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ABSTRACT

The enzymes ePepN and PfA-M1 are two M1 alanyl-aminopeptidases
which are targets in the potential treatment of microbial infections and
malaria, respectively. The classical inhibitor of M1-aminopeptidases is
bestatin. The synthetic bestatin-derived peptidomimetic KBEOO9 was pre-
viously identified as a PfA-M1 inhibitor with in vitro antimalarial activity.
The objective of this work was to test a synthetic library of 10 bestatin
(KBE0O9)-derived peptidomimetics in the inhibition of recombinant ePepN
(rePepN) and PfA-M1 (rPfA-M1), and to study the resultant structure-
activity relationship. In the first place, the main kinetic characteristics of
rePepN and of the inhibition of both enzymes by bestatin were assessed.
The same rePepN activity at pH 7.0 and 8.0, as well as a Ky, = 72 uM to-
ward the Leu-p-nitroanilide substrate were determined. A 5-min preincu-
bation between bestatin and rePepN is enough to establish the inhibition
equilibrium and bestatin is a non-competitive inhibitor of the enzyme with
a K = 2.31 uM. On the other hand, for rPfA-M1 a 15-min preincubation
time is enough, the K; of bestatin is 1.29 uM and this inhibitor is competi-
tive. Although none compound is a potent inhibitor, the structural charac-
teristics of the bestatin (KBE009)-derived peptidomimetics that are favora-
ble for the inhibition are: the central isopropyl and terminal 3-
phenylpropyl groups in the branch (for both aminopeptidases), the central
isopropyl and terminal cyclohexyl groups (for rePepN), and the central 2-
furyl and terminal benzyl groups (for rPfA-M1). The compound KBEO53, as
representative of this series, is an uncompetitive inhibitor of rePepN with a
Ki = 10.13 uM. This knowledge could contribute to the design of novel
ePepN and PfA-M1 inhibitors.

Keywords: inhibition mode, KBE0OQ9, kinetic characterization, structure-
activity relationship
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RESUMEN

Las enzimas ePepN y PfA-M1 son dos alanil-aminopeptidasas M1 que son blancos en el tratamiento potencial de
infecciones microbianas y la malaria, respectivamente. El inhibidor cldsico de las aminopeptidasas M1 es la besta-
tina. El peptidomimético sintético derivado de la bestatina KBEOO9 fue identificado previamente como un inhibi-
dor de PfA-M1 con actividad antimaldrica in vitro. El objetivo de este trabajo fue evaluar una biblioteca sintética
de 10 peptidomiméticos derivados de la bestatina (KBEOO9) en la inhibicion de ePepN y PfA-M1 recombinantes
(ePepNr y PfA-M1r), y estudiar la relacion estructura-actividad resultante. En primer lugar, se determinaron las
principales caracteristicas cinéticas de ePepNr y de la inhibicion de ambas enzimas por la bestatina. Se determiné
la misma actividad de ePepNr a pH 7,0 y 8,0, asi como una Ky, = 72 uM frente al sustrato Leu-p-nitroanilida. Una
preincubacion de 5 min entre la bestatina y ePepNr es suficiente para establecer el equilibrio de inhibicion, y la
bestatina es un inhibidor no competitivo de la enzima con una K; = 2,31 uM . Por otra parte, para PfA-M1r es sufi-
ciente un tiempo de preincubacion de 15 min, la K; de la bestatina es 1,29 uM 'y este inhibidor es competitivo.
Aunque ningtin compuesto es un inhibidor potente, las caracteristicas estructurales de los peptidomiméticos deri-
vados de la bestatina (KBEO09) que son favorables para la inhibicion son: los grupos central isopropilo y terminal 3
-fenilpropilo en la ramificacion (para ambas aminopeptidasas), los grupos central isopropilo y terminal ciclohexil
(para ePepNr), y los grupos central 2-furilo y terminal bencilo (para PfA-M1r). El compuesto KBEO53, como repre-
sentante de esta serie, es un inhibidor incompetitivo de ePepNr con una K; = 10,13 uM . Este conocimiento pudiera
contribuir al disefio de nuevos inhibidores de ePepN y PfA-M1.

Palabras clave: caracterizacion cinética, KBEOO9, modo de inhibicion, relacion estructura-actividad

INTRODUCTION

Neutral metallo-aminopeptidases (APs) are included
in both processes. Therefore, inhibition of these en-
zymes could block the growth, diminish the virulence
and increase the susceptibility toward antimicrobial
agents (Madigan et al., 2014).

The increasing of bacterial resistance to convention-
al antibiotics has become a worldwide health prob-
lem. The development of novel antibacterial drugs,
their irrational and indiscriminate use and the evolu-
tionary pressure exerted by the therapeutic use, have

favored the increasing of resistant strains (Wilke,
2010; Pathak et al., 2012). For this reason, the devel-
opment of novel antimicrobial agents, directed
against novel molecular targets, is a priority (Silver,
2011; Scholz et al., 2012).

Malaria is the main human parasitic disease in tropi-
cal regions (Greenwood et al., 2005) and its more
lethal etiologic agent is the protozoon Plasmodium
falciparum, William H. Welch 1897 (Apicomplexa:
Aconoidasida: Haemosporida: Plasmodiidae), respon-
sible of almost half million of deaths annually in all
the world (WHO, 2017). The spread parasite re-
sistance to traditional drugs (Turschner and Efferth,
2009) and the absence of an effective vaccine against
the disease (Doolan et al., 2014) impose the search
for novel therapeutic agents.

Proteolysis is a crucial event for bacterial growth
and development (Kaman et al., 2014). In addition to
this essential physiological role, pathogen bacteria
segregate proteases as virulent factors that act over
host proteins and tissues (Madigan et al., 2014).

Host hemoglobin breakdown is an essential event
for the development of P. falciparum during its clini-
cally relevant erythrocytic stages (Liu et al., 2006).
This process has been identified as a target for the
search for antimalarials (Yeh and Altman, 2006) and
involves redundant endoproteases belonging to
different mechanistic classes (Omara-Opyene et al.,
2004), as well as neutral metallo-APs (Dalal and Klem-
ba, 2007).

Metallo-proteases are the most diverse mechanistic
class of these hydrolases and contain in the active site
at least a divalent metallic cation with catalytic func-
tion (Barret et al., 2003). Among these enzymes are
included APs, which hydrolyze the N-terminal peptide
bonds of polypeptide chains. Neutral metallo-APs,
denomination based on the substrate specificity, are a
distinctive group that develop crucial biological func-
tions in different organisms (Albiston et al., 2004; Lu-
an and Xu, 2007; Noble and Roques, 2007), including
their essential role in the life cycles of different para-
sites. For this reason, such peptidases are recognized
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as targets in relevant human parasitic diseases (Morty
and Morehead, 2002; Cadavid-Restrepo et al., 2011).
That is the case of PfA-M1, an alanyl-AP belonging to
the M1 family (APN) of metallo-proteases that is pre-
sent in P. falciparum and constitutes a promising tar-
get against malaria (Florent et al., 1998; Harbut et al.,
2011).

