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a b s t r a c t

Human kallikrein 7 (KLK7) is a potential target for the treatment of skin inflammation and cancer. Despite
its potential, few KLK7-specific small-molecule inhibitors have been reported in the literature. As an
extension of our program to design serine protease inhibitors, here we describe the in vitro assays and
the investigation of the binding mechanism by molecular dynamics simulation of a novel class of
pseudo-peptide inhibitors derived from isomannide. Of the inhibitors tested, two inhibited KLK7 with
Ki values in the low micromolar range (9g = 1.8 lM; 9j = 3.0 lM). Eadie–Hofstee and Dixon plots were
used to evaluate the competitive mechanism of inhibition for the molecules. Calculated binding free
energies using molecular MM/PB(GB)SA approach are in good agreement with experimental results, sug-
gesting that the inhibitors share the same binding mode, which is stabilized by hydrophobic interactions
and by a conserved network of hydrogen bonds. The promising results obtained in this study make these
compounds valid leads for further optimization studies aiming to improve the potency of this new class
of kallikrein inhibitors.

� 2012 Elsevier Ltd. All rights reserved.

Human tissue kallikreins consist of 15 kallikrein-like serine
peptidases (KLK1-KLK15).1–3 Kallikrein 7 (KLK7) is one of the fam-
ily members that exhibit chymotrypsin-like activity. It is most
abundantly expressed in the skin and has been reported to play
an important role in skin physiology.4,5 The desquamation behav-
ior of human stratum corneum (SC) has been associated with the
progressive degradation of corneodesmosomes toward the outer
skin surface. This process is facilitated by the action of specific en-
zymes in the SC, including kallikrein 7.6 Therefore, KLK7 is consid-
ered to be a potential target for the treatment of diseases involved
with epithelial dysfunction, such as inflammatory and/or hyper-
proliferative and pruritic skin diseases, including atopic dermatitis,
psoriasis, and Netherton’s syndrome.7–11 Besides the essential role
of KLK7 in the skin desquamation process, its involvement in tu-
mor metastasis, especially in ovarian carcinomas and pancreatic
cancer, has also been investigated. While this enzyme is moder-
ately expressed in the normal ovary, it is overexpressed in ovarian

carcinoma tissues at the mRNA and/or protein levels. The results of
an in vivo model strongly suggest that the overexpression of KLK4,
KLK5, KLK6, and KLK7 contributes to ovarian cancer progression.12

Also, differences in the expression of KLK7 could potentially be
used as biomarkers for the characterization of different stages of
cervical neoplasia.13

Recently, our efforts to find new KLKs inhibitors from natural
products resulted in the identification of two isocoumarins (Vio-
xanthin and 8,80-paepalantine) that inhibited KLK5 and KLK7 in
the low micromolar range.14 Thus, as a part of our program of
developing new serine protease inhibitors, here we present the re-
sults of the in vitro assays against KLK7 and molecular dynamics
simulation studies with a series of isomannide analogue com-
pounds (Table 1). The use of the isomannide rigid scaffold was
envisaged due to its structural analogy with cyclic rigid dipep-
tides.15–19 The rigidity of this scaffold allows the compound to be
fixed in its bioactive conformation. The synthesis of the isoman-
nide analogue compounds was previously described by Muri
et al.15 The mature human tissue kallikreins were expressed as
recombinant proteins from an insect cell/baculovirus expression
system, as described previously.14 The Fluorescence Resonance
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Energy Transfer (FRET) peptides Abz-KLYSSKQ-EDDnp (Abz, o-ami-
nobenzoic acid; EDDnp, N-(2,4-dinitrophenyl)ethylenediamine)
and Abz-KLRSSKQ-EDDnp were synthesized by solid phase synthe-
sis methods, as described previously.20 All enzymatic reactions
were performed in 50 mM Tris–HCl, pH 7.5.

Of the 15 compounds assayed, five (9g, 9h, 9i, 9j and 9k) were
soluble in aqueous buffer and able to be assayed against KLK7. The
other compounds were insoluble even in 10% DMSO. Of the five
compounds assayed, two presented IC50 values below 50 lM. Com-
pound 9g was the most potent, with an IC50 of 13.3 lM, followed
by compound 9j (IC50 = 16.3 lM). To better understand the interac-
tion between KLK7 and compounds 9g and 9j, we performed a de-
tailed kinetic study to determine the mechanism of inhibition
using the FRET substrate Abz-KLYSSKQ-EDDnp. The Eadie–Hofstee
plot showed a simple mutually exclusive binding site between
inhibitor and substrate (Fig. 1), establishing that the molecules be-
have as reversible competitive inhibitors for KLK7. As the IC50 val-
ues of competitive inhibitors can vary with substrate
concentration, we also determined the values of the inhibition con-
stants (Ki) for both compounds 9g and 9j using the Dixon plots
(Fig. 1, inset), in which the reciprocal of the initial velocity (1/V0)
was plotted versus three different inhibitor concentrations (1.0,
2.0 and 4.0 lM), for four different concentrations of substrates
(1.0, 2.0, 4.0 and 7.0 lM). We observed that the Ki values followed
the same trend as the IC50 values, with compound 9g being the
most potent inhibitor, with a Ki of 1.8 lM, followed by compound
9j (Ki = 3.0 lM). Compared with the IC50 values, the Ki values were
five- to seven-fold lower for the two most potent compounds and
approximately two fold lower for the other compounds. As the hu-
man tissue kallikrein 5 (KLK5) also appears to be over-expressed in
some skin desquamation pathologies together with KLK7, we de-
cide to evaluate our compounds also against KLK5. Inspecting the
IC50 and Ki values for the inhibition of KLK5 reported in Table 1
we can see that these compounds are weak inhibitors of this en-
zyme. The best two compounds are also the 9g and 9j with a Ki val-
ues around 70 lM.

