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Abstract: Arginase is a metalloenzyme that plays a central role in Leishmania infections. Previously,
rosmarinic and caffeic acids were described as antileishmanial agents and as Leishmania amazonensis
arginase inhibitors. Here, we describe the inhibition of arginase in L. amazonensis by rosmarinic
acid analogs (1-7) and new caffeic acid-derived amides (8-10). Caffeic acid esters and amides were
produced by means of an engineered synthesis in E. coli and tested against L. amazonensis arginase.
New amides (8-10) were biosynthesized in E. coli cultured with 2 mM of different combinations
of feeding substrates. The most potent arginase inhibitors showed Ki(s) ranging from 2 to 5.7 pM.
Compounds 2—4 and 7 inhibited L. amazonensis arginase (L-ARG) through a noncompetitive mech-
anism whilst compound 9 showed a competitive inhibition. By applying an in silico protocol, we
determined the binding mode of compound 9. The competitive inhibitor of L-ARG targeted the key
residues within the binding site of the enzyme, establishing a metal coordination bond with the metal
ions and a series of hydrophobic and polar contacts supporting its micromolar inhibition of L-ARG.
These results highlight that dihydroxycinnamic-derived compounds can be used as the basis for
developing new drugs using a powerful tool based on the biosynthesis of arginase inhibitors.

Keywords: arginase; Leishmania amazonensis; biosynthesis; natural products; molecular modeling

1. Introduction

Leishmaniasis is a neglected tropical disease with a public health importance. Cuta-
neous leishmaniasis has affected 1 million people in the last 5 years; if untreated, visceral
leishmaniasis can result in more than 20,000 deaths each year [1]. Unfortunately, there is
a lack of effective drugs for the treatment of leishmaniasis and the few available therapeutic
options present a high toxicity associated with treatment resistance. The most antileishma-
nial agents are highly toxic injectable medicines such as pentavalent antimonials (sodium
stibogluconate and meglumine antimoniate) and liposomal amphotericin B. The resistance
of these drugs has also been described for both classes as well for miltefosine, an oral
medicine used to treat leishmaniasis [2].

The evolution of leishmaniasis depends on the balance among the Th1l cytokines
(which trigger the activation of the L-arginine metabolic pathways for nitric oxide (NO) pro-
duction, which is responsible for killing the parasite) and Th2 cytokines (which determine
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the induction of the host arginase and enhance the Leishmania infection) [3]. Arginase is an
enzyme that catalyzes the hydrolysis of L-arginine to L-ornithine and urea. In Leishmania,
the arginase enzyme plays a crucial role in polyamine precursor metabolism, as highlighted
through the use of a null arginase mutant obtained by a targeted gene replacement [4,5].
Polyamines are substrates for the production of trypanothione, an antioxidant that neu-
tralizes reactive oxygen species (ROS) and NO [6,7]. Arginase activity deprives the nitric
oxide synthase 2 (NOS2) of the substrate (arginine), decreasing NO biosynthesis in the host
defense cells and providing polyamines that can increase the parasite proliferation [3].

Due to the relevant action in the L-arginine metabolism pathway, arginase may be an
important target for leishmaniasis treatments. Arginase inhibitors were shown to reduce
the parasite burden in Leishmania-infected BALB/c mice [8]. We previously identified
compounds with catechol groups [9-11] and thiosemicarbazide [12] as crucial L. amazonensis
arginase (L-ARG) inhibitors. The compound verbascoside, a major constituent of the
medicinal plant Stachytarpheta cayennensis that is used to treat leishmaniasis in Brazil [13]
and malaria in Peru [14], inhibits L-ARG and it is active against both the promastigote
and intracellular amastigotes of the parasite [15,16]. Other natural dihydroxycinnamic
compounds (caffeic acid, chlorogenic acid, and rosmarinic acid) have shown in vitro and
in vivo activities against L. amazonensis [17,18] as well as an inhibitory profile against L-
ARG [19]. Based on the antileishmanial activity of dihydroxycinnamic compounds [18] and
L-ARG inhibition, we tested compounds previously produced via engineered E. coli [20,21].
In addition, we synthesized three new amides containing the 3,4-dihydroxycinnamic moiety
and tested them against L-ARG. The small molecules showed great potential in targeting
L-ARG, which could be used to guide the development of new drugs against leishmaniasis.

