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Abstract

Leucyl aminopeptidases (LAPs) are involved in multiple cellular functions, which, in the case of infectious diseases, includes
participation in the pathogen-host cell interface and pathogenesis. Thus, LAPs are considered good candidate drug targets,
and the major M17-LAP from Trypanosoma cruzi (LAPTc) in particular is a promising target for Chagas disease. To exploit
LAPTc as a potential target, it is essential to develop potent and selective inhibitors. To achieve this, we report a high-
throughput screening method for LAPTc. Two methods were developed and optimized: a Leu-7-amido-4-methylcoumarin—
based fluorogenic assay and a RapidFire mass spectrometry (RapidFire MS)-based assay using the LSTVIVR peptide as
substrate. Compared with a fluorescence assay, the major advantages of the RapidFire MS assay are a greater signal-to-noise
ratio as well as decreased consumption of enzyme. RapidFire MS was validated with the broad-spectrum LAP inhibitors
bestatin (ICso = 0.35 uM) and arphamenine A (ICso = 15.75 pM). We suggest that RapidFire MS is highly suitable for

screening for specific LAPTc inhibitors.
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Introduction

Infection by parasitic pathogens remains a major human
health burden.! Among these, Chagas disease is classified
as a neglected tropical disease present in Latin and North
America, Europe, and the Western Pacific.? The etiological
agent is the kinetoplastid parasite Trypanosoma cruzi,
responsible for 50,000 new cases and more than 10,000
deaths each year.?

There are no effective vaccines for Chagas disease, and
the current drugs employed in treatment are toxic and/or
ineffective. Even with more than a century of research since
the initial description by Carlos Chagas, only two nitrohe-
terocyclic compounds, nifurtimox and benznidazole, have
entered the clinic for treatment.* Both drugs have limited
efficacy for treating the chronic stages of infection and have
severe side effects.>® In this context, new, effective, and
safe drugs against T. cruzi are urgently required.’

Proteases have multiple roles in cell functions and con-
tribute with parasite physiology and virulence.*'° Many are
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considered good drug targets,'"' among which are M17-

leucyl aminopeptidases (LAPs; EC 3.4.11.1), enzymes that
preferentially catalyze removal of an N-terminal leucine
from peptides.> The process requires two divalent metal
cations and a neutral/basic optimal pH."*

The major M17-LAP from T. cruzi (LAPTc; UniProt:
Q4DZJ3) is a 330-kDa homohexameric protein that has
been proposed to be localized to vesicles in the parasite
cytoplasm.'> LAPTc could participate in the nutritional
supply by degradation of peptides that are endocytosed
by the parasite and delivery of leucine to the cytoplasm.
Notably, the aminopeptidase inhibitor arphamenine A
inhibits in vitro growth of T. brucei brucei, a parasite
closely related to 7. cruzi.'® In addition, TbLAPI, the T.
brucei ortholog of LAPTc, is involved in the late stages of
segregation of kinetoplast DNA, as knockdown causes a
delay in cytokinesis.!” Furthermore, bestatin, a classic
inhibitor of M1- and M17-aminopeptidases,'® caused in
situ inhibition of LAPTc in 7. cruzi.'® This latter evidence
indicates that LAPTc is potentially druggable by bestatin
and bestatin-like low-molecular-weight inhibitors.

M17-LAPs may also be exploitable in other parasites.
The M17-LAP from Plasmodium falciparum plays an
essential housekeeping function, as suggested by a spe-
cific bestatin-derived inhibitor."> The inhibition of
Babesia bovis growth by bestatin has also been attrib-
uted to the inhibition of BbM17-LAP.?° Finally, knock-
out of LAPTg from Toxoplasma gondii inhibits the
ability of the parasite to invade cultured cells and also
resulted in reduced replication and attenuated virulence
in a murine model.?' Hence, LAPs may also be of sig-
nificant importance for the development of therapeutics
in a wider context.

To identify highly specific LAPTc inhibitors in large-
compound libraries, a high-throughput screening (HTS)
assay is necessary.? Ideally, this assay needs to be sen-
sitive, robust, and have a high signal-to-noise ratio.*’
Here we describe two biochemical assays for the iden-
tification of LAPTc inhibitors by HTS. The first is a
fluorescence assay based on the fluorogenic substrate
Leu-7-amido-4-methylcoumarin (Leu-AMC), and the
second uses RapidFire mass spectrometry (RapidFire
MS) with the peptide substrate LSTVIVR. We validated
the selected method by assessing the half inhibitory
concentration (ICsy) of bestatin and arphamenine A
toward LAPTec.

Materials and Methods
Substrates and Other Reagents

Superose 6 HR10/30 column was from Amersham Bios-
ciences (Buckinghamshire, UK). DMSO, formic acid, NP-
40, trifluoracetic acid (TFA), acetonitrile, and Leu-AMC

were obtained from Sigma-Aldrich (St. Louis, MO). The
LSTVIVR (786.953 Da) and STVIVR* (683.794 Da) pep-
tides were supplied by Cambridge Research Biochemicals
(Billingham, UK) and dissolved in water.