Native PfA-M1 (nPfA-M1) is a monomeric enzyme of
1,085 aminoacid residues and 126 kDa as primary
protein. Its gene is expressed in the erythrocytic stage
of the parasite life cycle as three active and soluble
processed proteins of 120, 96 and 68 kDa (Florent et
al., 1998; Allary et al., 2002; Azimzadeh et al., 2010).
This AP contains a Zn®* ion in the active site
(McGowan et al., 2009) and it is specific for peptides
with basic and hydrophobic residues in the N-terminal
(Allary et al., 2002; Dalal et al., 2012; Poreba et dl.,
2012). This essential enzyme (Dalal and Klemba, 2007)
participates in the hydrolysis of dipeptides derived
from the hemoglobin breakdown, among other func-
tions (Gavigan et al., 2001; Allary et al., 2002; Dalal
and Klemba, 2007; Harbut et al., 2011; Ragheb et al.,
2011). Some PfA-M1 inhibitors previously described
have in vitro antimalarial activity at micromolar or
submicromolar concentrations, as well as in vivo in
murine models (Flipo et al., 2007a; Skinner-Adams et
al., 2007, 2012; Harbut et al., 2011; Velmourougane
et al., 2011). For this reason, identification of PfA-M1
inhibitors is a priority in this research area. In our
group, a recombinant variant of PfA-M1 (rPfA-M1) is
available (Gonzalez-Bacerio et al., 2014a).

Another AP, among the most studied with these
aims, is the APN from the gram-negative bacterium
Escherichia coli (ePepN). This enzyme contains a cata-
lytic Zn®*" ion in the active site. It shows the highest
ATP-independent AP activity in E. coli and is involved
in the last stages of the protein degradation pathway
in the bacterial cytosol (Chandu and Nandi, 2003;
Chandu et al., 2003). For these reasons, this enzyme
develops relevant functions in the cellular maintain-
ing, growth and development. The AP ePepN is highly
conserved among prokaryotes, including pathogen
bacteria (Chandu et al., 2003). The previous elements,
together with its easy obtainment by recombinant
way (Addlagatta et al., 2006), determine that this AP
is a good model for the fast identification of inhibitors
of APNs from pathogen microorganisms (Chandu et
al., 2003). Therefore, ePepN is an attractive target for
use in the search for natural and synthetic inhibitors,
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and for studying the structure-activity relationship of
identified inhibitors. In our group, an ePepN recombi-
nant variant (rePepN) is available (Méndez et al.,
2019).

The design of synthetic compounds for the APN inhi-
bition is based in the presence of Zn®* ion in the active
site and the S1 and S1’ enzyme subsites. For example,
the PfA-M1 S1 subsite is composed of the residues
Q317, E319, A320, V459, Maezl E572, Y55 and M1034; and the
S1’ pocket is formed by R489, T492, Vv* and v
(McGowan et al., 2009; Velmourougane et al., 2011;
Drinkwater et al., 2015). As in ePepN (Addlagatta et
al., 2008), the PfA-M1 S1 pocket has the shape of a
cylinder with hydrophobic walls that accommodate
the non-polar side chains of some P1 residues. At the
end of this pocket are polar residues, as E°’°
(McGowan et al., 2009). It has been proposed that the
long basic chains of arginine and lysine in the P1 site
of peptide ligands establish hydrophobic interactions
with the S1 subsite wall, while the positive charge
ends of these residues interact by hydrogen bonds
with E°7 (Dalal et al., 2013; Kannan Sivaraman et al.,
2013; Rosati et al., 2017). Therefore, the synthetic
APN inhibitors have substituents (in P1 hydrophobic
or long basic; in P1’ hydrophobic or long with polar
ends; Dalal et al., 2012) destined to recognize the S1
and S1’ pockets, and specific functional groups to co-
ordinate the zn*' (Xu and Li, 2005; Mucha et al.,
2010).

Neutral metallo-APs from M1 and M17 families are
inhibited by bestatin (Burley et al., 1991; Scornik and
Botbol, 2001; Addlagatta et al., 2006), a natural pseu-
dopeptide, transition state analog of the catalytic
mechanism of these enzymes (Umezawa et al., 1976).
This compound, that mimics the structure of the Phe-
Leu dipeptide, is considered as a slow-binding com-
petitive reversible inhibitor (Scornik and Botbol,
2001). The inhibition constant (K;) of bestatin toward
ePepN is in units of micromolar (Fournié-Zaluski et al.,
2009) and toward PfA-M1 is in the 3.8-0.12 uM range
(McGowan et al., 2009; Ragheb et al., 2011; Velmour-
ougane et al., 2011; Skinner-Adams et al., 2012). For
this reason, such inhibitor has an intermediate poten-
cy between classical and tight-binding inhibition.

In addition to inhibiting APNs, this compound inhib-
its the growth of some pathogenic bacteria, as Por-
phyromonas gingivalis (Labbé et al., 2001) and Helico-
bacter pylori (Dong et al., 2005; Modak et al., 2016).
This compound also inhibits the in vitro growth of P.
falciparum with half maximal inhibitory concentration
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(IC5p) values from tens to units of uM (Nankya-Kitaka
et al., 1998; Flipo et al., 2003; Skinner-Adams et al.,
2007). A major disadvantage of bestatin for the thera-
py of bacterial infections and malaria is its low selec-
tivity for the inhibition of neutral and basic APs, since
it also inhibits these human enzymes (Scornik and
Botbol, 2001; Drinkwater et al., 2017). Despite this, its
chemical structure can be used as a basis to design
compounds that could be used for the treatment of
bacterial infections and malaria.

This pseudopeptide has been used as a model inhib-
itor to study the structure-function relationship of this
type of APs, including ePepN and PfA-M1 (Addlagatta
et al., 2006; McGowan et al., 2009; Chen et al., 2012;
Wong et al., 2012). The main interactions between
bestatin and ePepN and PfA-M1 active site, deter-
mined by X-ray crystallography, are the following: (1)
The hydroxyl and carbonyl groups of the phenylala-
nine-like residue in bestatin coordinate the zZn®* ion.
(2) The benzyl and isobutyl substituents of the inhibi-
tor establish hydrophobic interactions with the side
chains of several residues from the active site’s S1 and
S1’ subsites, respectively. (3) The free amino group of
bestatin establishes hydrogen bonds with the side
chains of two active site’s glutamates (Addlagatta et
al., 2006; McGowan et al., 2009).

We previously identified KBE0O09, a synthetic
bestatin-based peptidomimetic which is a submi-
cromolar rPfA-M1 inhibitor (K; = 0.4 uM) and an in
vitro antimalarial compound as potent as bestatin (ICsq
= 18 uM) (Gonzalez-Bacerio et al., 2017). The com-
pound KBEOOQ9 inhibits the M1-type AP activity in iso-
lated live parasites with a potency similar to that of
the antimalarial activity (ICso = 82 uM), strongly sug-
gesting that the antimalarial effect is directly related
to the inhibition of the endogenous PfA-M1. Docking
simulations indicate that this compound binds PfA-M1
without Zn** coordination, establishing mainly hydro-
phobic interactions and showing a remarkable shape
complementarily with the active site of the enzyme
(Gonzalez-Bacerio et al., 2017). To study the structure-
activity relationship of compounds similar to KBEOQ9,
in this work we assess the inhibition of APNs ePepN
and PfA-M1 by a library of 10 synthetic bestatin
(KBEOO9)-derived peptidomimetics (including KBEOQ9).
These compounds have different structural elements
with potentialities for the interaction with the S1 and
S1’ subsites of both enzymes, both in steric comple-
mentarily and in physical-chemical recognition.

