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Cai Yuand and Mingdong Huang *a

Halogen bonding (or X bonding) has attracted increasing interest due to its significant role in molecular

recognition in biological systems. Trypsin-like serine proteases have many physiological and

pathophysiological functions. There is therefore extensive interest in generating specific inhibitors for

pharmacological intervention in their enzymatic activity. We study here if it is possible to use

halogenated compounds as the P1 group to bind to the S1 specificity pocket of trypsin-like serine

proteases to avoid the low bioavailability of the amidine or guanidine P1 group that is typically used in

many inhibitors. We used 4-chlorobenzylamine (ClBA), 4-bromobenzylamine (BrBA) and 4-

iodobenzylamine (IBA) as probes to test their binding modes to a trypsin-like serine protease, urokinase-

type plasminogen activator (uPA), which has been recognized as a marker for breast cancer and an

important target for inhibitor development. The results showed that these compounds inhibited uPA with

stronger efficacies compared with their non-halogenated analogues. We also determined the high-

resolution crystal structures of uPA in complex with BrBA and IBA, respectively. The structures revealed

that BrBA bound to the S1 pocket of uPA via halogen bonds, but IBA did not make halogen bonds with

uPA, demonstrating that the iodine may not be the best choice as a target moiety for serine proteases.

These results advocate halogen bonding, especially bromine bonding, as an efficient strategy for the

future design of novel inhibitors against trypsin-like serine proteases to provide strong potency and

promote bioavailability.
1. Introduction

Halogen bonding is the non-covalent interaction between an
electron-rich donor (D) and a halogen atom (X) that is linked to
an electron-withdrawing acceptor (A).1,2 Halogen bonds are
strong, specic, and directional interactions. All four halogens
are found to support halogen bonding and generally follow the
trend: F << Cl < Br < I, with iodine normally forming the
strongest interaction.3–5 A typical halogen bond should have at
least these features: (1) the interatomic distance between X and
the appropriate nucleophilic atom of A needs to be less than the
sum of the van der Waals radii; (2) the length of the D–X
covalent bond should be longer than the unbonded D–X; (3) the
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angle of D/X-A should be close to 180�.1 In general, halogen
bonds are energetically and geometrically comparable to
hydrogen bonding.6 Halogen bond strengths depend on struc-
tural and chemical environments and can be quite strong (up to
43 kcal mol�1).7

Halogen bonding has attracted increasing interest in the
molecular recognition in biological system. Halogen bonding
has been shown to be a stabilizing factor and a conformational
determinant in protein-ligand and DNA structures.8 About the
half of the small weight molecules used in high-throughput
drug screening contain halogen atoms. Halogen atom has
basicity weaker than arginine/amine groups that typically used
in serine protease inhibitors, and likely to have better
bioavailability. The prevalence of halogenated compounds has
made them widely used as inhibitors against biomedical
important targets.9–12 In this work, we consider the possibility to
include halogen bonds in the design of inhibitors to inhibit
proteolytic activity of serine proteases. Serine proteases have
many physiological and pathophysiological functions.13–15

There is extensive interest in generating specic inhibitors for
pharmacological intervention with their enzymatic activity.
Moreover, serine proteases are classical subjects for studies of
catalytic and inhibitory mechanisms of enzymes. Serine prote-
ases share a common mechanism of catalysis that relies upon
RSC Adv., 2018, 8, 28189–28197 | 28189
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Fig. 1 Electrostatic potential mapped on the surface of molecular
electron density of ClBA, BrBA and IBA. The configurations of ClBA,
BrBA and IBA were optimized at B3LYP/6-31G* level using GAMESS
package. The electrostatic potential maps were visualized by Avogadro
(0.03 (red) to 0.03 (blue) au).
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View Article Online
the coordinate action of three catalytic residues (Ser195, His57
and Asp102, in chymotrypsinogen numbering).16–18 Trypsin-like
serine proteases cleave peptide bonds following a positively
charged amino acid (lysine or arginine). This specicity is
driven by the presence of a primary specicity pocket (S1
pocket) of the enzyme that accommodates the lysine or arginine
residue of the substrates. The S1 pocket is deep and has
a negatively charged residue (Asp189) at its base. The majority
of trypsin-like proteases inhibitors contain argininal or its
mimetics (guanidine or amidine groups) and utilize this
binding site for potencies.19