Protein Expression and Purification of
Recombinant LAPTc

LAPTc was produced in recombinant form in Escherichia
coli according to Izquierdo et al.** As a second purification
step, gel filtration chromatography was performed using a
Superose 6 HR10/30 column with 50 mM Tris-HCI buffer,
pH 8.0, 300 mM NaCl. The flow rate was 1 mL/min, the
fraction size was 2 mL, and runs were monitored at 280 nm.
Protein samples were quantified by the Bradford method.
Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
was performed with NuPAGE 4% to 12% Bis-Tris Gels
(Invitrogen, Paisley, UK). Purified LAPTc was stored at
—80 °C in the same buffer.

Kinetic Assay with the Fluorogenic Substrate Leu-7-
Amido-4-Methylcoumarin

LAP enzymatic activity was assessed by a continuous
kinetic method using 1 mM (one value of apparent
Michaelis-Menten’s constant -appKy-) Leu-AMC fluoro-
genic substrate solubilized in DMSO.?* The fluorescence
due to the release of AMC (excitation: 380 nm, emission:
460 nm) was monitored over a 30-min period using a micro-
plate spectrofluorometer (PHERAstar FSX, BMG LAB-
TECH, Aylesbury, UK). Kinetic assays were carried out
with concentrations of LAPTc that were linearly related
to the initial velocities, at 25 °C, in 96- or 384-well black
plates (200, 100, and 50 pL final volume). The activity
buffer was 50 mM Tris-HC1 pH 7.5. The final concentration
of DMSO was 1%, 10%, and 20% (v/v). Only the linear
portions of progress curves, corresponding to substrate con-
sumption lower than 5%, were used to measure the reaction
rates. Slopes with R? < 0.98 were not considered. All assays
were performed in triplicate.

Determination of the enzyme concentration range linearly
related with the initial velocity. Three enzyme concentrations
(0.036, 0.09, and 0.18 pM) were tested, and initial velocities
were determined in 96-well black plates with a final volume
of 200 pL.

Determination of apparent Ku for LAPTc. Assays were per-
formed with 0.036 uM LAPTc, in 96-well black plates and
200 pL final volume, at 11 concentrations of Leu-AMC
substrate prepared by serial dilutions in the 9.375 to
9600 uM range. The experiment was performed at 1% and
20% DMSO. The appKy, was calculated by fitting the
Michaelis-Menten rectangular hyperbola function®® to the
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experimental data using the software OriginPro 8 SR0
(version 8.0724 [B724]; OriginLab Corporation, http://
www.OriginLab.com).

Determination of the bestatin effect. Assays were performed
by preincubating 0.18 uM LAPTc with 1 mM bestatin for
15 min before adding substrate, in 384-well black plates, for
a final volume of 50 puL and 20% DMSO.

Kinetic Assay with the LSTVIVR Peptide Substrate by
RapidFire MS

LAP enzymatic activity was assessed by a discontinuous
kinetic method. Basically, this method consisted of mixing
enzyme and substrate, allowing the reaction, and further quan-
tifying the product by MS. For this, the reaction was loaded
into the mass spectrometer after a liquid chromatography step.
The mass spectrometer contains a triple quadrupole; the pre-
cursor selection occurs in the first, the fragmentation occurs in
the second, and fragment selection occurs in the third quadru-
pole. Peak areas were integrated, and area ratios of product to
the internal standard were used for quantitation.

The assay was performed in 384-well clear F-bottom
polypropylene plates with a final reaction volume of
15 pL. The reaction mixture contains 7.5 pL LAPTc in
50 mM Tris-HCI, pH 7.5, 0.005% NP-40, plus 7.5 pL
LSTVIVR peptide substrate in the same buffer. The reac-
tion was performed at room temperature for 40 min and then
stopped with 85 uL 1% formic acid containing 0.15 pg/mL
STVIVR* internal standard.

RapidFire MS was performed using a RapidFire 365 sys-
tem (Agilent, Santa Clara, CA) coupled with a triple quadru-
pole mass spectrometer 6740 (Agilent). The samples were
loaded onto a C18 cartridge (Agilent) using 0.1% TFA in
deionized water at flow rate of 1.5 mL/min and eluted to the
mass spectrometer using 0.1% TFA in acetonitrile/deionized
water (90/10, v/v) at a flow rate of 1.25 mL/min. The sipper
was washed to minimize carryover with deionized water
followed by acetonitrile. Aspiration time, load/wash time,
elution time, and reequilibration time were set to 600,
3000, 5000, and 500 ms, respectively, with a cycle time of
approximately 10 s. The triple-quadrupole mass spectrometer
with electrospray ion source was operated in positive multi-
ple reaction monitoring (MRM) mode. The detailed setting
for the mass spectrometer parameters was as follows: capil-
lary voltage, 3000 V; gas temperature, 350 °C; gas flow,
7 L/min; nebulizer, 40 psi; sheath gas temperature, 300 °C’
sheath gas flow, 11 L/min; and nozzle voltage, 1500 V. The
MRM transitions (Q1 and Q3) for LSTVIVR peptide as a
reaction product and LSTVIVR* peptide as an internal stan-
dard were set as 337.8/486.3 and 342.8/491.3, respectively.
The mass resolution window for both parental and daughter
ions was set at as a unit (0.7 Da). The dwell time, fragmentor,
and collision energy for each transition were 50 ms, 175V,