ANA C. VARELAET AL

MATERIALS AND METHODS

Enzymes, substrate, bestatin and bestatin (KBE009)-
derived peptidomimetics

The enzymes rePepN and rPfA-M1 were obtained in
the Center for Protein Studies, Faculty of Biology, Uni-
versity of Havana, where they are produced routinely
(Gonzalez-Bacerio et al., 2014a; Méndez et al., 2019).
Since both recombinant enzymes were obtained with
a purity >90 % (Gonzalez-Bacerio et al., 2014a; Mén-
dez et al., 2019), we report enzyme concentration in
molarity. The chromogenic peptidic substrate Leu-p-
nitroanilide (Leu-pNA) and the inhibitor bestatin were
obtained in Bachem (Sweden). The bestatin (KBEO09)-
derived peptidomimetics were synthesized in the Cen-
ter for Natural Products Studies, Faculty of Chemistry,
University of Havana (Méndez et al., 2014). These are
low-molecular-weight compounds that have different
substituents with distinct hydrophobicities and sizes.
They are based on the bestatin’s Phe-Leu scaffold N-
alkylated in the amide nitrogen. This central chain
(absent in the bestatin structure) has two variable
groups: one in the branching in the first carbon after
amide nitrogen (neither, 2-furyl, isopropyl or p-
methoxyphenyl), and the other terminal after a sec-
ond amide bond (benzyl, cyclohexyl or 3-
phenylpropyl). The objective is to expand contacts
with the active sites through these hydrophobic sub-
stituents.

Aminopeptidase activity assays for rePepN and rPfA-
M1

The AP enzymatic activity (EA) was determined by a
continuous kinetic method (Tieku and Hooper, 1992).
The chromogenic substrate Leu-pNA 75 uM, for
rePepN, and 300 puM, for rPfA-M1, was used (~1 ap-
parent Michaelis-Menten’s constant (appKy); dis-
solved in DMSO; 2 pLfor the microplate assay and 10
pL for the cuvette assay) and the increase of the ab-
sorbance at 405 nm (due to the liberation of the pNA
chromogen) was recorded in function of time for 3
min, making measurements each 15 s. The determina-
tions were done at 25°C, as in 96-well microplates
(200 pL final volume), using a microplate spectropho-
tometer (Multiscan FC, Thermo Scientific, USA), as in
a cuvette of 1 cm of path length (1 mL final volume),
using a kinetic spectrophotometer (UV-1800 Shimad-
zu, UV Spectrophotometer, Japan). The buffer 50 mM
Tris-HCI pH 8.0, for rePepN, and pH 7.2, for rPfA-M1,
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was used, as well as concentrations of rePepN (7.5 x
10® M) or rPfA-M1 (5.3 x 10°® M) linearly related with
the initial velocities (vp). The final DMSO concentra-
tion in the assays was not higher than 2 % (v/v). Only
the linear portions of the progress curves, corre-
sponding to substrate consumption lower than 5 %,
were used to measure the reaction rates. The slopes
with R? < 0.98 were not considered. The slope values
of the reaction progress curves (AAbs/At) were taken
as values of v,. The assays were performed in quadru-
plicate.

Comparison between the rePepN aminopeptidase
activities at pH 7.0 and 8.0

Aminopeptidase activity assays were performed at
pH 7.0 and 8.0, using the Leu-pNA substrate at 300
UM (~ 4 appKy). The remaining experimental condi-
tions were as described.

Determination of the rePepN apparent K, value to-
ward the Leu-pNA substrate

To determine the rePepN appKy, AP activity assays
were performed at seven concentrations of the Leu-
pNA substrate (18.75-1,200 uM), prepared by double
serial dilutions in DMSO. Since the enzymatic prepara-
tion used in this work does not contain rePepN puri-
fied until total homogeneity (Méndez et al., 2019), Ky
is reported as an apparent value. The appKy, was cal-
culated by fitting the function of the Michaelis-
Menten’s rectangular hyperbole (Copeland, 2000) to
the experimental data. For this, the OriginPro 8 SRO
software was used (version 8.0724 (B724); OriginLab
Corporation [http://www.OriginLab.com]).

Aminopeptidase activity inhibition assays for rePepN
and rPfA-M1

The rePepN or rPfA-M1 enzymes were preincubated
with 10 pL (for the cuvette assay) or 2 pL (for the mi-
croplate assay) of bestatin or the compounds
(dissolved in DMSO), at 252C for 15 min. Subsequent-
ly, the substrate Leu-pNA at 75 uM, for rePepN, and
300 uM, for rPfA-M1 (~1 appKy), was added and the
AP activity assays were performed. The control was
prepared by pre-incubation of the enzymes with the
same volume of DMSO in the previous conditions. The
residual activity (vi/vy) was defined as the ratio be-
tween the reaction rate in the presence of the com-
pound and the reaction rate corresponding to the
control.
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Determination of the time necessary to reach the
inhibition equilibrium

Inhibition assays with rePepN or rPfA-M1 and
bestatin were performed by pre-incubation of the
enzymes with the inhibitor during 5, 10, 15, 30 and 45
min.

Determination of the inhibition mode

Assays of AP EA with rePepN in the presence of 0, 4
and 10 uM bestatin or 0, 12.5, 25 and 40 pM KBEQ53,
and rPfA-M1 in the presence of 0, 0.78, 1.56 and 3.12
MM bestatin, were performed. For each inhibitor con-
centration, after pre-incubation for 15 min, the sub-
strate Leu-pNA was added at different concentrations,
spanning the range 18.75-1,200 4 M in the assay. In
the absence of inhibitor, the enzymes were preincu-
bated with the same DMSO volume. The experimental
data were transformed and the Lineweaver-Burk dou-
ble reciprocal plots were constructed. The trans-
formed experimental data were analyzed by a simple
linear fitting using the software Microsoft Office Excel
2007™ (Microsoft Corporation; USA; [https://
www.microsoft.com/]). The inhibition type was deter-
mined graphically from the lines of the double recip-
rocal plots (Copeland, 2000).

Determination of K;

For bestatin toward rePepN, K; was determined by
Dixon plot (1/apparent maximum velocity (appVmax)
vs. bestatin concentration) to determine the -ak; val-
ue, and the other secondary plot (slope Lineweaver—
Burk plots vs. bestatin concentration), to determine
the -K; value (Copeland, 2000). For bestatin toward
rPfA-M1, K; was determined by Dixon plot (1/vy vs.
bestatin concentration) at two different substrate
concentrations. For KBEO53 toward rePepN, K; was
determined by Dixon plot (1/appVmax vs. KBEO53 con-
centration) to determine the -aK; value, assuming that
a can be considered as zero in uncompetitive inhibi-
tion (Copeland, 2000).

Dose-response studies for the inhibition of the
rePepN and rPfA-M1 enzymes

The inhibition assays of the rePepN and rPfA-M1’s
EA with bestatin (for rPfA-M1) and the bestatin
(KBE0Q9)-derived peptidomimetics (for both enzymes)
were performed. Different concentrations of each
compound were used (prepared in DMSO by double
serial dilutions) spanning the range 0.781-100 uM
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(concentrations in the assay). When the IC5q value was
not reached in this range, lower or higher inhibitor
concentrations were tested. The I1Csq values were cal-
culated from the dose-response curves (residual activ-
ity vs. inhibitor concentration in logarithmic scale) by
the nonlinear fit of the logistic function to the experi-
mental data, using OriginPro 8 SRO software (version
8.0724 (B724); OriginLab Corporation [http://
www.OriginLab.com]) with default parameters. The
logistic function is: vi/vo =1/ (1 + [I] / ICs), where [I]:
inhibitor concentration in the assay (Copeland, 2000).
All assays were performed at least in triplicate.