One interesting member of the trypsin family of serine prote-
ases is urokinase-type plasminogen activator (uPA, EC.3.4.21.73),
which catalyses the conversion of the zymogen plasminogen into
the active protease plasmin through cleavage of plasminogen's
Arg15-Val16 bond.20 Abnormal expression of uPA is responsible for
tissue damage in several pathological conditions, including rheu-
matoid arthritis, allergic vasculitis, and in particular, is a key factor
for the invasive capacity of malignant tumors.21 Therefore, uPA is
a potential therapeutic target. Many small molecular organic
inhibitors of uPA use a guanidine or benzamidine-like moieties to
interact with the S1 pocket (thus named P1 group). A major
problem in these amidine- or guanidine-based small molecular
inhibitors for uPA or serine proteases is the low bioavailability and
poor pharmacokinetic prole due to the presence of positive
charges on these amidine or guanidine groups at physiological
pH.22–24 Thus, intensive research efforts have been dedicated to
nd non-amidine/guanidine inhibitors that maintain interaction
to the S1 specicity pocket of uPA.25–27

Fragment-based drug discovery is a method used for nding
lead compounds as part of the drug discovery process. It is based
on identifying small chemical fragments, which may have weak
potency (>100 mM) but are efficient binders relative to their size
and may therefore represent suitable starting points for lead
compounds.28 Is it possible to use small molecular compounds
with the halogen atom to replace the amidine/guanidine group as
the P1 group to target to the S1 pocket of trypsin-like serine
proteases by halogen bonding? In this study, we select 4-chlor-
obenzylamine (ClBA), 4-bromobenzylamine (BrBA) and 4-iodo-
benzylamine (IBA) to test the feasibility of this idea. These
compounds contain one halogen atom (chlorine, bromine or
iodine) at one end of benzene ring, which has higher polarization
of the electrostatic potential at its iodine atom surfaces compared
to Cl and Br atom (Fig. 1), and two lighter atoms (–CH2NH2) at
another end, so that the orientation of the inhibitor can be easily
distinguished by X-ray crystallography.We determined the crystal
structures of BrBA and IBA in complex with uPA, respectively.
These structures showed that BrBA bound to the S1 pocket of uPA
with Br atom pointing to Asp189, forming the halogen bonds
between the halogen atom and the Asp189 of uPA. Unexpectedly,
IBA did not make the halogen bond with uPA but formed the
hydrogen bonds by the amino group. These results advocate that
halogen bonding, especially bromine bonding, as an efficient
strategy for the future design of novel inhibitors against trypsin-
like serine proteases to provide strong potency and promote
bioavailability.
28190 | RSC Adv., 2018, 8, 28189–28197
2. Materials and methods
2.1 Materials

4-Chlorobenzylamine (ClBA, CAS number: 104-86-9), 4-bromo-
benzylamine (BrBA, CAS number: 3959-07-7) 4-iodobenzylamine
(IBA, CAS number: 39959-59-6) and 4-hydroxybenzylamine (CAS
number: 696-60-6) were purchased from Sigma-Aldrich (St. Louis,
MO, USA), the chromogenic substrate S-2444 (BIOPHEN CS-
61(44), pyroGlu-Gly-Arg-pNA$HCl) was purchased from DiaPh-
arma Group, Inc (Ohio, USA).

2.2 Expression and purication of recombinant uPA

Expression and purication of recombinant uPA serine protease
domain was described previously by Zhao et al.29 Briey,
uPA16-244 was secreted from a stably transfected pichia pastoris
strain (X-33) aer induction with methanol. A puried product
was obtained aer cation exchange chromatography (SP
sepharose Fast Flow from, GE Healthcare) followed by gel
ltration chromatography using a Superdex 75 HR 10/300
column (GE Healthcare) equilibrated with 20 mM phosphate
buffer (pH 6.5) containing 150mMNaCl. The protein was eluted
as a single peak under these conditions with a retention volume
of approximately 13.6 ml, corresponding to its molecular
weight. The protein was dialyzed in 20 mM potassium phos-
phate (pH 6.5) overnight and concentrated to 10 mg ml�1 using
stirred ultra-ltration cells (Millipore and Amicon Biosepara-
tions, Model-5124).