and 10 eV, respectively. Peak areas were integrated, and area
ratios of the LSTVIVR peptide to the internal standard
LSTVIVR* peptide were used for quantitation.

Determination of the enzyme concentration range linearly
related with the initial velocity at different incubation times.
LAPTc was tested at 0, 1.56, and 3.13 nM with 2 mM
(~12 appKy1) LSTVIVR peptide substrate. Different incu-
bation times were tested (0, 5, 10, 15, and 20 min).

Determination of apparent Ky, for LAPTc. LAPTc was tested at
3 nM with 10 LSTVIVR peptide substrate concentrations,
prepared by serial dilutions in water, spanning the range of
3.906 to 2000 uM. The incubation time was 20 min.

Determination of the incubation time range linearly related with
the initial velocity. LAPTc was tested at 3 nM with 150 uM
(~1 appKy) LSTVIVR peptide substrate at 0, 10, 20, 30,
40, 50, and 60 min incubation.

Determination of the LAPTc tolerance to DMSO. LAPTc was
tested at 3 nM with 150 pM (~ 1 appKy) LSTVIVR pep-
tide substrate at 40 min incubation in the presence of 0%,
1%, 2%, 3%, and 4% DMSO.

Dose-response study for bestatin and arphamenine A. LAPTc
was tested at 3 nM with 150 uM (~ 1 appKy;) LSTVIVR
peptide substrate at 40 min incubation. Before addition of
substrate, LAPTc was preincubated with the inhibitors or
DMSO for 15 min. Bestatin and arphamenine A were pre-
pared in 10 concentrations in DMSO by serial dilutions in
the ranges of 0.005 to 100 pM and 1.76 to 900 uM, respec-
tively. A control without inhibitor (the same volume of
DMSO, 0% inhibitory effect) and another without enzyme
and inhibitor (100% inhibitory effect) were prepared.

The ICsq values were calculated by the nonlinear fit of
the Hill function to the experimental data, using OriginPro 8
SRO software (version 8.0724 (B724); OriginLab Corpora-
tion, http://www.Origi nLab.com) with default parameters.

Statistical Calculations

Blank Median = Median (Blank) (nonexcluded BLANK
Raw Values)
High Control (Ctrl) Median = Median (Ctrl) (non-
excluded control raw values).
When the raw value for the Blank was lower than the raw
value for the Ctrl, the following formulas were used:
Robust S/B = Median (Ctrl)/Median (Blank)
Robust Z’ Factor = 1 — (3 x (1.4826 x MAD(Ctrl)) + 3
x (1.4826 x MAD(Blank)))/Med-
ian(Ctrl) — Median(Blank)
where MAD is the median absolute deviation.
When the raw value for Ctrl was lower than the raw
value for the Blank, the following formulas were used:
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Figure |. Development of the fluorescence assay based on the Leu-7-amido-4-methylcoumarin substrate. (A) Determination of the
leucyl aminopeptidase from Trypanosoma cruzi (LAPTc) concentration range linearly related with the initial velocity. FAU, fluorescence
arbitrary units. (B, C) Determination of apparent Ky (appKy) for LAPTc in the presence of (B) 1% DMSO and (C) 20% DMSO. Assays
were performed with 0.036 uM LAPTc in 96-well black plates and 200 pL final volume. n, Hill slope factor. (D-F) Reaction time courses. In
all cases, assays were performed with | mM substrate. (D) Ninety-six well black plates, 200 pL final volume, 0.036 pM LAPTc, and 10%
DMSO. (E) Three-hundred eighty-four well black plates, 100 pL final volume, 0.036 M LAPTc, and 10% DMSO. (F) Three-hundred
eighty-four well black plates, 50 L final volume, 0.18 M LAPTc, and 20% DMSO. Bestatin was tested at | mM. AU, arbitrary units.
Different numbers represent different replicates for the same treatment.