Statistical analyses

Normal distribution and homogeneity of variances
of the experimental data were verified by the Kolmo-
gorov-Smirnov and the Bartlett test, respectively
(Snedecor and Cochran, 1989). Afterward, an analysis
of variance of simple classification was carried out.

ANA C. VARELA ET AL

The means were compared by the Tukey HSD test
(Tukey, 1949). A level of signification of 0.05 was used.
To perform these analyses, the software Statistica
(version 8.0; StatSoft Inc. [http://www.statsoft.com])
was used.

RESULTS

Partial kinetic characterization of rePepN aminopep-
tidase and the inhibition of rePepN and rPfA-M1 by
bestatin

Firstly the main kinetic characteristics of rePepN,
that is necessary to know for the inhibitors identifica-
tion, were assessed. It was confirmed that the activity
of this AP toward Leu-pNA substrate is the same at pH
7.0 and 8.0 (Fig. 1A). In addition, an appKy, value of 72
MM was obtained (Fig. 1B).

. 3
v, ((A0D,, /min)x10) A Vy ((A0D,,,  /min) x 10°) B
141 391 §
12 30
10 251
8 204
61 151
R 0] K, =71.73 + 14.80 pmol/L
5] 5] R?=0.950
0

pH 7.0

pH 8.0

0 T Ll Ll T T T
0 200 400 600 800 10001200
[Leu-pNA] (umol/L)

Figure 1. Partial kinetic characterization of rePepN aminopeptidase toward Leu-pNA substrate. A) Comparison between the
enzymatic activities at pH 7.0 and 8.0. A substrate concentration of 300 uM (~4 appKy) was used. B) Michaelis-Menten’s
curve. The Ky value is apparent. All data are presented as mean + standard deviation or standard error (Ky, value).

Figura 1. Caracterizacion cinética parcial de la aminopeptidasa ePepNr frente al sustrato Leu-pNA. A) Comparacion entre las
actividades enzimdticas a pH 7,0 y 8,0. Se usé una concentracion de sustrato de 300 uM (~4 Kyap). B) Curva de Michaelis-
Menten. El valor de Ky, es aparente. Todos los datos se presentan como la media + desviacion estandar o error estdndar (valor

de KM)
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Afterward, some kinetic characteristics of rePepN perimental conditions used in this work (Fig. 2A).
inhibition by bestatin were determined. A preincuba- Bestatin is a non-competitive inhibitor (o > 1) or
tion time of 5 min between the AP and bestatin is mixed of the enzyme (Fig. 2B), with an a and a K; val-
enough to reach the inhibition equilibrium, in the ex- ue of 3.35 and 2.31 uM, respectively (Fig. 2C and D).

A B .
W 145 (1/[(AOD 495 p, /min) x 10%]) Ri=0.987
10’ 0.6 1 Ky= 118,30 unolL
Vg = 12,81 x 10°DO/min
081 g a a + best 0 umol/L
3?0 0.4 - -
0.6 L} i ® best 4 umol/L RE=0.949
{ Ky = 94,37 pmollL
0.4 4 best 10 umol/L V= 18,21 % 10? DO/min
024 R*=0.970
Ky=71,73 umolL
0.0 . . . . . Ve = 34,05 103 DO/min
0 10 20 30 40 50 — /| '
preincubation time E- (min) 0.05_~-002 0.01 0.04 1/[S], (W/wmol)
Y 0.2 D
1/apPVimac (1/[(AOD 495 um/min) x 103]) slope Lineweaver-Burk plots (M/[{AOD 495 /min) x 10%])
0.1 1 10 -
y=0.004x+0.031 y=0.694x+ 1.605

0.08 1 R2=0.979 R?=0.998

0.06 -

0.04 1

'aKi =.7.75 llM -Ki =-2.3 H.M

fa
r T T T T 1

-8 -3 2 7 12 -8 -3 2 7 12
[bestatin] (HM) [bestatin] (MM)

Figure 2. Some kinetic characteristics of rePepN inhibition by bestatin. A) Study of the enzyme-inhibitor preincubation time,
necessary to reach the inhibition equilibrium. E: enzyme. I: inhibitor. B) Determination of the inhibition type. Ky, and maximum
velocity (Vmax) Values are apparent. best: bestatin. C) Dixon plot to determine the -aK; value (intercept with the abscise axis).
D) Secondary plot to determine de -K; value (intercept with the abscise axis). All data are presented as mean * standard devia-
tion.

Figura 2. Algunas caracteristicas cinéticas de la inhibicion de ePepNr por la bestatina. A) Estudio del tiempo de preincuba-
cion enzima-inhibidor, necesario para alcanzar el equilibrio de inhibicidn. E: enzima. I: inhibidor. B) Determinacion del tipo de
inhibicidn. Los valores de Ky, y velocidad mdxima (vmg,) son aparentes. best: bestatina. C) Ploteo de Dixon para determinar el

valor de -aK; (intercepto con el eje de las abcisas). D) Ploteo secundario para determinar el valor de -K; (intercepto con el eje de
las abcisas). Todos los datos se presentan como la media + desviacion estandar.
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With respect to rPfA-M1, firstly some kinetic fea-
tures of inhibition by bestatin were assessed. A prein-
cubation time of 15 min between the AP and bestatin
is enough to reach the inhibition equilibrium, in the
experimental conditions used here (Fig. 3A). An ICsq of

ANA C. VARELAET AL

1.79 uM for bestatin toward this enzyme and the Leu-
PNA substrate was determined (Fig. 3B), as well as
that this is a competitive inhibitor of rPfA-M1 (Fig. 3C)
with a K; value of 1.29 uM (Fig. 3D).

A e B Y
1 a [}
084 = 0.8 e
1 b o
0.6 | = C c c 0.6 Ny
] - - = -
-
0.4 - 0.41 N
J '\.
0.2 0.2{IC_, = 1.79 + 0.08 umol/L
1 R®=0.902
0.0 +—— ' PR ' 0851 0.1 1 10
0 10 20 30 40 50 : A
preincubation time E-I (min) [bestatin] (umol/L)
C 1o (1/[(AOD 495 o/ Min) x 10]) R?=0.992

0.14 4

¢ best 0 umol/L 0.12

Hbest 0.78 umol/L 0.1
0.08

best 1.56 umol/L
0.06

best 3.12 umol/L 0.04

Ky = 79.61 pmol/L
Vmax = 43.48 x 103 DO/min

R2 = 0.961
Ky = 64.52 pmol/L
Vmax = 47.62 x 10-3 DO/min

R2=0.997
Ky = 48.05 pmol/L
Vmax = 45.45 x 10-2 DO/min

R2=0.926
Ky = 24.27 pmol/L
Vimax = 45.45 x 10-3 DO/min

-0.06 0.02

-0.02
-0.04 -
D 1/V0(1/[(—\OD4OS|nn/min) 103])
0.14

0.12

y=0.023x+ 0.055
R?=0.953

004 006 1/[S], (L/umol)

18.75uM Leu-pNA

3

y=0.002x+ 0.028

2=
R#=0.973 150 uM Leu-pNA

[bestatin] (UM)

Figure 3. Some kinetic characteristics of rPfA-M1 inhibition by bestatin. A) Study of the enzyme-inhibitor preincubation time, neces-
sary to reach the inhibition equilibrium. E: enzyme. I: inhibitor. B) Dose-response study. Data are presented as means + standard devia-
tion or standard error (ICs value). C) Determination of the inhibition type. Ky and maximum velocity (vimax) Values are apparent. best:
bestatin. D) Dixon plot to determine the -K; value (intercept of the two lines). Data are presented as mean * standard deviation.