2.3 Determination of the inhibition constant (Ki) for the
inhibition of uPA by various compounds

For routine determinations of Ki values for the inhibition of uPA
under steady-state inhibition conditions, a xed concentration
This journal is © The Royal Society of Chemistry 2018
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of uPA (2 nM) was pre-incubated in 200 ml of HEPES-buffered
saline with 0.1% bovine serum albumin at 37 �C with various
concentrations of compounds for 15 min before the addition of
the chromogenic substrate S-2444 at concentrations approxi-
mately equal to the KM. The initial reaction velocities were
monitored at an absorbance of 405 nm. The inhibition
constants (Ki) were subsequently determined from the
nonlinear regression analyses of plots for Vi/V0 versus [I]0 using
eqn (1) and derived under an assumption of competitive
inhibition:

Vi/Vo ¼ (Ki � (KM + [S]0))/((Ki � [S]0) + (KM � (Ki + [I]0))) (1)

where Vi and V0 are the reaction velocities in the presence and
absence of various compounds, respectively; [S]0 and [I]0 are the
substrate and the halogenated compounds concentrations,
respectively; and KM is the KM for the uPA catalyzed hydrolysis of
S-2444. In eqn (1), it is assumed that [S]free z [S]0 and that [I]free
z [I]0. These conditions were fullled as less than 10% of the
substrate was converted to product in the assays, and because
the assay typically contained a nal uPA concentration of 2 nM
and the halogenated compounds concentrations in the mM
range.
2.4 Crystallization and data collection of uPA:halogenated
compound complexes

The crystallization trials were carried out using the sitting drop
vapor diffusion method. The crystals were obtained by equili-
brating against a reservoir solution containing 50 mM sodium
citrate (pH 4.6) and 2.0 M ammonium sulfate supplemented
with 5% PEG400 at room temperature. The crystals appeared
aer approximately three days. For uPA:BrBA complex at pH4.6,
the crystals of uPA were soaked for 72 hours in crystallization
mother liquor containing 1 mM the halogenated compounds.
For uPA:halogenated compound complexes at pH7.4, the crys-
tals were soaked for one week in new soaking buffer (40%
PEG4000, 100 mM Tris–HCl pH 7.4) containing 1 mM haloge-
nated compounds. Prior to X-ray data collection, the crystals
were soaked briey in a cryoprotectant solution containing 20%
glycerol. X-ray diffraction data of the crystals were collected at
the BL17U beamline, Shanghai Synchrotron Radiation Facility
(SSRF). The diffraction data was indexed and integrated by
HKL2000 program package.30 The data set of uPA:IBA was pro-
cessed both with and without merging the Bijvoet pairs. The
anomalous data were used only to conrm the iodine atom site
by the anomalous difference map and all diffraction data and
renement statistics are based on themerged “native” data. The
data collection statistics are presented in Table S1.†
2.5 Crystal structure determination and renement

The crystal structure of the different complexes were solved by
molecular replacement31 using the uPA structure (PDB code:
4DVA)32 as the search model. The electron density for the
compound was clearly visible in the uPA active sites and was
modelled based on the Fo � Fc difference map. The orientation
of IBA was determined based on the anomalous scattering of
This journal is © The Royal Society of Chemistry 2018
iodine atom at 0.979 Å. The structures was rened by ccp4
program package31 and manually adjusted by the molecular
graphics program COOT33 iteratively until convergence of the
renement. Solvent molecules were added using a Fo � Fc
Fourier difference map at 2.5s in the nal renement step.
Statistics of data collection and nal model renement are
summarized in Table S1.† The nal structures were analysed by
soware Pymol.34
2.6 Binding free energy calculations

