the observed species selectivity, whereby
enthalpically unfavorable expulsion of a water molecule by the 5-N,N-hexamethylene ring occurs when residue 99 is Tyr (as in
mouse UPA). Analog 7 lacking the 5-N, N-hexamethylene ring maintained similar water networks when bound to human and mouse
uPA and displayed reduced selectivity, thus supporting this conclusion. The study will guide further optimization of dual-potent

human/mouse uPA inhibitors from the amiloride class as anti-metastasis drugs.

INTRODUCTION

The urokinase plasminogen activation system (uPAS) com-
prises the trypsin-like serine protease (TLSP) urokinase
plasminogen activator (uPA), its cognate cell surface recep-
tor (uPAR) and three endogenous serpin inhibitors; plasmin-
ogen activator inhibitors PAI-1, PAI-2 and PAI-3.!-5 A major
function of uPA is to catalyze the conversion of plasminogen
to plasmin, which in turn activates multiple downstream pro-
teases, including matrix metalloproteinases (MMPs) and
cathepsins.® Collectively, these activated proteases cause
localized proteolysis that leads to basement membrane deg-
radation and remodelling of the extracellular matrix.* > As
such, the uPAS is intimately involved in several physiologi-
cal functions that require controlled tissue remodelling, in-
cluding ovulation,” 8 embryonic implantation,’ mammary
gland involution,!0 inflammatory reactions,!! wound heal-
ing!! and clot lysis.!? 13 Dysregulated uPA activity causes
tissue damage that has been linked to rheumatoid arthritis,!*:
15 allergic vasculitis,'¢ xeroderma pigmentosum,'” multiple
sclerosis!®, lymphangioleiomyomatosis,!® and chronic kidney
disease.? Aberrant uPA activity is also implicated in tumor
cell growth, migration, invasion and metastasis, where it
contributes to poor prognosis in multiple cancer types?! (e.g.
gastric,?? gastroesophageal,?® ovarian,?* pancreatic?’ and
breast?%). In node-negative breast cancer, primary tumor uPA
levels are a reliable prognostic marker of poor patient out-
comes.?”> 28 Several studies have revealed that pharmacologi-
cal inhibition of uPA can reduce tumor growth and metasta-

sis in rodent models,!: 2% 30 supporting uPA as an anti-
cancer/metastasis drug target.

uPA present in the tumor stoma plays a central role in
cell growth and dissemination in xenograft rodent models.3!
Depending on the tumor type, host stromal cells (e.g. endo-
thelial cells, fibroblasts and macrophages) can be the pre-
dominant uPA-expressing tissue.’> Human breast xenograft
models in mice have demonstrated that stroma expressed
mouse uPA binds to cell-surface uPAR in the engrafted tu-
mor tissue, albeit with lower affinity relative to the endoge-
nous human uPA-uPAR interaction.?3-3> Thus, uPA-targeting
anticancer drugs presumably must inhibit uPA from both the
tumor and associated host stromal cells for maximal effect in
xenograft models.3¢

The oral K*-sparing diuretic amiloride has repeatedly
been shown to exhibit anticancer side-activities in biochemi-
cal and rodent models.?” These activities appear to arise, at
least in part, from moderate inhibition of uPA (Ki =7 uM).37:
38 The reported X-ray co-crystal structure of amiloride bound
to human uPA (PDB 1F5L; 2.1 A)3 identified that amiloride
occupies the active site of the protease, burying its acylguan-
idine deep into the S1 specificity pocket to form a critical salt
bridge interaction with the side chain carboxylate of Asp189.
Many other polar interactions are also present (Figure S1).
Amiloride’s interactions with uPA have also been mod-
elled.40

We recently reported on the structure-activity relation-
ships around uPA inhibition by 6-substituted analogs of ami-
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loride?? and 5-N,N-(hexamethylene)amiloride (HMA),*! a
well-studied derivative with similar in vitro and in vivo anti-
cancer properties.*24 Several analogs were identified that
showed significantly enhanced potency (relative to amiloride
and HMA) against human uPA (ICso low nanomolar range)
and lead compounds demonstrated anti-metastatic properties
in mouse xenograft models. An X-ray co-crystal structure of
HMA bound to human uPA (PDB 5ZA7; 1.7 A)*! confirmed
that the key salt bridge interaction between the acylguanidine
and Aspl89 is maintained upon introduction of the 5-N,N-
hexamethylene ring at the 5-position of amiloride, as are
most of the other polar contacts (Figure S2). X-ray co-crystal
structures of 6-substituted HMA derivatives revealed similar
binding orientations and hydrogen bonding patterns as ami-
loride and HMA 4! Importantly, the newly appended substit-
uents at the 6-position were all oriented towards the S1f sub-
site. We concluded that the increased uPA inhibitory potency
of 6-substituted HMA analogs (relative to amiloride and
HMA) was due to favorable new contacts formed between
the 6-substituents and the S1B subsite.3”- 4! This conclusion
aligned with earlier reports on 4-amidinobenzothiophene and
8-naphthamidine-based inhibitors that target the S1p site.*> In
the amiloride (Figure S1),* HMA (Figure S2)*' and
6-substituted HMA human uPA X-ray co-crystal structures
(PDB 5ZA9; 1.62 A, PDB 5ZAH; 2.98 A and PDB 5ZAJ;
1.65 A),* a highly conserved water molecule bound in the
S1 pocket forms a hydrogen bonding network between the
carbonyl oxygen of the acylguanidine in the ligands and the
backbone amide nitrogen of Ser214 and the backbone car-
bonyl oxygen of Val227. Ligands also form hydrogen bonds
with the side chain hydroxyl of Ser190. Hydrogen bond in-
teractions of this type are known to impart selectivity for
TLSPs that contain Ser190 (e.g. uPA, trypsin, FVIIa) over
relatives that feature Ala at this position (e.g. tPA, thrombin,
FXa).4¢ Selectivity over the Alal90 subgroup is increased for
inhibitors that displace the highly conserved S1 water mole-
cule.47- 48