Figura 3. Algunas caracteristicas cinéticas de la inhibicién de PfA-M1r por la bestatina. A) Estudio del tiempo de preincubacién enzima
-inhibidor, necesario para alcanzar el equilibrio de inhibicion. E: enzima. I: inhibidor. B) Estudio dosis-efecto. Los datos se presentan
como la media + desviacion estdndar o error estdndar (valor de ICsg). C) Determinacion del tipo de inhibicion. Los valores de K, y veloci-
dad mdxima (vig) Son aparentes. best: bestatina. D) Ploteo de Dixon para determinar el valor de -K; (intercepto de las dos rectas). Los

datos se presentan como la media + desviacion estandar.

REVISTA CUBANA DE CIENCIAS BIOLOGICAS

RNPS: 2362 « ISSN: 2307-695X « VOL. 7 + N.1 « ENERO — JUNIO * 2019 « pp. 1 —21.



INHIBITION OF EPEPN AND PFA-M1 BY PEPTIDOMIMETICS

9

Evaluation of the synthetic bestatin (KBE009)-
derived peptidomimetics in the inhibition of rePepN

and rPfA-M1 aminopeptidases

The series of 10 synthetic bestatin (KBE009)-derived
peptidomimetics was evaluated in the search for pos-
sible rePepN inhibitors. Dose-response studies were
performed and ICsq values were determined.

Table 1. Inhibition of the rePepN aminopeptidase by the bestatin (KBEO09)-derived peptidomimetics

ANA C. VARELAET AL

The 10 compounds were inhibitors of the AP, alt-
hough with different potency (table 1). The ICs; values

fluctuate between 26 and 570 puM, approximately.

Three peptidomimetics have values higher than 100
UM (KBEO45, 049 and 051), and seven in the 10-100
UM range (KBEOQ9, 044, 046, 048, 052, 053 and 054).

Tabla 1. Inhibicion de la aminopeptidasa ePepNr por los peptidomiméticos derivados de la bestatina (KBEO0O9)

Compound

Structure

ICso (uM)

highest [1]o/[E]o

% of inhibition

KBEOO9

67.54 £ 4.02

1,333

60

KBEO44

75.88 £2.80

2,666

80

KBE045

131.56 £ 16.27

5,333

60

KBEO46

37.22 +£3.82

5,333

90

KBE048

26.25+4.99

5,333

80

The ICso values are presented as mean * standard error
Los valores de ICsq se presentan como la media + el error estdndar.
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Table 1. Inhibition of the rePepN aminopeptidase by the bestatin (KBE009)-derived peptidomimetics-Continuation

Tabla 1. Inhibicién de la aminopeptidasa ePepNr por los peptidomiméticos derivados de la bestatina (KBEO09)-Continuacién

Compound Structure 1C50 (LM) highest [1]o/[Elo % of inhibition
HN. O OMe
KBEO49 201.97 £19.38 5,333 60
HaN NYCOZH

) O

pu
z
o

KBEO51 569.74 + 107.57 10,666 60
HoN N._COH
o z
o}
KBEO52 me 58.33 +9.06 1,333 60
HaN N\:/COZH
[e] :\r
o]
KBEOS3 ”NV 25.73+2.26 1,333 80
HoN N\:/COZH
o Y
KBE054 AN

O
WOW 52.10 + 8.09 1,333 70

HoN NYCOQH

ST

The ICsq values are presented as mean * standard error
Los valores de ICsq se presentan como la media + el error estdndar.

Once determined the ICso values, the structure-activity  ished the potency of the rePepN inhibition, comparing
relationship of these inhibitors was analyzed. For the  with the 2-furyl and isopropyl groups (table 1). The com-
compounds with a terminal benzyl or cyclohexyl group  bination terminal cyclohexyl with central isopropyl gener-
in the branch, the presence of the p-methoxyphenyl ated one of the two most potent inhibitors in the library
group at the center of the molecule significantly dimin-  (KBE048, ICsp = 26 uM).
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When the terminal group in the branch is 3-
phenylpropyl, the absence of a central functional
group notably increased the ICsy value, regarding the
presence of the 2-furyl, isopropyl and p-
methoxyphenyl groups (table 1). The first of these
four cases corresponds to the worst inhibitor of the
AP in this series (KBEO51, ICsp = 570 uM), and the third
resulted one of the two most potent inhibitors
(KBEO53, ICso = 26 pM).

For the peptidomimetics with the central 2-furyl
group, the most potent rePepN inhibition was ob-
tained with the compound that has the terminal cy-
clohexyl group in the branch, in comparison with the
benzyl and 3-phenylpropyl substituents (table 1). The
same analysis for the inhibitors that have the central

A 1’/VO (1/[(AOD 405 i /min) x 103])

0.12 1
¢ KBE053 0 umol/L 0.1 A
®KBEO053 12.5 umol/L 0.08 -
BKBE053 25 umol/L

0.06 A
K KBE053 40 umol/L

0.04

0.0

ANA C. VARELAET AL

isopropyl group showed that the lowest ICsy values
correspond to the molecules with the terminal cyclo-
hexyl and 3-phenylpropyl groups. When the p-
methoxyphenyl group occupies the central position,
the decreasing order of the inhibitory activity corre-
sponds to the peptidomimetics with the 3-
phenylpropyl, benzyl and cyclohexyl functions at the
end of the branch (table 1).

To determine the inhibition type of the bestatin
(KBEOQ9)-derived peptidomimetics toward the
rePepN enzyme, the compound KBEO53 was selected,
since it is one of the two most potent in the series
(ICsp = 26 uM). As it is shown in figure 4, this molecule
is an uncompetitive inhibitor of the AP with a K; =
10.13 uM.

R2=0.819
Ky =25.34 pmol/L
Vax = 24.39 x 1073 DO/min

Rz2=0.974
Ky =40.25 pmol/L
Vinax = 41.67 » 10 DO/min

R>=00978
Ky = 46.05 pmol/L
Vinax = 50 10 DO/min

R>=0.988
Ky =123.13 pmol/L
Vimax = 125 % 102 DO/min

r / T 1

0. / 0.04 0.08

-0.02 - 1/[S], (L/pmol)
B l/appvmax (1/[(AOD 405 nm/min) . 103])
0.05 1
y =0.0008x+ 0.0081
0.04 | R?=0.9634
0.03 1
0.02 A
-aK,=-10.13 uM
a<<1 0.01
K, =-10.13 pM -

-20 -10 0 10

20 30 40 50
[KBEO53] (M)

Figure 4. Some kinetic characteristics of ePepN inhibition by KBE053. A) Determination of the inhibition type. The Ky, and
maximum velocity (vynax) Values are apparent. B) Dixon plot to determine the -K; value (intercept with the abscise axis). Data

are presented as mean * standard deviation.