Robust S/B = Median (Blank)/Median (Ctrl)

Robust Z' factor = 1 — (3 x (1.4826 x MAD(Blank)) + 3
x (1.4826 x MAD(Ctrl)))/Median
(Blank) — Median(Ctrl)

Results

Isolation and Purification of LAPTc

LAPTc was expressed in Escherichia coli (1575 bp syn-
thetic gene cloned in the plasmidic vector pET-19b between
the Ndel and Xhol restriction sites, fused to an N-terminal
tag of 10 histidines) and purified by immobilized metallic
ion affinity chromatography according to Izquierdo et al.**
Here, to improve purity, we introduced a second purifica-
tion step based on gel filtration chromatography. After this
chromatography, the protein was obtained in sufficient
amount (25.36 mg from 600 mL of culture) and with a
purity of 92% (Suppl. Fig. S1).

Fluorescence Assay Development

First, we determined the enzyme concentration range that
was linearly correlated with the initial velocity. Assays
were performed in 96-well black plates and 200 pL final

volume. LAPTc has maximal activity at pH 9.0, 50 °C, and
4 mM Co*".>* However, the conditions tested here were pH
7.5, 25 °C, and no cation, to have an assay close to physio-
logical conditions in which inhibition is relevant and favors
the stability of the compound set. As the result of this first
experiment, an enzyme concentration range of 0.036 to
0.18 uM was found to be linearly correlated with the initial
velocity (Fig. 1A).

Second, the appKy, value of LAPTc with the Leu-AMC
substrate was determined. The Ky, is expressed as an appar-
ent value because the enzyme is not 100% homogeneous.
For HTS biochemical assays, it is desirable to reduce the
reaction volume as much as possible, and here we tested
200, 100, and 50 pL. For this reason, we determined appKy,
in the presence of 1% DMSO (the substrate is dissolved in
this solvent and represents 1% final volume in the 200 pL
assay) and 20% DMSO (when the assay volume is reduced
to 50 pL, it is not accurate to dispense 0.5 pL of substrate
and inhibitor; then, both volumes should be increased to
5 uL, each representing 10% final volume). LAPTc is
known to be a DMSO-tolerant enzyme, as it retains activity
in the presence of 20% DMSO. At this organic solvent
concentration, the affinity for the Leu-AMC substrate is,
however, only slightly diminished with respect to 1%
DMSO, with appKy increased only from 1.05 to
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Figure 2. Development of the RapidFire mass spectrometry assay with the LSTVIVR peptide substrate. (A) Progress curves at different
leucyl aminopeptidase from Trypanosoma cruzi (LAPTc) concentrations. (B) Determination of the LAPTc concentration range linearly
related with the initial velocity. In both experiments, the enzyme was tested at 0, 1.56, 3.13, and 6.25 nM with 2 mM (~ 12 appKy)
substrate. (C) Determination of apparent Ky (appKpy) for LAPTc. LAPTc was tested at 3 nM with 10 substrate concentrations, prepared
by serial dilutions in water, spanning the range 3.906 to 2000 uM. The incubation time was 20 min. n, Hill slope factor. (D) Determination
of the incubation time range linearly related with the initial velocity. LAPTc was tested at 3 nM with 150 pM (~ | appKy) substrate. (E)
Determination of the LAPTc tolerance to DMSO. LAPTc was tested at 3 nM with 150 uM (~ | appKy) substrate at 40 min incubation. AU,

arbitrary units. Discontinuous lines represent selected parameters.

1.61 mM (Fig. 1B, C). A 1 mM substrate concentration was
selected for the remaining experiments.

Despite clearly reporting LAP activity, a high back-
ground signal was observed (Fig. 1D) and was also present
in 384-well plates with a 100 pL reaction volume and 10%
DMSO, as well as 50 uL, 20% DMSO, and 1 mM bestatin
(Fig. 1E, F). Although the assay could detect inhibitors
such as bestatin (Fig. 1F), the low signal-to-noise ratio
suggested that the assay was not adequate for identification
of LAP inhibitors by HTS.

RapidFire MS Assay Development

With the poor performance of the fluorescence-based assay,
we turned to RapidFire MS. This assay was performed
without added exogenous divalent metallic cation, like the
fluorescence assay. The enzyme concentration range line-
arly correlating with initial velocity was determined for
different incubation times. As is shown in Figure 2A, below
3.13 nM LAPTc, a linear relationship with initial velocity
was obtained for all incubation times. Therefore, 3 nM
LAPTc was selected for the next steps.

Next, the appKy, value against the LSTVIVR peptide
substrate was determined as 132 uM (Fig. 2B). Hence,
150 uM substrate was used in the next experiments.

Incubation time was linearly related with the initial velocity
up to 60 min (Fig. 2C) and a 40 min incubation time was
selected. When different DMSO concentrations were tested,
the DMSO-tolerant property of LAPTc was corroborated. At
4% DMSO, the enzyme retained 67.8% of activity (Fig. 2D).