The human and mouse uPA enzymes show 71% homolo-
gy in their protease domains,*® with their active sites differ-
ing at only four residues; human uPA: Asp60, His99, Ser146
and GIn192; mouse uPA: GIn60, Tyr99, Glul46 and Lys192
(Figure S3).4 Despite this apparently small difference, small
molecule active site inhibitors of uPA often show a pro-
nounced species preference for human over mouse uPA.4!1- 49
Interestingly, amiloride 1 is one of the few inhibitors that
show comparable potency against both enzymes (hu-
man/mouse selectivity ratio: 0.9, Table 1).41-4% We found that
introduction of the 5-N N-hexamethylene ring at the 5-
position of amiloride 1 (e.g. HMA 2) reduces mouse uPA
potency (human/mouse selectivity ratio: 6.9) and that this
bias is accentuated in 6-substituted HMA analogs (e.g. com-
pounds 3-6, Table 1), where selectivity for the human en-
zyme can exceed 130-fold.#! Such large species differences
complicate the development of uPA inhibitors as the un-
known effects of poorly inhibited murine stromal uPA con-
found interpretation of on-target effects in human-mouse
xenograft tumor models.’® Compounds that show similar
potency against human and mouse uPA would provide great-
er confidence that observed efficacy arises from uPA inhibi-
tion.

In this study, molecular dynamics (MD) simulations cou-
pled with alchemical free energy perturbation (FEP) calcula-
tions were used to probe the structural basis of the species
differences observed for HMA 2 and 6-substituted analogs 3-
6 against human and mouse uPA. Biochemical enzyme as-
says and X-ray co-crystal structures of selected analogs
bound to partially murinized human uPA (H99Y) were used
to support the findings.

RESULTS AND DISCUSSION

An initial requirement for the study was to identify a compu-
tational method that could recapitulate: (1) ligand poses ob-
served in reported human ligand-uPA X-ray co-crystal struc-
tures and (2) experimentally determined human uPA inhibi-
tory potencies. Validation of the method in this way was
necessary before applying the approach to studies of ligand-
bound mouse uPA complexes where no X-ray co-crystal
structures existed.

Molecular docking fails to predict human/mouse uPA ac-
tivity. Molecular docking using Autodock Vina’! was the
first technique explored. X-ray co-crystal structures of the
following complexes were used: human uPA-amiloride (hu-
PA-1, PDB 1F5L; 2.1 A)3° huPA-HMA (huPA-2, PDB
5ZA7; 1.7 A)* huPA-3 (PDB 5ZA9; 1.62 A)* huPA-4
(PDB 5ZAH; 2.98 A)*! and huPA-5 (PDB 5ZAJ; 1.65 A).4!
As an X-ray structure was not available for the huPA-6 com-
plex, the docked structure of 6 was instead compared to the
X-ray structure of its closely-related analog 4.4! Ligands
were removed from the human uPA X-ray co-crystal struc-
tures and docked back into the protein. In all cases, the posi-
tion of the docked ligand matched the respective X-ray struc-
ture (Figure S4). Although the docking protocol reproduced
the correct binding poses, the rank order of ligand potencies
inferred from the calculated binding free energies (Table S1;
3 > 6 > amiloride 1 > 4 > 5 > HMA 2) did not match the or-
der determined experimentally from enzyme assays (Table 1;
6 >5>4>3>HMA 2 > amiloride 1). Nevertheless, the
protocol was used to dock amiloride 1, HMA 2 and analogs
3-6 into the reported X-ray structure of mouse uPA (PDB
5LHQ; 2.6 A)32 (Figure S5). All ligands were found to bind
with their acylguanidine interacting with Asp189. With the
exception of 3, the ligands presented similar orientations of
the pyrazine core and extended their 6-substituents into the
S1B subsite. Despite producing sensible docking poses, the
rank order of ligand potencies inferred from the binding free
energies (Table S2; 3 > 6 > amiloride 1 > 5 > 4 > HMA 2)
did not match the experimentally determined potencies (Ta-
ble 1; 4 > 3 > amiloride 1 > 6 > 5 > HMA 2). The lack of
protein flexibility, solvent effects, inaccuracy of the Vina
scoring function and the relatively small differences in activi-
ty between the inhibitors were possible reasons for the dis-
crepancies.’! The inability of docking to faithfully capture
the experimentally determined potencies against either hu-
man or mouse UPA shifted our focus to other modelling
techniques.

MD simulations reveal similar hydrogen bond interac-
tions for ligands binding to human and mouse uPA. To con-
sider protein flexibility and evaluate the stability of protein-
ligand complexes, we performed MD simulations on apo-
human and mouse uPA and their respective complexes with
amiloride 1, HMA 2 and analogs 3-6. The X-ray structures of
human uPA (PDB 1F5L; 2.1 A)* and mouse uPA (PDB
5LHQ; 2.6 A)52 were used as starting structures for simula-
tions of the apo-proteins and X-ray structures of huPA-1,
huPA-2, huPA-3, huPA-4 and huPA-5 were used for the hu-
PA-ligand complexes. The starting structure for simulation of
the huPA-6 complex was created by substituting the 4-
methoxy group of the 6-(4-methoxypyrimidinyl) analog (lig-
and 4) (PDB 5ZAH; 2.98 A)* with an amino group. Starting
structures for all mouse uPA-ligand complexes corresponded
to the docking poses described above.