Figura 4. Algunas caracteristicas cinéticas de la inhibicion de ePepN por KB053. A) Determinacion del tipo de inhibicidn.
Los valores de Ky, y velocidad mdxima (vi.éx) son aparentes. B) Ploteo de Dixon para determinar el valor de -K; (intercepto con
el eje de las abscisas). Los datos se presentan como la media * desviacion estdndar.
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The series of 10 synthetic bestatin (KBE009)-derived potency (table 2). The ICs5, are extended between 13
peptidomimetics was evaluated as possible rPfA-M1 and 423 pM, approximately. Similar to rePepN, three
inhibitors. This was performed in the same manner peptidomimetics have values higher than 100 uM
that for rePepN, carrying out dose-response studies (KBEO45, 049 and 051), and seven in the 10-100 uM
and assessing the 1Cso values. The 10 compounds re- range (KBEOQ9, 044, 046, 048, 052, 053 and 054).

sulted inhibitors of the AP, although showing different

Table 2. Inhibition of the rPfA-M1 aminopeptidase by the bestatin (KBE009)-derived peptidomimetics

Tabla 2. Inhibicion de la aminopeptidasa PfA-M1r por los peptidomiméticos derivados de la bestatina (KBEO09)

Compound Structure 1C5o (LM)

highest [1]o/[E]o

% of inhibition

KBEOO9 o \ 13.26 £2.49

1,887

70

KBEO44 V 51.91+2.56

3,774

70

HN 0 OMe
KBE045 ?@f 134.79+£1.30

5,660

80

KBE046 ) 28.01 £ 3.56

2,830

70

KBE048 17.04£1.41

1,887

70

The ICso values are presented as mean * standard error
Los valores de ICsy se presentan como la media + el error estandar.
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Table 2. Inhibition of the rPfA-M1 aminopeptidase by the bestatin (KBE009)-derived peptidomimetics-Continuation
Tabla 2. Inhibicién de la aminopeptidasa PfA-M1r por los peptidomiméticos derivados de la bestatina (KBEO0OS)-Continuation

Compound Structure IC50 (mM) highest [1]o/[Elo % of inhibition
HN. O OMe
KBE049 \S/Q/ 153.09 + 1.17 5,660 70
HaN N._-COH

L

e}

KBE051 423.22 + 31.15 15,094 75
HoN NVCOZH
o z
KBEO052 HNT?@ 47.00 + 4.92 3.774 75
HaN N._CO-H
(o] :\‘/
KBEO053 HN 13.73 £+ 2.96 1,887 75

ﬁo

N CO,H
HoN R

<

) 0

KBE054 HN@OW 30.31+5.18 3,774 75

N CO,H
HzN U

T T

The ICsq values are presented as mean + standard error
Los valores de ICsy se presentan como la media #* el error estdndar.
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The determination of ICsq values allows to analyze the
structure-activity relationship of these inhibitors. For the
compounds with a terminal benzyl or cyclohexyl group in
the branch, the presence of the central p-methoxyphenyl
group also significantly diminished the potency of the
rPfA-M1 inhibition, comparing with the 2-furyl and iso-
propyl groups (table 2). The combination terminal benzyl
with central 2-furyl generated one of the two most po-
tent inhibitors in the library (KBEOO9, IC5o = 13 uM). As
occurred with rePepN, when the terminal group in the
branch is 3-phenylpropyl, the absence of a central func-
tional group notably increased the ICsq value, regarding
the presence of the 2-furyl, isopropyl and p-
methoxyphenyl groups (table 2). The first of these four
cases corresponds to the worst rPfA-M1 inhibitor in this
series (KBEO51, ICso = 423 uM), and the third resulted one
of the two most potent inhibitors (KBE053, ICsg = 14 uM).

ANA C. VARELAET AL

For the peptidomimetics with the central 2-furyl
group, the most potent rPfA-M1 inhibition was
obtained with the compound that has the terminal
benzyl group in the branch, in comparison with the
cyclohexyl and 3-phenylpropyl substituents (table 2).
The same analysis for the inhibitors that have the
central isopropyl group showed that, in the same
manner that rePepN, the lowest ICsq values corre-
spond to the molecules with the terminal cyclohexyl
and 3-phenylpropyl groups. As occurred with rePepN,
when the p-methoxyphenyl group occupies the cen-
tral position, the decreasing order of the inhibitory
activity corresponds to the peptidomimetics with the
3-phenylpropyl, benzyl and cyclohexyl terminal func-
tions (table 2). Table 3 summarizes the structural de-
terminants of these compounds for the inhibition of
both APs.

Table 3. Structure-activity relationship for the inhibition of rePepN and rPfA-M1 aminopeptidases by the bestatin (KBEO09)-

derived peptidomimetics

Tabla 3. Relacion estructura-actividad para la inhibicion de las aminopeptidasas ePepNr y PfA-M1r por los peptidomiméti-

cos derivados de la bestatina (KBEO0O9)

Structural determinants
for inhibition

rePepN rPfA-M1

central: isopropyl group
terminal: 3-phenylpropyl group

Common structural
determinants for inhibition

KBEO53

central: isopropyl group

central: 2-furyl group
terminal: benzyl group

terminal: cyclohexyl ring

Different structural
determinants for inhibition

H,N

5

HN._O NH o
o N
N._-COH HN N COH
(0] -\( o -\l/
KBEO48 KBE0OY
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DISCUSSION

The search for leading compounds for the develop-
ment of drug candidates against human infectious
diseases, caused by microorganisms, has become one
of the worldwide priorities for biomedical research in
the last years, due to the alarming increase of the
microbial resistance to conventional antibiotics
(Wilke, 2010; Silver, 2011; Pathak et al., 2012; Scholz
et al., 2012; Dusano, 2016; Paterson, 2016). Among
these efforts, the projects directed to identify prote-
ase inhibitors with potentialities as antimicrobial
agents have a relevant place (Cathcart et al., 2011;
Contreras-Martel et al., 2011; Newman et al., 2011;
Turk et al., 2011; Singh et al., 2012; Zindel et al.,
2013), since the crucial physiological functions of
these enzymes for bacteria and fungi, and their rele-
vance for pathogenesis (Kaman et al., 2014; Madigan
et al., 2014). The neutral metallo-APs from various
pathogen microorganisms are among the novel mo-
lecular targets recognized in the last decade, with
possibilities to constitute the starting point of novel
effective therapies (Florent et al., 1998; Cadavid-
Restrepo et al., 2011; Drinkwater et al., 2017). For this
reason, attempts to identify inhibitors of the microbial
APNs, like ePepN, are highly relevant.

The enzyme PfA-M1, APN from P. falciparum, partic-
ipates in the final stages of the human hemoglobin
breakdown, process that occurs during the parasite
erythrocytic stages (Gavigan et al., 2001; Dalal and
Klemba, 2007; Harbut et al., 2011). Unlike the endo-
proteases that mediate the initial events of this essen-
tial process in the protozoon food vacuole (Liu et al.,
2006), PfA-M1 is not functionally redundant with oth-
er APs produced by P. falciparum (Dalal and Klemba,
2007; Harbut et al., 2011; Skinner-Adams et al., 2012).
The activity of this enzyme is considered indispensa-
ble for the erythrocytic development of the microor-
ganism (Dalal and Klemba, 2007; Skinner-Adams et
al., 2010). For these reasons, PfA-M1 is a promising
target for the search for inhibitors with antimalarial
activity (Harbut et al., 2011).

The identification of such compounds is of particular
importance, due to the current prevalence of P. falci-
parum resistance to traditional drugs and the rele-
vance of malaria as a global health, economic and
social problem (WHO, 2017). Therefore, in the last
years the search for inhibitors of this enzyme with
potentialities as antimalarial drugs has been increased
(Flipo et al., 2007a; Velmourougane et al., 2011; Mis-
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try et al., 2014; Paiardini et al., 2015). With the excep-
tion of the non-selective inhibitor bestatin, from nat-
ural origin (Umezawa et al., 1976), all known PfA-M1
inhibitors, active against the parasite, are from syn-
thetic origin (Flipo et al., 2007a; Skinner-Adams et al.,
2007, 2012; Harbut et al., 2011; Velmourougane et
al., 2011).