To test assay robustness and signal-to-noise ratio, a
mock screen without inhibitors was performed. Two 384-
well plates were used, and the last column in both cases
lacked the enzyme (Suppl. Fig. S2). The robustness Z’
values were 0.80 and 0.61, respectively, and the signal-to-
background ratios were 48.4 and 49.2, respectively. These
values are considered to be very acceptable for HTS.

Finally, a dose-response study for known aminopepti-
dase inhibitors bestatin and arphamenine A against LAPTc
was performed (Fig. 3). The ICsq values for bestatin and
arphamenine A are 0.35 uM and 15.75 uM, respectively.

In Table 1, both kinetic methods tested in this work for
LAPTc activity and its inhibition are compared in their
main parameters.

Discussion

Leucine is an important amino acid for trypanosomatids. It
has been proposed that leucine catabolism produces meva-
lonate, a metabolite necessary for the ergosterol



SLAS Discovery XX(X)

A
110
100] IC,, =0.35+0.08 uM
£ g R® =0.996
c 70 n=081
2 &0
»
= 50
€ 40
© 30
& 20
% 10 °
o'mmmmw
1E-3 001 01 1 10 100
[pestatin] (xM)

LAPT¢ Inhibltion (%)

100
90
80
70
50 ICsll =15.75+0.22 yM
40 R*=0.999
30 n=08
20.
1 10 100 1000
[arphamenine A] (pM)

Figure 3. Dose-response study for bestatin (A) and arphamenine A (B) toward leucyl aminopeptidase from Trypanosoma cruzi (LAPTc) by
RapidFire mass spectrometry based on LSTVIVR peptide substrate. LAPTc was tested at 3 nM with 150 uM (~ | appKy) substrate at 40
min incubation. The enzyme was preincubated with the inhibitors or DMSO (0% inhibitory effect control) for |5 min, prior to addition of

substrate. n, Hill slope factor.

Table I. Comparison Between the Fluorescence Assay and the RapidFire MS Assay.

Parameter Fluorescence Assay

RapidFire MS Assay

Assay final volume

Assay time

Assay LAPTc concentration
Substrate appKpm

200, 100 and 50 pL

30 min

36 and 180 nM

1.05 mM (1% DMSO)
1.61 mM (20% DMSO)
Assay substrate concentration I mM

DMSO tolerance Until 20%
Signal-to-noise ratio Low

Robustness Z’ value Not determined
Inhibitors detected Bestatin

15 uL

40 min
3nM
1324 uM

150 uM

67.8% activity at 4% DMSO

High (48.4 and 49.2)

0.80 and 0.6

Bestatin (ICso = 0.35 pM) and arphamenine A (ICso = 15.75 uM)

biosynthesis, which is a cholesterol-related essential para-
site lipid.*"*® Because many parasites, including trypano-
somatids, have no or limited ability to synthesize essential
amino acids, including leucine, it is possible that LAPs are
important for the provision of this amino acid. This contri-
bution with leucine production, at least in part, could
explain why M17-LAPs are critical for parasite develop-
ment in the mammalian host.***

In this work, we developed and optimized two kinetic
assays for identification of LAPTc inhibitors by HTS.
This is necessary to detect potent inhibitors of this
M17-LAP in libraries of thousands of synthetic com-
pounds, as the first step in the target-based drug discov-
ery process.

In our previous work, we purified LAPTc in a single step
by IMAC.?* To improve purity, we introduced an additional
gel filtration step and obtained LAPTc protein in a suffi-
cient amount and purity for the development of kinetic
assays, one of which proved to be suitable for HTS (Suppl.
Fig. S1).

M17-LAPs are usually assayed at alkaline pH and ele-
vated temperature,”®>'* and the T. cruzi enzyme displays
maximal activity at pH 9.0 and 50 °C.** Although these
conditions are incompatible with HTS, LAPTc retained suf-
ficient activity at pH 7.5 and room temperature for HTS
assay development (Figs. 1A, 2A, and 2C). In our fluores-
cence assay, the lowest concentration showing activity was
36 nM (Fig. 1A), whereas 3 nM LAPTc was sufficient for
RapidFire MS (Fig. 2A; and Table 1).

The drastic difference in the appKy, value for LAPTc
between Leu-p-nitroanilide (Leu-pNA; 74 pM>*) and Leu-
AMC substrates (1.05 mM; Fig. 1B), at 1% DMSO could be
due to structural and size differences between both artificial
substrates. The natural peptide substrate LSTVIVR has an
appKy value also in the submillimolar order (132 puM; Fig.
2B). On the other hand, the increasing of DMSO concen-
tration to 20% could produce conformational change in the
protein (or simply interfere with substrate binding), dimin-
ishing the affinity to the Leu-AMC substrate (appKy, is
increased to 1.61 mM; Fig. 1C). However, LAPTc, as other
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enzymes,”” shows a high DMSO tolerance (Figs. 1C, 2D;
and Table 1).