The free energy of binding between each ligands and uPA was
derived using the molecular mechanics/Poisson–Boltzmann
solvent accessible surface area (MM/PBSA) approach.35,36 The
binding free energies (DGbind) were computed with following
equations:

DGbind ¼ DHbind � TDSbind (2)

DHbind ¼ Egas + DGbind (3)

Egas ¼ Eele + Evdw (4)

DGsol ¼ DGpb + DGnonpolar (5)

DGnonpolar ¼ g(SASA) + b (6)

The sum of the molecular mechanical gas-phase energies,
Egas is a standard force eld energy, including the electrostatic
potential (Eele) and the van der Waals potential (EvdW). The
solvation free energy (DGsol) was computed as the sum of a polar
solvation free energy (DGpb) and a nonpolar solvation free
energy (DGnonpolar). DGnonpolar was calculated from eqn (6),
where SASA is the solvent-accessible surface area estimated
using gsas implemented in GROMACS 4.5 code,37 with a solvent
probe radius of 1.4 Å. g and b are empirical constants set to
0.00542 kcal mol�1 Å�2 and 0.92 kcal mol�1, respectively. The
conformational entropy (DSbind) was not considered in this
work due to high computational cost and low prediction accu-
racy. The DGbind and each energy components for ligands
bound to uPA, determined by MM/PBSA calculations were given
in Table S2.† The congurations of halogenated compounds
were optimized at B3LYP/6-31G* level using GAMESS package.38

The electrostatic potential maps were visualized by Avogadro.39
3. Results
3.1 Inhibition of the enzyme activity of human uPA by the
halogenated compounds

In this study, we select 4-chlorobenzylamine (ClBA), 4-bromo-
benzylamine (BrBA) and 4-iodobenzylamine (IBA) to test
whether the use of small molecular compounds containing
halogen atom can function as the P1 group to target to the S1
pocket of trypsin-like serine proteases by halogen bonding. We
measured their Ki values for competitive inhibition of human
uPA at 37 �C by chromogenic assays. The results indicated that
these halogenated compounds indeed inhibited the enzyme
activity of human uPA to an extent comparable to small
RSC Adv., 2018, 8, 28189–28197 | 28191
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molecules targeting at the S1 pocket,40 and the inhibition of
BrBA (1.28 mM) is slightly stronger than that of IBA (1.38 mM),
the inhibition of ClBA (9.15 mM) is weakest among them (Table
1). It is understandable that the inhibitory capabilities were not
very strong because these compounds only targeted to the S1
pocket of the protease.
3.2 BrBA binds to Asp189 of uPA at the specic pocket
through halogen bonds

We determined the crystal structure of BrBA in complex with
uPA at low pH (pH 4.6) to high resolution (1.17 Å), which helps
us to identify the orientation of BrBA. The binding of the small
molecule BrBA did not perturb the structural conformation of
uPA, as shown by the low RMSD (0.13 Å) when compared to the
unbound uPA. The position of BrBA was located at the major
specicity pocket of uPA (S1 pocket) with its position well sup-
ported by the electron density maps (Fig. 2A). The bromine
atom of BrBA buried deeply inside the S1 pocket and formed
two halogen bonds (2.9 Å and 2.9 Å) with the carboxyl side chain
of Asp189 at the bottom of the S1 pocket, respectively (Fig. 2B,
Table S3, ESI†). Here we measured only the distances between
Asp189 oxygen atom and the bromine atom because our crystal
structures did not have enough resolution to observe the
Table 1 The structures of the halogenated compounds and their inhibiti
assay. The numbers of measurements were indicated in parentheses

Compounds Chem

4-Chlorobenzylamine (ClBA)

4-Bromobenzylamine (BrBA)

4-Iodobenzylamine (IBA)

4-Hydroxybenzylamine

4-(Aminomethyl-phenyl)-methanol

28192 | RSC Adv., 2018, 8, 28189–28197
positions of protons in between. The bromine atom of BrBA has
also short distances (3.0 Å) to the carbonyl group and hydroxyl
group of Ser190 (Fig. 2B). Furthermore, the phenyl ring of BrBA
formed van der Waals interactions with the backbone atoms of
residues 190–192 and 215–217.