To evaluate the stability of complexes throughout simula-
tions, the RMSD values of the apo and ligand-bound protein
a-carbon (Cq) atoms were monitored with respect to initial
positions (Figure S6). All structures were confirmed to be
stable, producing variations of 1.0-2.5 A.



Table 1. Inhibitory potencies of amiloride 1, HMA 2 and 6-substituted analogs 3-6 against human and mouse uPA

Human uPA

Ligands Structure K (nM)

Mouse uPA  Human/Mouse
Ki (nM)? selectivity factor

Cl N
Amiloride 1 j[ \fL NT ONHp 2433192
H,N N7 NH,
(0] NH
IS N/M\NHZ
HMA 2 ) A 1,356+ 183
<::j N” > NH,

183 £ 10

O /

\
/
\\
—/
\
/

\
5 | 42+2
N
N
6 | 21+3

O

2,313 0.9
9,308 6.9
1,802 9.9
1,611 30.4
3,293¢ 78.4
2,768 ¢ 131.8

“Measured in this work. All other data reported previously.*!
bValues represent the average of two independent experiments.*!

In general, higher RMSD values were observed in the
mouse compared to the human uPA structures in both the apo
and ligand-bound states. To explore the stability of ligands 1-
6 in their complexes, RMSD values of ligand heavy atoms
relative to starting structures were monitored throughout
simulations (Figure S7). The plots showed that ligands 1-6
were all tightly bound and higher RMSD values were ob-
served in the mouse compared to the human uPA complexes.

To identify regions of flexibility in human and mouse
uPA and in the ligand-bound complexes, the root-mean-
square fluctuation (RMSF) of the protein C. atoms was mon-

itored during simulations (Figure S8). RMSF of the C. atoms
for the available human X-ray crystal structures calculated
from the crystallographic B-factors was also compared to the
RMSF values calculated from MD simulations. Regions of
protein flexibility and rigidity were consistent between the
RMSF derived from the X-ray B-factors and MD simula-
tions. RMSF plots showed that mouse uPA displays higher
fluctuations in several regions (Phe2l to GIn27, Val66 to
Lys82, Gly142 to Asnl154 and Ser214 to Val227) and higher
overall flexibility than human uPA in both the apo and lig-
and-bound states (Figure S8).



Enhanced for ligands 4 and 6

Enhanced for ligand 3

Figure 1. Summary of significant hydrogen bond interactions identified in MD simulations of amiloride 1, HMA 2 and 6-
substituted analogs 3-6 complexes with: (a) human and (b) mouse uPA. Hydrogen bonds that were observed in the human X-ray
co-crystal structures and preserved in MD simulations in all ligands; e.g. to the Asp189 carboxylate, Ser190 side chain hydroxyl,
S1B Gly218/Gly219 backbone carbonyl and the water-mediated hydrogen bonds to the backbone nitrogen of Ser214 and back-
bone carbonyl of Val227, are shown in cyan (human uPA) and gold (mouse uPA). The hydrogen bond between the side chain
hydroxyl of the catalytic Ser195 and the pyrazine 3-amino group (N4) of ligands 4 (grey) and 6 (purple) in human uPA were
maintained in the MD simulations (left). The same hydrogen bond was maintained for ligand 3 in the mouse uPA MD simulation
(shown in green on the right). Snapshots from the MD simulations after 100 ns are provided in Figures S9 and S10. For detailed

analyses refer to Tables S3 (human uPA) and S4 (mouse uPA).

Comparing the RMSF plots of both proteins did not re-
veal a difference in the dynamic behaviour of residues 60,
99, 146 and 192; the four binding site residues that differ
between the human and mouse proteins or other parts of the
proteins that might explain the human/mouse uPA selectivity
of the ligands.

Hydrogen bond analysis was used to compare the ligand
binding modes in their complexes with human and mouse
uPA (Figure 1). In the human uPA complexes, ligands 1-6
maintained the salt bridge interaction between the acylguani-
dine and the Asp189 side chain carboxylate at the base of the
S1 pocket. The hydrogen bonds between the terminal nitro-
gens of the acylguanidine and side chain hydroxyl of Ser190
and backbone carbonyl of Gly219, which were observed in
the X-ray structures, were all maintained throughout the MD
simulations. Ligand 4 showed additional hydrogen bonding
interactions between the nitrogen (N1) of its acylguanidine
and the backbone carbonyls of S1B residues Lys224 and
Arg217 (Table S3). The X-ray co-crystal structures of lig-
ands 1-5 and docked structure of ligand 6 showed hydrogen
bond interactions between the amino group at the pyrazine 3-
position and the side chain hydroxyl of the catalytic Ser195
residue (Table S3). This hydrogen bond was maintained
throughout the MD simulations of the human uPA complexes
for the two closely related 6-(2-substituted pyrimidine) ana-
logs (ligands 4 and 6), only. This is likely due to ligand 6,
and to a lesser extent 4, positioning their mono-substituted
pyrimidine rings more co-planar with the pyrazine core, lead-
ing to reduced occupancy of the S1f subsite. The resulting
“downward” positioning of the pyrazine 3-amino group
strengthened its hydrogen bond to the side chain hydroxyl of
the catalytic Ser195.