The fluorescence method has a high background under
conditions tested (Fig. 1D-F). Although this background
could theoretically be subtracted in assays with several repli-
cates, in HTS assays that use single-point measurements of
thousands of compounds, background subtraction substan-
tially increases the probability of losing active molecules.
For this reason, this method was rejected.

The peptide LSTVIVR was selected as the substrate in
the RapidFire MS assay. The selection of the first two resi-
dues of this sequence was based on the work of Trochine
et al.,'"” who found LS dipeptide accumulation after treat-
ment of 7. cruzi epimastigotes with bestatin. The C-terminal
arginine was chosen because this amino acid is amenable to
isotope labeling,*® which is used as an internal standard to
quantify reaction products by RapidFire MS.

The RapidFire MS-based assay we devised meets all
requirements for HTS methodologies®: it is robust (with
Z' values of 0.80 and 0.61; Suppl. Fig. S2), sensitive
(detecting 3 nM enzyme under initial velocity conditions;
Fig. 2A), and shows a high signal-to-noise ratio (48.4 and
49.2; Suppl. Fig. S2). A final reaction volume of only 15 pL.
minimizes the use of enzyme and substrate (Table 1).
Furthermore, the use of a water-soluble substrate decreases
the DMSO concentration to 1% to 4%. This method, with a
cycle time of approximately 10 s per sample (about 1 h per
384-well plate), enables rapid analysis of compound num-
bers compatible with HTS. MS-based assays are quantita-
tive, and the modification of substrates with bulky
fluorophores is not required. These modifications can pro-
duce large numbers of false-positives, because compounds
can interact with hydrophobic fluorescent dyes appended to
substrates.’

RapidFire MS successfully detected the inhibitory activity
in bestatin and arphamenine A in a dose-dependent manner
(Fig. 3). For bestatin, we have reported an ICsq of 6.62 pM
and a noncompetitive inhibition mode toward LAPTc
using Leu-pNA substrate.”* The ICs, from RapidFire MS
(0.35 pM; Fig. 3A) is different from the Leu-pNA,** because
the ICs( and inhibition constant (K;) depend on the substrate
and method used.*® In addition, to the best of our knowledge,
this is the first report to indicate that LAPTc can be inhibited
by arphamenine A (Fig. 3B). This is a promising result,
because arphamenine A inhibits the in vitro growth of
T. brucei, a parasite closely related to 7. cruzi.'®

In conclusion, as part of a campaign to exploit LAPs for
therapeutic intervention, we developed a novel RapidFire
MS assay for LAPTc. This technology was used by Lever-
idge et al.*® in HTS to identify LRRK2 kinase inhibitors for
the treatment of Parkinson’s disease and more recently to
identify an arginase II inhibitor,?> but its use for aminopep-
tidases has not been reported. We propose that this metho-
dology is suitable for identifying LAPTc inhibitors by HTS.

Acknowledgments

J.G.-B. and M.I. are grateful to Susan Farrell (training manager,
Wellcome Centre for Anti-Infectives Research, University of Dun-
dee) for the opportunity to participate in the WCAIR training
scheme. We also thank her for help with the logistics of their stay
in Dundee and making them feel so welcome. Equally, we thank
Alain Pierre-Petit (Dundee) for help with the second step of pro-
tein purification and members of the Drug Discovery Unit com-
pound management team.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The authors received no financial support for the research, author-
ship, and/or publication of this article: This work was supported by
Wellcome Trust Centre awards (203134/Z/16/Z, 204697/Z/16/),
the second to M.C.F.; the International Foundation for Sciences
(grant F/4730-2) to J.G.-B.; and the project assigned to J.G.B. and
associated with the Cuban National Program of Basic Sciences.

ORCID iD

Lauren Webster (& https://orcid.org/0000-0001-5192-7584

References

1. Lee, B. Y.; Bacon, K. M.; Bottazzi, M. E.; et al. Global Eco-
nomic Burden of Chagas Disease: A Computational Simula-
tion Model. Lancet Infect. Dis. 2013, 3, 342-348.

2. Schmunis, G. A.Epidemiology of Chagas Disease in Nonen-
demic Countries: The Role of International Migration. Mem.
Inst. Oswaldo Cruz 2007, 102, 75-85.

3. Rassi, A. Jr.,, Rassi, A.; Rezende, J. M. American Trypanoso-
miasis (Chagas Disease). Infect. Dis. Clin. North Am. 2012,
26, 275-291.

4. Bern, C. Chagas’ Disease. N. Engl. J. Med. 2015, 373,
456-466.

5. Guedes, P. M.; Silva, G. K.; Gutierrez, F. R.; et al. Current
Status of Chagas Disease Chemotherapy. Expert Rev. Anti
Infect. Ther. 2011, 9, 609-620.

6. Soeiro, M.; de Castro, S. L. Screening of Potential Anti-7ry-
panosoma cruzi Candidates: In Vitro and In Vivo studies.
Open Med. Chem. J. 2011, 5, 21-30.