In order to rationalize differences in the affinity of the inhibitors
for KLK7 and to explain why they are poor KLK5 inhibitors we per-
formed molecular docking combined with molecular dynamics

simulations to predict the binding mode of all compounds in the
binding pocket of these two enzymes. The details of the site defini-
tions, structure preparation and docking protocol were described
in the Supplementary data. Binding modes of the newly found
KLK7 inhibitors were addressed with Glide XP.21 The docking re-
sults exhibited no correlation with the experimental affinities,
ranking compound 9k first, with a score of �5.87 kcal/mol, fol-
lowed by the compounds 9g (�5.84 kcal/mol) and 9j (�5.68 kcal/
mol). For KLK5, the docking scores also shows no agreement with
the experimental results, ranking the compound 9g first, with a
slightly better score (�7.39 kcal/mol) than 9k (�7.09 kcal/mol),
while 9j docked with the lowest score (�6.91 kcal/mol). These
analyses show that docking scores could not rank order com-
pounds and even it assigned incorrectly a higher affinity of the
compounds for KLK5 contradicting the experimental results. Since
the Glide scoring function was unable to differentiate individual
active molecules from inactive ones we decide to apply molecular
dynamics simulation combined with MM/PB(GB)SA (Molecular
Mechanics/Poisson-Boltzmann Surface Area/Generalized Born Sur-
face Area) as a more accurate method to investigate the protein-
ligand interactions.22–24 The binding mode of the complexes
identified with Glide was used as starting structures for 5 ns of
MD simulations (for details see Supplementary data). Inspection
of the MD trajectories revealed that the backbone atoms of the
KLK7 complexed with the three inhibitors showed almost identical
and stable RMSD of �1.0 Å compared to the initial structure, indi-
cating that the protein had no obvious conformation changes dur-
ing the MD simulations (Fig. 2). The inhibitor 9g appeared to reach
a stable state after 0.8 ns, indicating that this inhibitor underwent
some conformational change or positional shift, but remained
nearly constant for the rest of the trajectory, around 2.0 and
2.5 Å. In contrast, the RMSD of the inhibitors 9j and 9k remained
approximately constant around the range of 2.5–3.0 Å (Fig. 2).
For the complexes between the inhibitors and KLK5, the protein
showed to be very stable during the 5 ns of simulation, with the
RMSD for the backbone atoms in the range of 0.9–1.2 Å compared
to the docked starting structure (Supplementary data). In the case
of the inhibitors, it was evident that 9g and 9j have a more stable
binding mode (RMSD�2 Å) in the KLK5 pocket than the 9k

Table 1
Structure of isomannide derivatives with various substituents at R1 and R2, along with their IC50 and Ki values (expressed in lM). NS, not soluble in aqueous buffer

Compound R1 R2 KLK7 KLK5

IC50 (lM) Ki (lM) IC50 (lM) Ki (lM)

9a Ph Ph NS
9b Ph 4-FC6H4 NS
9c Ph 4-CLC6H4 NS
9d Ph 4-BrC6H4 NS
9e Ph 4-F3CC6H4 NS
9f Ph 4-MeOC6H4 NS
9g Ph 2-Thiophene 13.3 1.8 99.2 70.7
9h Ph 3,4-(OCH20)C6H3 205.2 80.3 >1000 357.1
9i Ph 3-Pyridyl 195.8 75.1 323.5 200
9j Ph 2-Furan 16.3 3.0 99.1 70.4
9k Me 2-Thiophene 160.5 77.4 101.3 71.9
91 Ph 1-Benzothiophen-2-yl NS
9m Ph 2-Naphthyl NS
9n Ph lH-Indol-3-yl NS
9o Ph Benzofuran-2-yl NS
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inhibitor, with this inhibitor reaching the equilibrium after 1.0 ns
and fluctuating at an average of 3.0 Å (Supplementary data).