Water molecules can play an important stabilizing role in
protein-ligand complexes® and conserved water molecules
are on average more tightly bound than displaced water mol-
ecules.’* In a previous report, MD simulations and
MM/PBSA binding free energy calculations on five guani-
dine-based uPA inhibitors showed that a water-mediated
hydrogen bond network located near the S1 pocket of uPA
contributed to inhibitor potency and drove selectivity of the

ligands for human uPA over related TLSPs (like tPA).55 The
water-mediated hydrogen bonds observed here for amiloride,
HMA and analogs in their human uPA-bound X-ray co-
crystal structures between the carbonyl oxygen of the acyl-
guanidine and the backbone nitrogen and carbonyl of Ser214
and Val227, respectively, were all maintained throughout the
MD simulations.

In their interactions with mouse uPA, ligands 1-6 all
showed the conserved salt bridge interaction with Asp189.
Hydrogen bonds between the two terminal nitrogens of the
acylguanidines and the side chain hydroxyl of Ser190 and the
backbone nitrogen of the S1B Gly218, which were conserved
across the respective docked structures, were also maintained
throughout the MD simulations (Table S4). The absence of
direct hydrogen bond interactions between the ligands and
active site residues that vary between the two proteins (i.e.
60, 99, 146 and 192) suggests that uPA human/mouse spe-
cies selectivity in this class is driven by other factors. It was
noted that the water molecule in the S1 pocket was absent in
the X-ray structure of mouse uPA. However, during the MD
simulations, a water molecule from the bulk moved into the
S1 pocket and formed water mediated hydrogen bonds be-
tween the ligand carbonyl oxygens and Ser214 and Val227.
This finding underscores the importance of water-mediated
hydrogen bonding networks for uPA binding in these ami-
loride-based inhibitors.

Substitution of GIn192 in human uPA to Lys192 in mouse
uPA partially contributes to human/mouse species selectivity.
A detailed energy-component analysis for ligands 1-6 and
their interactions with selected human and mouse uPA resi-
dues was extracted from the MD simulation trajectories (Ta-
bles S5 and S6). In their mouse uPA complexes, ligands 1-6
all showed favorable interactions with S1B residue Glul46
but suffered from poor interactions with Lys192. In contrast,
interactions with the corresponding residues Ser146 and
GIn192 in the human uPA complexes were both favorable,
suggesting that the change to Lys192 contributes, at least
partially, to loss of potency against mouse uPA.
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Figure 2. Experimental and calculated relative binding free
energies (kcal/mol) for perturbations of HMA 2 to 6-
substituted analogs 3-6, ligand 3 to 5 and ligand 5 to 6 (see
Table S7 for raw data). Forward and backward simulations
were combined using the Bennett acceptance ratio (BAR)
estimator.’¢ Error bars correspond to propagated errors.

Ligand relative binding free energies calculated from
MD simulations align with human uPA experimental data.
To complement the MD simulations, we alchemically per-
turbed the ligands to one another and estimated the relative
human uPA binding free energies between HMA 2 and 6-
substituted analogs 3-6, between ligands 3 and S and ligands
5 and 6 (Figure 2). Energies were calculated using Eq. 1 (see
Experimental section) using the thermodynamic cycle out-
lined in Figure S11. Error analyses were performed using the
Bennett acceptance ratio estimator (BAR) as implemented
in ParseFEP in VMD 1.9.2.57 Model convergence was moni-
tored by examining the closed thermodynamic cycle (i.e.
perturbations from ligands 2 to 3, 3 to 5 and 5 to 2). The
thermodynamic cycle was found to close within ~ 0.7
kcal/mol (Figure S12). The relative binding free energy cal-
culations correctly predicted that human uPA binding affini-
ties improve (1-2 kcal/mol) following introduction of sub-
stituents at the 6-position of HMA 2. The simulations ranked
the relative potencies of ligands 3 and S with an error of 0.3
kcal/mol when compared to the experimentally observed
trends (Table S8). The simulation underestimated the binding
free energy difference between ligands 2 and 4 by 1.0
kcal/mol and between ligands 2 and 6 by 1.2 kcal/mol (Table
S8). As our convergence check indicated that the FEP simu-
lations converged within 0.7 kcal/mol, it is possible inade-
quacies in the force field contributed to this discrepancy.>8-60

Studies with partially murinized human uPA (H99Y) car-
rying a single residue mutation. To study the effects of a
single residue mutation from His99 (present in human uPA)
to Tyr (present in mouse uPA), we measured inhibition (Ki)
of the partially murinized human uPA (H99Y) by amiloride
1, HMA 2 and analogs 3 and 5. As seen with human versus
mouse uPA, amiloride 1 showed only a slight difference in
activity between the two enzymes. For HMA 2, which
showed 6.9-fold lower activity against mouse uPA than hu-
man uPA (Table 1), a much greater loss of potency (>36.9-
fold) was observed with H99Y. Dramatically reduced poten-
cies were also seen with 3 and 5 against H99Y (Table 2),
suggesting a key role for residue 99 in the human/mouse uPA
species selectivity of HMA and 6-substituted analogs.

Table 2. Inhibitory potencies of amiloride 1, HMA 2 and 6-
substituted analogs 3 and 5 against human uPA and partially
murinized human uPA (H99Y).