For the identification of enzymatic inhibitors, it is
essential to first know the basic kinetic characteristics
of the target enzyme, in order to adequately adjust
the experimental conditions of the enzymatic assay.
The equality between enzymatic activity values of the
rePepN AP at pH 7.0 and 8.0 (Fig. 1A) is consistent
with the selection of one or another pH value for oth-
er authors to perform the kinetic characterization
studies of this enzyme (Chandu and Nandi, 2003;
Chandu et al., 2003; Golich et al., 2006; Ito et al.,
2006; Kumar et al., 2009). The same result was previ-
ously reported by Chappelet-Tordo and Lazdunski
(1977) for the Ala-pNA substrate. Even when the opti-
mal pH reported by Lazdunski et al. (1975) is 7.0,
the result obtained in this work allowed to perform
the enzymatic assay at pH 8.0. On the other hand, the
appKy value of 72 uM, obtained for rePepN with the
Leu-pNA substrate (Fig. 1B), is lower than that record-
ed by Golich et al. (2006) of 200 + 90 puM. This dispari-
ty could be the consequence of some little conforma-
tional difference between both recombinant variants
of the AP.

The establishment of the inhibition equilibrium for
the rePepN-bestatin couple, after a preincubation of
5 min (Fig. 2A), agrees with the observations of other
authors that classify this compound as a slow-binding
reversible inhibitor (Mucha et al., 2010). This means
that minutes are required for establishing the equilib-
rium between the free enzyme and the inhibitor, on
the one hand, and the enzyme-inhibitor complex, on
the other. Although with these results it is not possi-
ble to classify the inhibitor as a fast- or slow-binding
because experiments before 5 min were not per-
formed. However, the non-competitive (a > 1) or
mixed character of the inhibition caused by bestatin
(Fig. 2B) is not in agreement with the generally ac-
cepted classification of this pseudopeptide as a com-
petitive inhibitor of metallo-APs, belonging to M1 and
M17 families (Umezawa et al., 1976; Scornik and Bot-
bol, 2001; Mucha et al.,, 2010). Such competitive
effect for ePepN is not supported in the literature by
kinetic studies at different substrate and bestatin
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concentrations. For this reason, we decided to deter-
mine the inhibition mode of bestatin toward both
enzymes, and taking into account that it is the paren-
tal compound of peptidomimetics. We had previously
determined the IC5, of bestatin toward rePepN (7 uM;
Méndez et al., 2019). The K; = 2.31 uM (Fig. 2D) is con-
sistent with the report of Fournié-Zaluski et al. (2009).

The establishment of the inhibition equilibrium for
the rPfA-M1-bestatin, after a preincubation of 15 min
(Fig. 3A), agrees with the reports of other authors that
classify this compound as a slow-binding reversible
inhibitor (Mucha et al., 2010). The K; value of 1.29 uM
determined in this work for bestatin toward rPfA-M1
(Fig. 3D) agrees with the reports of other authors that
classify this compound as a micromolar-
submicromolar inhibitor of the AP (Flipo et al., 2003,
2007a; McGowan et al., 2009; Ragheb et al., 2011;
Skinner-Adams et al., 2012). This value is different
than the K; < 0.16 uM reported for bestatin toward
this same enzyme, in the presence of Ala-7-amido-4-
methylcoumarin (AMC) substrate (Gonzalez-Bacerio
et al., 2017). Apparently, the potency of an inhibitor
toward the same enzyme could depend on the used
substrate. Structural and size differences between the
non-natural substrates Ala-AMC and Leu-pNA, and
their dissimilar binding strength to the active site,
could be responsible for the differential facility for
substrate displacement by an inhibitor and, conse-
quently, different inhibition potency.

The competitive inhibition caused by bestatin (Fig.
3C) agrees with the reports of other authors for M1-
and M17-APs (Umezawa et al., 1976; Scornik and Bot-
bol, 2001; Mucha et al., 2010). The relevance of this
result (Fig. 3C) is that, to the best of our knowledge,
such competitive effect for PfA-M1 is not based in the
literature on kinetic studies at different substrate and
bestatin concentrations. Despite the fact that PfA-M1
and ePepN share a 35 % total sequence identity
(Gonzalez-Bacerio et al., 2014b) and 85 % similarity in
the active site region (Florent et al., 1998), bestatin
inhibits both M1-APs with different inhibition modes
(Fig. 2B and 3C). This could be due to subtle structural
differences between both enzymes. At this respect,
Pascual et al. (2017) also reported the non-
competitive (a > 1) or mixed inhibition of porcine APN
(pAPN) by bestatin, even though some authors refer
to bestatin as an APN competitive inhibitor (Wong et
al., 2012).

ANA C. VARELAET AL

What structural characteristics does PfA-M1 have in
the active site that distinguish it from ePepN and
pAPN and determine that the type of inhibition by
bestatin is different? The enzyme PfA-M1 has a small
active site that does not require a conformational
change to bind ligands (McGowan et al., 2009). In
ePepN, Met*® acts as a cushion to accommodate
substrates and bestatin, altering the size of the active
center (Addlagatta et al., 2006). The equivalent resi-
due in rPfA-M1 is the smaller VaI459, which it is not
displaced by the bestatin binding (McGowan et dl.,
2009). However, the ePepN active site is more flexible
(there is evidence of domain movement), undergoing
conformational changes between a closed
(catalytically active) and open (substrate binding)
form (Addlagatta et al., 2006). On the other hand, the
pAPN active site is larger, allowing easy access to sub-
strates (Chen et al., 2012). This is consistent with the
physiological roles of this cell-surface ectoenzyme,
which binds a wide range of peptides. This protein
also experiments closed-open transitions, that allows
it substrate binding, even exposed N-terminus of pro-
teins (Chen et al., 2012). In addition, human APN does
not bind bestatin in the same manner than substrate
(Wong et al., 2012). The inhibitor is almost entirely
covered by S1 subsite, coordinating the Zn®* with the
C-terminal carboxyl group. All these data suggest that
bestatin can be accommodated in only one way in the
PfA-M1 active site (competing with substrate), but
the flexibility of the other proteins would allow the
bestatin binding without competing with the sub-
strate. This hypothesis would need confirmation.

In this work, enzymes titration was not possible,
since an irreversible or tight-binding inhibitor is not
available. However, although we cannot assure that
all enzyme preparation is active, we can assure with a
high probability (little variation) that proportion be-
tween active-inactive enzyme molecules will not
change over time. A proof of this assumption is that
we obtained similar results (ICso values, the tendency
is the same) with both enzymes (tables 1 and 2).