According to the above analysis, the MM/PB(GB)SA free energy
calculation was based on 800 snapshots extracted from the MD
trajectories between 1 and 5 ns at a time interval of 5 ps. The cal-
culated binding free energy and its individual components are
listed in Table 2. A significant correlation between the calculated
binding free energies (DGPB(GB)SA) and the experimental affinity
was observed. The DGGBSA calculated according the MM-GB/SA
method for compounds 9g, 9j, and 9k complexed with KLK7 are
�40.3, �35.4 and �26.6 kcal/mol, respectively. Using the MM-
PBSA approach the values of DGPBSA are �30.1, �24.2, and
�17.3 kcal/mol, respectively. A closer analysis of the energetic
terms showed that the main favorable contributions to the binding
of inhibitors 9g and 9j came from van der Waals (DEvdW) and elec-
trostatic (DEele) terms. In contrast, the polar desolvation energy
term (DEPB(GB)) is less favorable for these compounds than for 9k,
while the non-polar component (DESA) of solvation free energy
was almost identical for all inhibitors. Independent of the method
used, the decreasing order in the affinity (9g > 9j > 9k) for the
KLK5-inhibitor complexes was the same as observed for KLK7.
But according to the experimental results all inhibitors have nearly
the same affinity for KLK5. The lack of variation in the compound’s
activity could be attributed to the low solubility of these com-
pounds in the assay conditions, and not due their structures, which

makes challenging to experimentally determine their true affinity
against the enzyme. Additionally, the use of MM/PB(GB)SA proved
to be a reliable approach to accurately predict the relative free en-
ergy of binding of the inhibitors for KLK7 and KLK5 enzymes. In
contrast to the docking results, the inhibitors 9g and 9j were cor-
rectly identified by the MM/PB(GB)SA predictions as more potent
inhibitors of KLK7 instead of KLK5 in line with our kinetics results
(Table 2). The only exception was that the calculated DGGBSA for
the compound 9g was lower in KLK7 than in KLK5 (�40.3 vs
�42.9 kcal/mol).

In summary, this work describes the evaluation of five com-
pounds against KLK7 and, in comparison, their activities against
KLK5. Two of these molecules (9g and 9j) inhibited kallikrein 7
activity in a dose-dependent manner, with IC50 values ranging
from 13 to 200 lM. Subsequent determination of the mechanism
of inhibition by Eadia–Hofstee graphs confirmed that these

Figure 1. Representative Eadie–Hofstee (V vs V/[S]) plots for the hydrolysis of FRET
substrates by KLK7 in the presence of inhibitor 9g (A) and 9j (B). Inset, the Dixon
plots for both inhibitors against KLK7. Each data point corresponds to mean
values ± S.E. of triplicate measures of a representative experiment. The solid lines
represent the linear regression fits obtained by software GraFit 5.0.

Figure 2. RMSD of the backbone atoms of KLK7 enzyme and heavy atoms of the
inhibitors.

Table 2
Binding free energy components (kcal/mol) calculated with MM/GBSA and MM/PBSA

KLK7 KLK5

9g 9j 9k 9g 9j 9k

MM/GBSA
DEvdw

a �48.0 �43.2 �39.8 �50.8 �43.1 �38.0
DEele

b �29.0 �27.5 �19.4 �43.6 �21.6 �18.4
DCgb

c 42.1 40.3 36.8 57.5 39.3 37.3
DGSA

d �5.5 �4.9 �4.2 �6.0 �5.0 �3.9
DGGBSA

e �40.3 �35.4 �26.6 �42.9 �30.4 �23.0
MM/PBSA

DEvdW �48.0 �43.2 �39.8 �50.8 �43.1 �38.0
DEele �29.0 �27.5 �19.4 �43.6 �21.6 �18.4
DGGB 50.8 50.0 45.0 73.8 49.5 44.6
DGSA �3.9 �3.5 �3.1 �4.2 �3.5 �2.6
DGPBSA

e �30.1 �24.2 �17.3 �24.8 �18.8 �14.4
Ki 1.8 3.0 77.4 70.7 70.4 71.9
DGexp

* �7.8 �7.5 �5.6 �5.7 �5.7 �5.6

a van der Waals interaction energy.
b Electrostatic interaction energy.
c Polar solvation energy calculated according the GB or PB approaches.
d Nonpolar solvation energy.
e Free energy of binding calculated according the GB or PB approaches.

* Experimental free energies of binding (kcal/mol) according to DGexp = �RTlnKi,
where R and T are the gas constant, and temperature in Kelvin, respectively.
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compounds are competitive KLK7 inhibitors. Of these new inhibi-
tors, compounds 9g and 9j emerged as low micromolar inhibitors
of KLK7, with Ki values of 1.8 lM and 3.0 lM, respectively. The
molecular dynamics simulation and MM/PB(GB)SA calculations
showed good agreement with experimental results. The promising
results obtained in this study make these new compounds valid
leads for further optimization studies aiming to improve the
potency of this new class of kallikrein inhibitors.
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