Ligands H99Y Hum_ar.l/H99Y
Ki (nM)* selectivity factor
Amiloride 1 5,900 2.4
HMA 2 >50,000 >36.9
3 8,015 43.8
5 6,880 163.8

“Values represent the average of two independent exper-
ments.
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Figure 3. Experimental and calculated relative binding free
energies (kcal/mol) after mutation of His99 in human uPA to
Tyr99 in partially murinized human uPA (H99Y) in the pres-
ence of ligands 1, 2, 3 and 5 (see Table S9 for raw data).
Error bars correspond to the propagated errors obtained when
combining the forward and backward simulations using the
Bennett acceptance ratio (BAR) estimator.>¢

To establish whether our in silico models could reproduce
the experimentally observed human/H99Y selectivity, we
calculated the relative binding free energies arising after per-
turbation of His99 to Tyr99 in the presence of the four lig-
ands. The FEP calculations predicted a relative selectivity of
-0.1 kcal/mol for amiloride 1 and 1.0, 1.4 and 1.9 kcal/mol
for HMA 2 and analogs 3 and 5, respectively (Figure 3), thus
capturing the experimental trends (Figure S13).

Having established an apparent role for residue 99, we
sought to understand its molecular basis by solving the X-ray
co-crystal structures of H99Y bound to HMA 2 (H99Y-2;
PDB 6JYP; 2.25 A), 3 (H99Y-3 PDB 6L05; 2.90 A) and 5
(H99Y-5; PDB 6L04; 2.40 A). With the X-ray structures in
hand, MD simulations were performed on apo-H99Y, the
three ligand-bound H99Y complexes and an H99Y -amiloride
1 complex obtained from docking.

RMSD analysis of the protein Cq atoms in the apo H99Y
and ligand-bound simulations stabilized around 1.0-1.5 A
(Figure S14A,B).



Figure 4. Maps showing the average water density surrounding amiloride 1 (top panels a, c, ) and HMA 2 (bottom panels b, d, f) when
bound to (a and b) human uPA (His99), (c and d) partially murinized human uPA (H99Y) and (e and f) mouse uPA (Tyr99). Eleven water
molecules surrounding the ligands in the human uPA structure are numbered W1-W11. W5 corresponds to the conserved water molecule
in the S1 pocket. Amiloride 1 retains the W1-W11 network in all complexes. HMA 2 loses W9 in its H99Y complex (d) and W7, W9 and

W10 are absent in its mouse uPA complex (f).

With the exception of amiloride 1, the RMSDs of the lig-
and heavy atoms in the H99Y-ligand complexes showed
higher values than in the human uPA complexes, stabilizing
around 2.0-4.0 A (Figure S14C). This suggests that the sta-
bility of amiloride 1 in the binding site is less affected by the
H99Y mutation than HMA 2 and the 6-substituted analogs 3
and 5.

RMSF of the protein Ca atoms in the apo-H99Y and
liganded simulations showed similar patterns to human uPA,
indicating that the single residue mutation did not significant-
ly alter protein dynamics (Figure S14D). Regions of protein
flexibility and rigidity were consistent for RMSF values de-
rived from the X-ray B-factors and MD simulations. All lig-
ands displayed reduced flexibility around the S1 and S1f
pockets (Figure S14E).

The conserved water molecule observed in the S1 pocket
of all human uPA X-ray co-crystal structures and maintained
throughout MD simulations (Figure 1) was absent in the
H99Y-2 and H99Y-3 X-ray co-crystal structures. In contrast,
the H99Y-5 X-ray structure retained this water molecule.
During the simulations, a water molecule from the bulk sol-
vent moved into the S1 pocket to form the conserved hydro-
gen bond network between the carbonyl oxygen of the acyl-
guanidine of amiloride 1, HMA 2 and 3 and the backbone
carbonyl oxygen of Val227 and the backbone nitrogen of
Ser214, further supporting the importance of these interac-
tions for ligand binding. In their H99Y complexes, amiloride
1, HMA 2 and analogs 3 and 5 maintained the hydrogen
bonds between their terminal acylguanidine nitrogens and
Aspl189, Ser190 and Gly219 (Figure S15 and Table S10). No
direct interactions were evident in the simulations between
the ligands and residue 99, as seen in the X-ray structures
(Table S11).

In view of these findings, it remained unclear why HMA
2 and its 6-substituted analogs 3 and 5 showed dramatic po-
tency losses against H99Y relative to human uPA despite: (1)
showing similar interactions with both enzymes, (2) mutated

residue 99 not being in direct contact with the ligands (~ 7 A
away) and (3) the protein and ligand conformations remain-
ing unchanged. This led us to examine the enthalpic and en-
tropic contributions to protein binding of HMA 2 arising
from the single residue mutation. FEP calculations were per-
formed at seven 5 K interval temperaturesé!- 62 between
283.15 and 313.15 K and the relative changes in enthalpy
(slope) and entropy (y-intercept) were extrapolated from the
AAG/T versus 1/T plot (Figure S16 and Table S12). These
calculations revealed that the reduction in H99Y binding
affinity (AAG = 1.0 £ 0.3 kcal/mol) was enthalpically driven
(AAH = 14.8 kcal/mol) and was partially compensated for by
an entropy gain (-TAAS = —13.4 kcal/mol). This finding pro-
vided the first evidence that reduced H99Y potency may
result from perturbation of the water network in the binding
site.