To determine the molecular binding mode of BrBA with uPA
at physiological pH, we soaked the uPA crystals with BrBA at pH
7.4 and solved the crystal structure of the uPA:BrBA complex at
2.0 Å. We found that BrBA is still inserted in the S1 pocket of
uPA (Fig. 2C). Similar to the uPA:BrBA structure at low pH, the
bromine group of BrBA bound to the Asp189 of the bottom of
the S1 pocket. The bromine was 3.0 Å and 3.3 Å away from the
carboxyl oxygen atoms of Asp189; in addition, the angles of D/
Br–A were 150.5� and 144.3�, respectively. Such distances and
angles demonstrate the presence of halogen bonding between
BrBA and Asp189 of uPA (Fig. 2D, Table S3, ESI†). The bromine
atom is also quite close to the main chain oxygen atom of uPA
Ser190 with a distance of 3.3 Å. The phenyl ring maintains van
der Waals interaction with the backbone atoms of residues 190–
192 and 215–217 of uPA as presented at the low pH.

Although the binding model of BrBA at low pH is similar to
that at neutral pH, there are some obvious differences of BrBA
between these two structures. BrBA at low pH inserts to the S1
pocket deeper (0.4 Å) than it at neutral pH. The amine group of
on on human uPA. Ki values were determined at 37 �C by chromogenic

ical structures Ki for inhibition (mM)

9.15 � 0.02 (3)

1.28 � 0.06 (3)

1.38 � 0.09 (3)

>5 mM

13.9 mM (ref. 40)

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 4-Bromobenzylamine (BrBA, shown as magenta stick) bound to the S1 pocket of uPA at pH 4.6 and pH 7.4. (A) At pH 4.6, BrBA located at
the major specificity pocket of uPA (S1 pocket) with its position well supported by the electron density maps. (B) At pH 4.6, the bromine atom
(cyan) of BrBA interacts to the Asp189 of the S1 pocket and formed two halogen bonds with the carboxyl side chain of Asp189. The angles of D/
Br–A are 144.4� and 155.4�, respectively. (C) The higher pH (7.4) structure supports the results of low pH. (D) At pH 7.4, the bromine atom
interacts to the Asp189 of the S1 pocket and formed two halogen bondswith the carboxyl side chain of Asp189. The angles of D/Br–A are 144.3�

and 150.4�, respectively. Electron density maps (s-weighted 2Fo � Fc omit map contoured at 1.0s, in blue) corresponding to the peptide residues
are represented as cages. Halogen bonds are indicated as yellow dashed lines. Active site residues of uPA are presented by lightblue sticks.
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BrBA points toward the solvent environment at the physiolog-
ical pH, and has a hydrogen bond with Ser195 of uPA, which is
different from the complex structure in the low pH. In addition,
BrBA at low pH is slanted (11.7�) and near Ser195 of uPA
comparing to BrBA at pH7.4, but the amino group of BrBA at low
pH did not make any hydrogen bond with uPA, in contrast, the
amino group of BrBA at pH 7.4 has one hydrogen bond with
Ser195 of uPA (Fig. S1 and Table S4, ESI†).
3.3 IBA uses amine moiety, but not halogen, to bind to
Asp189 of uPA at neutral pH

To further evaluate the role of halogen binding in the design of
the serine protease inhibitors, we study the iodo-analogue of
BrBA, 4-iodobenzylamine (IBA), which has higher polarization
of the electrostatic potential at its iodine atom surfaces
compared to two other halogen atoms.41 We determined the
crystal structure of IBA in complex with uPA at neutral pH (pH
7.4) to a high resolution of 1.45 Å (Table S1, ESI†). Interestingly,
the 2Fo � Fc density map of IBA (Fig. 3A) and the anomalous
difference map of iodine atom (Fig. 3B) both clearly demon-
strated that IBA adopted a completely different conformation in
the S1 specic pocket of uPA. The iodine atom exposed to the
This journal is © The Royal Society of Chemistry 2018
solvent but was remained in the active pocket, mediated by two
water molecules (Fig. S2, ESI†). At the other end, the amino
group of IBA binds to Asp189 by two hydrogen bonds and binds
to Ser190 by hydrogen bonds (Fig. 3C, Table S4, ESI†). The
anomalous map of iodine atom (Fig. 3B) showed that IBA used
the amino group rather than the iodine atom to make interac-
tions with uPA, which is consistent with above-mentioned result
that the inhibition of IBA is weaker than that of BrBA. Thus, our
results demonstrated that the iodine might not be the best
choice for the inhibitor of serine proteases investigated here.