For the dose-response studies with the derived pep-
tidomimetics a preincubation time of 15 min was
used. This time was not determined for each com-
pound. Instead, bestatin, the parental compound
from which the others are derivatives, was used.
Fifteen minutes is a prudent preincubation time to
test compounds in an inhibition assay. Obtaining simi-
lar results (ICso values) with both enzymes for each
compound (tables 1 and 2) is evidence that there
were no differences between them.
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The inhibition of rePepN and rPfA-M1 by the 10
bestatin (KBEO09)-derived peptidomimetics (tables 1
and 2) was an expected result, since the bestatin-
derived peptidomimetic KBEOQ9 inhibits rPfA-M1
(Gonzalez-Bacerio et al.,, 2017), and other three
bestatin-derived peptidomimetics (not presented
here) also inhibit rePepN (Méndez et al., 2014). The
weak or moderate inhibition of rePepN and rPfA-M1
by the 10 bestatin (KBE009)-derived peptidomimetics,
described by ICsq values of hundreds to tens puM
(tables 1 and 2), could be due to an inhibition mecha-
nism that does not imply the coordination of the cata-
lytic Zn** ion in the enzyme active site. We proposed
this binding mode for the rPfA-M1-KBEOO9 complex,
as a result of the application of an in silico molecular
docking methodology (Gonzélez-Bacerio et al., 2017).
The absence of interactions with the Zn** could allow
the inhibitor binding to the enzyme-substrate com-
plex, to whose stabilization contribute the interac-
tions between the metal cation and the substrate
(Jones et al., 2011). This would be consistent with the
uncompetitive inhibition observed in this work for the
compound KBEO53 toward rePepN (Fig. 4).

An important structural difference between the
peptidomimetics tested in this work and bestatin,
which coordinates the APNs catalytic Zn*" in the en-
zyme-inhibitor complexes (Addlagatta et al., 2006;
McGowan et al., 2009; Chen et al., 2012; Wong et al.,
2012) and inhibits rePepN and rPfA-M1 with a K; of
units of mM (Fig. 2D and 3D), is the absence in the
first of the a-hydroxyamide group, present in the
bestatin’s main chain. This is the inhibitor’s chemical
function that coordinates the Zn** in different AP-
bestatin complexes, resolved by X-ray crystallography
(Addlagatta et al., 2006; McGowan et al., 2009, 2010;
Velmourougane et al., 2011; Chen et al., 2012; Wong
etal., 2012; Dalal et al., 2013).

Although none of the peptidomimetics in the library
is a potent rePepN or rPfA-M1 inhibitor, their struc-
tural and ICs, variations contributed with valuable
data for the study of the structure-activity relation-
ship of these compounds toward the microbial APNs.
The results of this analysis indicate that the presence
of a central functional group, in the first carbon atom
after the main chain’s branch, is necessary to achieve
the rePepN and rPfA-M1 inhibition with an ICsy of tens
of uM (tables 1 and 2). However, apparently there is a
size limit for this substituent, since the p-
methoxyphenyl group is in general unfavorable in this
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position, comparing with the smaller 2-furyl and iso-
propyl (tables 1 and 2). The relevance of this substitu-
ent’s volume increases when the size of the terminal
group in the branch augments, since it tends to be
more favorable for the inhibition the presence of the
smallest of the tested central groups: the isopropyl
(tables 1 and 2). This group combination (terminal 3-
phenylpropyl in the branch and central isopropyl)
generated one of the two most potent inhibitors in
the series: the KBEO53 (tables 1, 2 and 3). In this case,
a displacement of the inhibitor in the complex with
the enzyme could occur, with respects to the com-
plexes with the compounds having smaller terminal
groups in the branch, which could favor the hydro-
phobic interactions established by the small central
isopropyl group.

Excluding the unfavorable central p-methoxyphenyl
group, together with the other tested central substit-
uents, the greater flexibility of the terminal cyclohexyl
ring in the branching seems to be important for the
inhibition (tables 1 and 2). It should be emphasized
that the combination of the terminal cyclohexyl group
in the branch and central isopropyl generated the
other of the two most potent rePepN inhibitors in the
series: the KBE048 (tables 1 and 3). However, for rPfA
-M1, the combination of the terminal benzyl group in
the branch and central 2-furyl generated the other of
the two most potent inhibitors in the series: the
KBEOO9 (tables 2 and 3). This divergence between
both M1-APs could be caused by the previously men-
tioned subtle structural difference. As occurs with
bestatin, the K; of KBEOO9 toward rPfA-M1 in the
presence of Ala-AMC substrate is submicromolar (0.4
UM; Gonzélez-Bacerio et al., 2017). In this work, the
ICso of KBEOQ9 against the same enzyme in the pres-
ence of Leu-pNA substrate was 13 puM (table 2). This
disparity could be due to the previously mentioned
structural and size differences between both artificial
substrates.

These results are in agreement with the previous
docking predictions for the rPfA-M1-KBEOO9 complex
(Gonzalez-Bacerio et al., 2017). According to this
model, the terminal benzyl group in the branch of
KBEOQ9 interacts hydrophobically with the side chains
of several residues in the S1 pocket of the rPfA-M1
active site. Taking into account the flexibility of this
pocket (Velmourougane et al., 2011), the terminal 3-
phenylpropyl or cyclohexyl groups can also be accom-
modated on this site of both APs. In addition, this
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model predicts that the 2-furyl group of KBEOOQ9 is
placed between the S1 and S1’ subsites, interacting
hydrophobically with V*° of rPfA-M1 (Gonzélez-
Bacerio et al., 2017). Such prediction is consistent
with the favorable interactions of the little isobutyl
group in the small space between the S1 and S1’ sub-
sites.

The knowledge of the kinetic type of inhibition of a
target enzyme by a family of structurally related com-
pounds is of crucial relevance to elucidate the mecha-
nism of inhibition and to guide the optimization of the
molecule central backbone, with the aim to increase
the potency and selectivity of the inhibitory activity
(Flipo et al., 2007b). It also facilitates the in silico stud-
ies of the binding mode of the inhibitor to the enzyme
and contributes to the design of novel inhibitors, in
function of the desired application (Flipo et al., 2003,
2007a). In the case of ePepN AP, not kinetic studies
are found in the literature aimed at determining the
inhibition type of compounds with inhibitory activity
of this enzyme. Therefore, the determination in this
work of the rePepN inhibition in an uncompetitive
mode, by the KBEO53 peptidomimetic (Fig. 4), is a
relevant contribution to the body of knowledge in this
field. The inhibition type of rPfA-M1 by KBEO53 was
not assessed by availability issues.

In conclusion, the EA of rePepN AP at pH 7.0 and
8.0, and the obtained appKy value, indicate that the
recombinant enzyme is a good model of the natural
one for the inhibitors identification. Bestatin is a non-
competitive (a > 1) or mixed inhibitor of rePepN, with
a Ki = 2.31 uM, which means that it is possible to
achieve potent inhibition of this APN by this type of
inhibition. On the other hand, bestatin is a slow-
binding competitive inhibitor of the rPfA-M1 enzyme,
with a K; = 1.29 uM. This can be extrapolated to the
development of other inhibitors.

The structural characteristics of the synthetic
bestatin (KBEO09)-derived peptidomimetics that are
favorable for the inhibition of rePepN and rPfA-M1
are: the presence in the branch of the little central
isopropyl group and the terminal 3-phenylpropyl
group. For rePepN, another successful combination is
the central isopropyl group and the terminal flexible
cyclohexyl ring. However, for rPfA-M1, the other most
potent inhibitory combination is the central 2-furyl
and terminal benzyl groups.

The type of inhibition of the KBEO053 pep-
tidomimetic, as representative of this compound se-
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ries, is uncompetitive toward rePepN with a K; = 10.13
UM. This knowledge could facilitate the in silico study
of the binding mode of inhibitors to the enzyme,
guide the future optimization of these structures and
contribute to the design of novel rePepN inhibitors.
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