Human/mouse uPA selectivity is due to disruption of the
water network. In a recent report, unfavorable changes in
water networks surrounding a ligand in the binding site of
Haemophilus influenzae virulence protein SiaP were identi-
fied as the cause of dramatic reductions in ligand affinity
following a single residue mutation.®> The mutated residue
(Ala to Asn) was not in close contact with the ligand and the
protein and ligand conformations were retained in both com-
plexes.* A AAH value of 12.4 kcal/mol and —TAAS of —8.0
kcal/mol were observed. To examine whether a similar effect
might be contributing to human/mouse uPA selectivity, we
examined the water networks surrounding our ligands, par-
ticularly around residue 99, using average water density
maps generated from the MD simulations. Figure 4 shows
the density of water molecules surrounding amiloride 1 and
HMA 2 in the human, mouse and partially murinized human
uPA (H99Y) active sites. The maps revealed that in human
uPA (i.e. His99), both ligands are surrounded by eleven wa-
ter molecules (W1-W11). In mouse uPA and H99Y (both
Tyr99), amiloride 1 maintains the W1-W11 water network.
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Figure 5. Snapshots from MD simulations of ligand 7 (iceblue) bound to: (a) human (cyan) and (b) mouse (gold) uPA. (¢) Hydro-
gen bond interactions. Hydrogen bonds that were conserved in the X ray co-crystal structures and maintained in MD simulations in
all ligands; i.e. Asp189 carboxylate, Ser190 side chain hydroxyl, S1p Gly218/Gly219 backbone carbonyl and water-mediated hy-
drogen bonds to the backbone nitrogen of Ser214 and backbone carbonyl of Val227, were present for 7. Ligand 7 also showed a
hydrogen bond to the side chain hydroxyl of Ser195 in both human and mouse uPA. (d) Interaction energies of ligand 7 with se-
lected residues of human and mouse uPA. Error reported is the standard deviation. For detailed analyses, refer to Tables S13 and
S14. Maps showing the average water density surrounding ligand 7 (iceblue) when bound to (¢) human uPA (His99) and (f) mouse
uPA (Tyr99) uPA. Eleven water molecules surrounding the ligands at the binding sites are numbered W1-W11. W5 is missing in
the mouse complex.

For HMA 2, one water molecule (W9) was lost in the retained only five of the eleven water molecules (W5-W9) but
H99Y complex and in mouse uPA, two more water molecules  showed one new water (W12). Ligand 5 showed ten water
(W7 and W10) were missing. Similarly, in their human uPA  molecules (W10 absent). In its H99Y complex, ligand 3 lost
complexes, ligands 3 and 6 displayed the same water network  one water (W9) and in its mouse uPA complex only three water
(W1-W11) as amiloride 1 and HMA 2 (Figure S17). Ligand 4 molecules (W2, W3 and W4) remained.



For ligand 5, W9, W10 and W11 were lost from the net-
work in the H99Y structure and W7 and W9-WI11 were
missing in the mouse uPA complex. Ligands 4 and 6 had
both lost waters W7-W11 in their mouse uPA complexes.
Thus, while amiloride 1 was able to maintain the W1-W11
water network across human, mouse and H99Y complexes,
the mouse and H99Y complexes showed lower numbers of
water molecules participating in the network for all of the
HMA-based ligands. In all of the H99Y complexes, a key
water molecule (W9) residing between residue 99 and the
ligand 5-N,N-hexamethylene ring appeared to contribute
significantly to the loss of potency (Figures 4 and S17).

In the mouse uPA complexes, W9-W11 were always
missing, contributing to further losses in potency. Together
these data indicate that when residue 99 is Tyr, the 5-N,V-
hexamethylene ring at the 5-position of HMA 2 and its 6-
substituted analogs 3-6 causes expulsion of water molecule
(W9) in the H99Y complexes, and additional losses of water
molecules in the mouse complexes.

Removal of the 5-N,N-hexamethylene ring improves hu-
man/mouse selectivity. To test the effect of removing the 5-
N,N-hexamethylene ring on human/mouse uPA selectivity,
we selected ligand 7 for further study. Compound 7 repre-
sents a direct analog of 4 lacking the 5-N,N-hexamethylene
ring. Compound 4 is a potent and selective human uPA in-
hibitor that inhibits liver metastases in a mouse model of
pancreatic cancer.*! An X-ray co-crystal structure of 7 bound
to human uPA solved previously (PDB 6AG2; 1.8 A)3 and
MD simulations of the complex performed here showed that
the RMSD of the protein Cq atoms stabilized around 1.0-1.5
A and the ligand heavy atom RMSD around 1.0-3.0 A (Fig-
ure S18). Similar to ligands 1-6, higher protein Cq atom and
ligand RMSD values were observed in the mouse uPA com-
plex compared to the human uPA complex. RMSF of protein
Cq atoms in the presence of ligand 7 displayed similar fluctu-
ations as ligands 1-6 in their human and mouse uPA com-
plexes (Figure S18). Reduced protein flexibility was ob-
served at the S1 and S1PB pockets where the ligand interacts
with the proteins. The simulations showed that in both hu-
man and mouse uPA complexes, ligand 7 maintains the con-
served interactions with Aspl89, Gly218/219 and Ser190
and water-mediated hydrogen bonds with Ser214 and Val227
(Figure 5).