7. Molina, I.; Salvador, F.; Sanchez-Montalva, , A.; et al. Toxic
Profile of Benznidazole in Patients with Chronic Chagas Dis-
ease: Risk Factors and Comparison of the Product from Two
Different Manufacturers. Antimicrob. Agents Chemother.
2015, 59, 6125-6131.

8. Dalal, S.; Klemba, M. Roles for Two Aminopeptidases in
Vacuolar Hemoglobin Catabolism in Plasmodium falciparum.
J. Biol. Chem. 2007, 282, 35978-35987.

9. Alvarez, V. E.; Niemirowicz, G. T.; Cazzulo, J. J. The Pepti-
dases of Trypanosoma cruzi: Digestive Enzymes, Virulence
Factors, and Mediators of Autophagy and Programmed Cell
Death. Biochim. Biophys. Acta 2012, 1824, 195-206.

10. Motta, F. N.; Bastos, I. M.; Faudry, , E.; et al. The Trypano-
soma cruzi Virulence Factor Oligopeptidase B (OPBTc)


https://orcid.org/0000-0001-5192-7584
https://orcid.org/0000-0001-5192-7584
https://orcid.org/0000-0001-5192-7584

SLAS Discovery XX(X)

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Assembles into an Active and Stable Dimer. PLoS One 2012,
7, €30431. https://doi.org/10.1371/journal.pone.003043 1
Sajid, M.; Robertson, S. A.; Brinen, L. S.; et al. Cruzain: The
Path from Target Validation to the Clinic. Adv. Exp. Med.
Biol. 2011, 712, 100-115.

De Almeida Nogueira, N. P.; Morgado-Diaz, J. A.; Menna-
Barreto, R. F. S.; et al. Effects of a Marine Serine Protease
Inhibitor on Viability and Morphology of Trypanosoma cruzi,
the Agent of Chagas Disease. Acta Trop. 2013, 128, 27-35.
Harbut, M. B.; Velmourougane, G.; Dalal, , S.; et al. Bestatin-
Based Chemical Biology Strategy Reveals Distinct Roles for
Malaria M1- and M17-Family Aminopeptidases. Proc. Natl.
Acad. Sci. US.A. 2011, 108, 526-534.

Rawlings, N. D.; Barrett, A. J.; Thomas, P. D.; et al. The
MEROPS Database of Proteolytic Enzymes, Their Substrates
and Inhibitors in 2017 and a Comparison with Peptidases in
the PANTHER Database. Nucleic Acids Res. 2018, 46,
624-632.

Cadavid-Restrepo, G.; Gastardelo, T. S.; Faudry, , E.; et al.
The Major Leucyl Aminopeptidase of Trypanosoma cruzi
(LAPTc) Assembles into a Homohexamer and Belongs to the
M17 Family of Metallopeptidases. BMC Biochem. 2011, 12,
46. https://doi.org/10.1186/1471-2091-12-46

Knowles, G. The Effects of Arphamenine-A, an Inhibitor of
Aminopeptidases, on In-Vitro Growth of Trypanosoma bru-
cei. J. Antimicrob. Chemother. 1993, 32, 172-174.
Pefa-Diaz, P.; Vancova, M.; Resl, , C.; et al. A Leucine Ami-
nopeptidase Is Involved in Kinetoplast DNA Segregation in
Trypanosoma brucei. PLoS Pathog. 2017, 13, ¢1006310.
https://doi.org/10.1371/journal.ppat.1006310

Umezawa, H.; Aoyagi, T.; Suda, , H.; et al. Bestatin, an Inhi-
bitor of Aminopeptidase B, Produced by Actinomycetes. .
Antibiot. 1976, 29, 97-99.

Trochine, A.; Creek, D. J.; Faral-Tello, P.; et al. Bestatin
Induces Specific Changes in Trypanosoma cruzi Dipeptide
Pool. Antimicrob. Agents Chemother. 2015, 59, 2921-2925.
Aboge, G. O.; Cao, S.; Terkawi, M. A.; et al. Molecular Char-
acterization of Babesia bovis M17 Leucine Aminopeptidase
and Inhibition of Babesia Growth by Bestatin. J. Parasitol.
2015, 101, 536—541.

Zheng, J.; Jia, H. L.; Zheng, Y. H. Knockout of Leucine
Aminopeptidase in Toxoplasma gondii Using CRISPR/Cas9.
Int. J. Parasitol. 2015, 45, 141—148.

Croft, S. L. Kinetoplastida: New Therapeutic Strategies.
Parasite 2008, 15, 522—527.

Iversen, P. W.; Eastwood, B. J.Sitta; Sittampalam, G; et al. A
Comparison of Assay Performance Measures in Screening
Assays: Signal Window, Z’ Factor, and Assay Variability
Ratio. J. Biomol. Screen. 2006, 11, 247—252.