In addition, we also tried to determine the structure of 4-
chlorobenzylamine (ClBA) bound to uPA by soaking CIBA into
uPA crystals, but we did not observe electron density of ClBA in
the crystal structure. The reason may be that the affinity of ClBA
is too weak to give visible electron density.

4. Discussion

Many newly developed drugs contain one or more halogen
atoms. The presence of halogens improves oral absorption. In
addition, halogens ll hydrophobic cavities in the binding site,
and facilitate the crossing of blood–brain barrier and prolong
the drug lifetime.2,12 The number of biological halogen bonds
RSC Adv., 2018, 8, 28189–28197 | 28193
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Fig. 3 IBA did not make the halogen bonding with Asp189 of uPA at neutral pH. Both the 2Fo � Fc density map of IBA (A) and the anomalous
difference map of iodine atom (B) clearly demonstrated that the iodine atom exposes to the solvent and did not form the halogen bonding with
uPA. (C) The amine group of IBA binds to Asp189 of uPA bymaking two hydrogen bondswith Asp189 and one hydrogen bond (black dashed lines)
with Ser190 of uPA.
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identied in Protein Data Bank (PDB) has increased signi-
cantly from 116 in 2004 to well over 600 in 2013.41,42 There are
a number of reviews on the role of halogen bonds in the
recognition of inhibitors against several classes of
proteins.11,12,42–45 Serine protease is one of the signicant target
to develop halogenated inhibitors.46,47 Indeed, halogen-based
inhibitor for blood coagulation factor Xa has been devel-
oped.48–50 Matter et al. reported two series of halogenated
inhibitors of serine protease factor Xa and showed that organic
chlorines/bromines in both series are favorably in close contact
with the phenyl ring of Tyr228 at the back wall of the protease S1
pocket.51,52 Rivaroxaban, a factor Xa inhibitor, contains an
aromatic carbon–chlorine moiety and is buried inside the S1
pocket of factor Xa (Fig. 4). However, the chlorine of rivaroxaban
does not form halogen bond to the Asp189. The chlorine atom is
quite far away from the Asp189 located at the bottom of the S1
pocket. Instead, the chlorine atom interacts with the phenyl
ring of the Tyr228 residue located at one side of the S1 pocket
through the halogen–p interaction. Rivaroxaban shows
Fig. 4 A halogen-based inhibitor (rivaroxaban) for blood coagulation fact
the bottom of the S1 pocket. As a result of this chlorine–Tyr228 intera
positively charged groups are not required for high factor Xa affinity. The
the residue Tyr228 is colored magenta. Dash lines indicate the chlorine–

28194 | RSC Adv., 2018, 8, 28189–28197
favourable pharmacokinetic prole and oral bioavailability and
has been approved for clinical use as an anticoagulant.53,54

The major specicity pocket of trypsin-like serine protease
(S1 pocket) typically accommodates substrates or inhibitors
with an arginine group (P1 group) through the charged
hydrogen bonds between the P1 group and the Asp189 of the S1
pocket. Hydrogen bonds between charged groups are much
stronger (3.5–4.5 kcal mol�1) than the regular hydrogen bonds
(0.5–1.8 kcal mol�1).55 Thus, many trypsin-like serine protease
inhibitors contain arginine mimetics, e.g., amidine or guani-
dine, as P1 group to target serine proteases. Because such P1
group usually has high pKa and is quite basic at physiological
pH, the molecules containing such moiety tend to have lower
bioavailability.22–24