Interestingly, ligand 7 was the only compound that main-
tained the hydrogen bond between the nitrogen atom of the
pyrazine 3-amino group and the side chain hydroxyl of
Ser195 in both human and mouse MD simulations (Figure
5). The potency of 7 against human uPA was reported at Ki =
204 + 14 nM.30 Here, we determined that 7 shows K; = 956
nM against mouse uPA, thus showing reduced selectivity for
the human enzyme (selectivity factor = 4.7, Table S15) rela-
tive to HMA 2 and its analogs. Importantly, as observed for
amiloride 1, water density maps showed that ligand 7 main-
tains a similar water network in both human and mouse uPA
complexes (Figure 5).

CONCLUSIONS

The primary aim of this study was to identify the molecular
basis for the human/mouse species selectivity observed with
6-substituted 5-N,N-(hexamethylene)amiloride-based uPA
inhibitors. While the parent drug amiloride shows similar
potency against both enzymes, the substituted derivatives,
which have higher human uPA potency and potential for
development as uPA-targeting anti-metastasis drugs, are
significantly less potent against the mouse variant, thus con-
founding interpretation of data when tested in mouse cancer
models. The inability of initial docking studies to faithfully
reproduce the experimentally determined potencies of the
inhibitors against human and mouse uPA led us to explore
other computational methods in search of an explanation.
Comprehensive MD simulations revealed remarkably similar

binding poses, hydrogen bonding patterns and other interac-
tions for the ligands when complexed to the two enzymes but
no obvious drivers of affinity differences were evident, alt-
hough the change from GIn192 in human uPA to Lys192 in
mouse uPA appeared to make a small contribution. FEP cal-
culations that recapitulated the experimentally determined
inhibitory potencies validated our modelling and analysis.

Detailed examination of the effect of changing residue 99
from His in human uPA to Tyr in mouse uPA proved more
fruitful. X-ray co-crystal structures of selected ligands bound
to partially murinized human uPA (H99Y) in combination
with FEP calculations hinted that water networks around this
residue may play an important role in selectivity. Further
analysis revealed that loss of a single water (W9) close to the
5-N,N-hexamethylene ring of HMA 2 and its analogs causes
an enthalpy-driven loss of potency. This finding was con-
firmed when compound 7, a direct analog of 4 lacking the 5-
N,N-hexamethylene ring, was shown to maintain a similar
water network when bound to both enzymes and did not suf-
fer the same dramatic loss of potency as other derivatives.
Overall, the study highlights the crucial role that binding site
water molecules can play in the affinity of ligands for their
protein targets and provides a framework for the develop-
ment of next-generation amiloride-based inhibitors that can
better report uPA target-based activity in mouse cancer mod-
els.

EXPERIMENTAL

Molecular docking. Docking was performed using Auto-
dock Vina 1.1.2.3! Structures were first prepared and optimised
using ChemDraw 16.0 and Avogadro 1.2.0.%* The acylguanidine
was protonated for all ligands. AutoDockTools 1.5.6% was used
to assign rigid and rotatable bonds and to remove non-polar hy-
drogens. Docking was performed in a 22 A x 22 A x 22 A box
centred at the active site of uPA.

Molecular dynamics (MD) simulations. MD simulations
were carried out using NAMD 2.12.% Initial preparation of sys-
tems was performed using VMD 1.9.2.97 The AMBER parm14SB
force field®® ® was applied for the protein and the TIP3P model
was used for water.”” The general Amber Force Field (GAFF)’! 72
was used for parameterisation of inhibitors using the Antecham-
ber package, with partial charges assigned using the AM1-BCC
scheme.” The GAFF-based force field parameters for ligands 1-7
can be accessed from doi.org/10.6084/m9.figshare.14446440.v1.
MD simulations of the complexes were performed after solvating
the system in an 84 A x 84 A x 84 A cubic TIP3P water box that
extended at least 10 A from the protein surface. Na* and CI
counter ions were added to neutralise the system and achieve a
salt concentration of 0.15 M.

pK, calculations were performed on the protein-ligand com-
plexes using PROPKA’ to assign protonation states of ionisable
residues. Simulations were performed using periodic boundary
conditions (PBC) at constant temperature (298.15 K) with the
Langevin algorithm at a pressure of 1.0 bar using the Nose-
Hoover Langevin Piston method (time step = 2.0 f5).7> All cova-
lent bonds involving hydrogens were kept rigid with the RATTLE
algorithm.”® The Particle Mesh Ewald (PME) algorithm”’ was
applied for long-range electrostatic interactions with a 10 A dis-
tance cut off. For all systems, energy minimisation and 1.0 ns
equilibration were performed first with positional restraints placed
on heavy atoms. This was followed by 100 ns production runs.
All simulations were performed in triplicate with different initial
velocities and snapshots were saved every 500 steps (1.0 ps).
VMD 1.9.2 was used for visualisation of trajectories and analysis
of simulations.” Atomic positional root-mean-square deviations
(RMSD) and atomic positional root-mean-square fluctuations
(RMSF) with respect to starting structures were calculated to
monitor global properties of the structural evolution during simu-
lations. RMSF of the protein C, atoms of the X-ray crystal struc-
tures were calculated from the C, B-factors using the equation:
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RMSF = \/3B/87* 18 Hydrogen bond interactions from MD tra-
jectories were analysed using HBonanza” using a hydrogen-
donor-acceptor angle cutoff of 30° and distance cutoff of 3.0 A.
Pairwise interaction energy analysis was performed on MD simu-
lation trajectories using the NAMD Energy Plugin 1.4 of VMD.%
Average water density maps of the combined triplicate MD simu-
lations were calculated using the Volmap plugin in VMD.®” A
summary of all simulated systems is provided in Table S16.
Alchemical free energy perturbation calculations. Free
energy differences for the binding of ligands to proteins were
calculated using the thermodynamic cycle outlined in Figure
S11. The binding free energy measured experimentally is
represented by the horizontal legs. The vertical legs represent
the alchemical transformation by computer simulations, in

solution (AG;‘;gA_’LigB) and in the protein-ligand complex
(AG-BA-LigB) pelative binding free energy differences be-

complex
tween ligand A and ligand B were calculated using Eq. 1

LigA-LigB __ LigB _ ~LigA _ LigA-LigB __ LigA-LigB
AAGy = AG, G, ° = AGcomplex AGyg