Izquierdo, M.; Aguado, M. E.; Zoltner, M.; et al. High-Level
Expression in Escherichia coli, Purification and Kinetic Char-
acterization of LAPTc, a Trypanosoma cruzi M17-Aminopep-
tidase. Prot. J. 2019, 38, 167—180.

Gonzalez-Bacerio, J.; Carmona, A. K.; Gazarini, M. L.; et al.
Kinetic Characterization of Recombinant PfAMI1, a M1-
Aminopeptidase from Plasmodium falciparum (Aconoidasida:

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Plasmodiidae), Using Fluorogenic Peptide Substrates. Rev.
Cub. Cienc. Biol. 2015, 4, 40—48.

Copeland, R. A. Enzymes: A Practical Introduction to Struc-
ture, Mechanism, and Data Analysis, 2nd ed; Wiley:
New York, 2000.

Stein, M. L. d. L.; Icimoto, M. Y.; Levatti, E. V. d. C.; et al.
Characterization and Role of the 3-Methylglutaconyl
Coenzyme A Hidratase in Trypanosoma brucei. Mol.
Biochem. Parasitol. 2017, 214, 36—46.

Millerioux, Y.; Mazet, M.; Bouyssou, G.; et al. De novo Bio-
synthesis of Sterols and Fatty Acids in the Trypanosoma bru-
cei Procyclic Form: Carbon Source Preferences and Metabolic
Flux Redistributions. PLoS Pathog. 2018, 14, ¢1007116.
https://doi.org/10.1371/journal.ppat. 1007116

Morty, R. E.; Morehead, J. Cloning and Characterization of a
Leucyl Aminopeptidase from Three Pathogenic Leishmania
Species. J. Biol. Chem. 2002, 277, 26057-26065.

Stack, C. M.; Lowther, J.; Cunningham, E.; et al. Character-
ization of the Plasmodium falciparum M17 Leucyl Amino-
peptidase. A Protease Involved in Amino Acid Regulation
with Potential for Antimalarial Drug Development. J. Biol.
Chem. 2007, 282, 2069-2080.

Gu, Y-Q.; Holzer, F. M.; Walling, L. L. Over Expression,
Purification and Biochemical Characterization of the
Wound-Induced Leucine Aminopeptidase of Tomato. Eur.
J. Biochem. 1999, 263, 726-735.

Nagy, V.; Nampoothiri, K. M.; Pandey, A.; et al. Production
of L-leucine Aminopeptidase by Selected Streptomyces Iso-
lates. J. Appl. Microb. 2008, 104, 380—387.

Vujci¢, Z.; Dojnov, B.; Milovanovi¢, A.; et al. Purification
and Properties of the Major Leucil Aminopeptidase from
Solanum tuberosum Tubers. Fruit Veget. Cereal Sci. Biotech-
nol. 2008, 2, 125-130.

Correa, A. F.; Bastos, I. M.; Neves, D.; et al. The Activity of a
Hexameric M17 Metallo-Aminopeptidase Is Associated with
Survival of Mycobacterium tuberculosis. Front. Microbiol.
2017, 8, 504. https://doi.org/10.3389/fmicb.2017.00504
Asano, W.; Takahashi, Y.; Kawano, M.; et al. Identification of
an Arginase II Inhibitor via RapidFire Mass Spectrometry
Combined with Hydrophilic Interaction Chromatography.
SLAS Discov. 2019, 24, 457—465.

Kao, C. C.; Wedes, S. H.; Hsu, J. W.; et al. Arginine Meta-
bolic Endotypes in Pulmonary Arterial Hypertension. Pulm.
Circ. 2015, 5, 124—134.

Adam, G. C.; Meng, J.; Rizzo, J. M.; et al. Use of High-
Throughput Mass Spectrometry to Reduce False Positives in
Protease uHTS Screens. J. Biomol. Screen. 2015, 20,212—222.
Varela, A. C.; Pérez, I.; De Armas, G.; et al. Structure—Activ-
ity Relationship of the Inhibition of M1-Aminopeptidases
from Escherichia coli (ePepN) and Plasmodium falciparum
(PfA-M1) by Bestatin-Derived Peptidomimetics. Rev. Cub.
Cienc. Biol. 2019, 7, 1-21.

Leveridge, M.; Lee, C.; Colin, E.; et al. A High-Throughput
Screen to Identify LRRK2 Kinase Inhibitors for the Treatment
of Parkinson’s Disease Using RapidFire Mass Spectrometry.
J. Biomol. Screen. 2016, 21, 145-155.


https://doi.org/10.1371/journal.pone.0030431
https://doi.org/10.1186/1471-2091-12-46
https://doi.org/10.1371/journal.ppat.1006310
https://doi.org/10.1371/journal.ppat.1007116
https://doi.org/10.3389/fmicb.2017.00504


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