Can halogen atoms replace amidine or guanidine as a part of
P1 group to target the S1 pocket of serine proteases by forming
the halogen bonding with Asp189? Our present study aims to
answer this question by using uPA as a target, and 4-chlor-
obenzylamine (ClBA), 4-bromobenzylamine (BrBA) and 4-iodo-
benzylamine (IBA) as probes. We found that ClBA, BrBA and IBA
or Xa. The chlorine interacts with the aromatic ring of Tyr228 located at
ction in the S1 pocket, highly basic groups such as amidine or other
inhibitor is colored green, and protein residue Asp189 is colored blue,
p interaction.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Comparison of halogenated and nonhalogenated inhibitors to the protein target (uPA). uPA in complex with the nonhalogenated ligand
4-(aminomethyl-phenyl)-methanol ((A) PDB code 3KHV), its brominated analog 4-bromobenzylamine (B) and iodinated analog 4-iodo-
benzylamine (C). The polypeptides backbone are traced as a lightblue ribbon, with amino acids and ligands involved in halogen bonding
interactions and hydrogen bonds (black dashed lines) shown as ball stick models with carbons (orange, green and pink, respectively), oxygen
(red), nitrogen (blue), bromine (cyan), and iodine (purple).
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indeed inhibited the proteolytic activity of uPA with Ki values of
9.15 mM, 1.28 mM and 1.38 mM, respectively. Although these
halogenated compounds are still weak binder to uPA and likely
to have low specicity toward uPA compared to other serine
proteases, they are better than the analogues lacking the
halogen atom, such as 4-hydroxybenzylamine with no obvious
inhibition on uPA at 5 mM. A non-halogenated analogue, 4-
(aminomethyl-phenyl)-methanol (APM), inhibited uPA of a Ki of
13.9 mM, by binding to the S1 pocket of uPA (Fig. 5),40 which is
about 10-fold weaker than the Br analogue, demonstrating the
feasibility of halogen compound as P1 group. The weaker
potency of APM was also supported by theoretical calculation
(Table S2, ESI†).

Our results demonstrate that iodine is not the best choice for
binding to S1 pocket of uPA, in contrast to typical halogen
bonding strength: Cl < Br < I. Similar observation of inversed
halogen bond strength was also reported and rationalized
recently through computational chemistry method.56 In addi-
tion, there are some reports showing the inhibition of bromine-
based inhibitors is better than the other halogen-based inhib-
itors. A Br-containing compound was found to be better than I
analogue to inhibit aldose reductase. The reason was proposed
that the favorable energetics of halogen bonding may be
compromised by factors, such as solvation/desolvation changes,
which plays an important role in halogen bonds of protein–
ligand complexes.57 However, we should point out that iodine is
a better inhibitor in some cases. One example is PhiKan5196,
which is the inhibitor of the p53 tumour suppressor and
displays halogen bonding between the iodine atom of the drug
and the target protein. The substitution of iodine by bromine
and chlorine led to reduced binding affinity of the inhibitor.58

Our current halogen compound have low inhibitory capa-
bilities (Ki > 1 mM). Previous study demonstrated the possibility
of small molecule compounds with weak inhibition to uPA (IC50

> 1 mM) can be developed into high potent inhibitor.59 Further
derivatization of BrBA at the amine moiety will be needed to
improve it binding to uPA. Another advantage of halogen-based
inhibitor development is the relative low chemical reactivity of
carbon–halogen bond, compared to amidine or guanidine
This journal is © The Royal Society of Chemistry 2018
moieties, which facilitates chemical synthesis of these novel
halogen-based inhibitors for serine proteases.
5. Conclusions

In summary, we studied the binding of halogen-containing
compounds (ClBA, BrBA and IBA) to uPA. The proteolytic and
structural studies showed that these compounds' inhibitory
activities to uPA were enhanced compared to the non-halogen
indeed found for BrBA, but not IBA, through structural anal-
ysis. These results advocate that halogen bonding, especially
bromine bonding, as an efficient strategy for the future design
of novel inhibitors against trypsin-like serine proteases to
provide strong potency and promote bioavailability.
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