(Eq. 1)

Relative binding free energy differences for ligands binding
to uPA and partially murinized uPA (uPA™) were calculated
using Eq. 2

AAGlu)PAﬂuPAm — AG{;PAm _ AGLblPA — AGE‘E’Q&:}P}A“‘ _ AGggAauPAm
(Eq. 2)

LigA—LigB uPA—>uPA™ uPA—uPA™
Gcomplex > Achmplex and AGaq

were calculated using the alchemical free energy perturbation
(FEP) simulations.?% 81 All FEP simulations were performed
using NAMD 2.12.%¢ Alchemical transformations of ligands
and protein residues were performed with the dual topology
scheme using 20 equally distributed A windows between 0
and 1 (0.0, 0.05, 0.1, ..., 0.9, 0.95, 1.0), bidirectionally (i.e.
forward and backward simulations). To prevent numerical
instabilities as atoms were created or destroyed, a soft-core
potential was used with alchVdWShiftCoeff = 4.0.82 Initial
1.0 ns equilibration simulations were carried out for each
system, including 1,000 minimisation steps followed by mul-
tiple nanoseconds of production runs. In FEP calculations
involving perturbation of ligands, a weak harmonic restraint
was placed on similar heavy atoms with a force constant of
1.0 kcal mol-! A-2 to address the wandering-ligand problem.$3
ParseFEP plugin 2.057 within VMD 1.9.2 was used to com-
pute the free energy differences as well as estimate the statis-
tical error where the forward and backward simulations were
combined using the Bennett acceptance ratio (BAR) estima-
tor.5¢ There was no net charge in the FEP and it was expected
that the correction for electrostatic artefacts were negligi-
ble. An equation analogous to the van’t Hoff equation was
used to decompose free energy to its enthalpic and entropic
components.$* 85 A summary of all simulated systems is pro-
vided in Table S16.

uPA Activity Assays. Mouse uPA activity assays for
compounds 5-7 were performed using active high molecular
weight mouse urokinase, (Molecular Innovations Inc., MI,
USA) at a final enzyme concentration of 20 nM, as previous-
ly reported.*! For ligands 1-3 and 5, inhibition of partially
murinized human uPA (H99Y,% 2 nM) activity was deter-
mined using the chromogenic substrate S-2444 (pyroGlu-
Gly-Arg-pNA) at a final concentration of 250 uM in 20 mM
HEPES, 100 mM NacCl, 0.5 mM EDTA, 0.01% (v/v) Tween-
20, pH 7.6. Thawed enzyme stocks were maintained at —20
°C. DMSO was present at a final concentration of 1% v/v.
Change in absorbance over time at 405 nm was measured at
37 °C using a BioTek Synergy 4 384-well plate reader (Bio-

LigA—LigB
AGa(l]g —Lig

E)

Tek Instruments Inc., Winooski, Vermont, USA). K; values
were calculated using the method of Cheng and Prussof.%7

Crystallisation and X-ray Data Collection. Expression
and purification of partially murinized human uPA (H99Y)
protease domain were performed as previously de-
scribed.®® Crystals were grown by the sitting drop vapour
diffusion method and were obtained by equilibrating against
a reservoir solution containing 50 mM sodium citrate (pH
4.6) and 2.0 M ammonium sulphate supplemented with 5%
PEG400 at room temperature for 3 days. For H99Y-inhibitor
complexes, the crystals were soaked for 1 week in a new
soaking buffer (40% PEG4000, 100 mM Tris-HCI, pH 7.4)
containing 100 uM inhibitor. Prior to X-ray data collection,
crystals were soaked in a cryoprotectant solution containing
20% glycerol and snap-frozen in liquid N2. X-ray diffraction
data of the crystals were collected at the BL17U beamline,
Shanghai Synchrotron Radiation Facility (SSRF). The dif-
fraction data were indexed and integrated using the
HKL2000 program package.?® Structures were solved by
molecular replacement®® using the uPA structure (PDB
4DVA; 1.94 A)?! as the search model. Electron density of
ligands was clearly visible in the H99Y active sites and the
structure of the ligand was modelled based on the Fo — Fc
difference map. The structures were refined using the CCP4
program package®® and manually adjusted iteratively until
convergence using the molecular graphics program
COOT.”? Solvent molecules were added using aFo-—
Fc Fourier difference map at 2.5¢ in the final refinement
step. Statistics for data collection and final model refinement
are summarised in Table S17.

Coordinates of the partially murinized human uPA
(H99Y) inhibitor complexes H99Y-2 (PDB 6JYP; 2.25 A),
H99Y-3 (PDB 6L05; 2.90 A) and H99Y-5 (PDB 6L04; 2.40
A) were deposited in the RSCB Protein Data Bank (PDB;
Www.rcsb.org).
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