Furthermore, the competitive inhibitor, compound 9, was extensively investigated by
computational studies to gain an insight into the mechanism of action of this derivative
in inhibiting the L-ARG enzyme. Accordingly, by using a computer-based protocol based
on molecular docking and molecular dynamics (MD), we comprehensively assessed the
behavior of compound 9 as a competitive inhibitor of the mentioned enzyme.

Scaling up the production of rosmarinic acid and other compounds using E. coli could
improve the feasibility of using these compounds in animal studies and clinical trials. Ad-
ditionally, engineered E. coli provides a large avenue to explore the molecular modifications
that alter donor and acceptor substrates to synthesize new potential antileishmanial agents
targeting the L-ARG enzyme.

2. Results
2.1. Production of Compounds 8-10 in E. coli via Feeding Experiments

In addition to the previously synthesized compounds 1-7 (Table 1), three new amides
(8-10) were biosynthesized in E. coli cultured at 30 °C for 48 h and supplemented with 2 mM
of different combinations of feeding substrates (2-amino-5-methylbenzoic acid, 2-amino-4,5-
difluorobenzoic acid, and 2-amino-4-chlorobenzoic acid as acceptors; trans-4-hydroxycinnamic
acid, 3-(4-hydroxyphenyl)propionic acid, and trans-3,4-dihydroxycinnamic acid as donors)
(Scheme 1). The compounds were characterized using NMR and MS.

trans-4-hydroxycinnamic acid
trans-3,4-dihydroxycinnamic acid

G e

3-(4- hydroxyphenyl)pmplomc acid

Scheme 1. Biosynthetic route of cinnamides in E. coli.
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Table 1. Inhibition of the L. amazonensis arginase by cinnamic ester compounds.
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activity; Ki: inhibition constant.
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2.2. Arginase Inhibition

Five biosynthetic compounds containing a catechol group, which were previously
synthesized via engineered E. coli [20,21], showed L-ARG inhibition (Table 1) with ICsq
values that ranged from 1.9 pM (4) to 36.2 uM (7). Compounds that lacked the catechol
group were inactive (1, 6, 8, and 10) or showed a weak inhibition (5) of L-ARG. The new
compound 9 showed an ICsg value of 5.5 + 0.5 uM and was a unique cinnamide that was
active against L-ARG (Table 1). Compound 9 was synthesized using 3,4-dihidroxycinnamic
acid as a donor substrate and 2-amino-4,5-difluorobenzoic as an acceptor in the E. coli
system, which generated an unnatural difluorobenzoic cinnamide with a relevant L-ARG
inhibitory profile.

2.3. Kinetics of Arginase Inhibition

The enzyme kinetics were performed to determine the mechanism of inhibition and the
dissociation constant (Ki) of the compounds via the simultaneous analysis of the Dixon [22]
and Cornish-Bowden [23] plots. The Ki inhibition constants (complex EI), which refer to
the equilibriums established between the enzyme (E) and substrate (S) in the presence
of an inhibitor (I), were determined (Table 1). The rosmarinic acid analogs (2—4) showed
a noncompetitive mechanism considering L-ARG inhibition. All slopes were significantly
different (p < 0.05). The interception point was used to calculate the Ki values and to obtain
the mechanism of inhibition via the graph method; this result was in agreement with the
previous results of an invariable ICsg obtained for three concentrations of the substrates
(Figure 1). The new compound 9 was found to be a competitive L-ARG inhibitor (Table 1).
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Figure 1. Kinetics of the arginase inhibition by compounds 2-4, 7, and 9. The mechanism of action
was determined by an analysis of the Dixon (A) and Cornish-Bowden plots (B); the Ki constant
was measured using Dixon plots by calculating the X values at the intersection point of the lines.
The concentrations of L-arginine were 100 mM (4), 50 mM (M), and 25 mM (A). Each drawn point
represents the mean of three independent experiments (n = 3) performed in duplicate.

2.4. Computational Studies

The binding mode of the competitive inhibitor, compound 9, was investigated ap-
plying a computational protocol based on molecular docking calculations and an MD
simulation with an evaluation of the ligand binding energy as previously reported by
us [19,24,25]. In general, we preferred to investigate only the binding of the competitive
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inhibitors of L-ARG because, for the other inhibitors, the mechanism is not completely
understood and a discussion on the binding of these compounds to L-ARG could be ex-
tremely speculative. Accordingly, considering molecular docking studies, we conducted
computational experiments employing Glide and Prime software and focusing attention
on the substrate binding site using a crystal structure of L-ARG belonging to Leishmania
mexicana (PDB ID 4IU1). The output of this calculation is reported in Figure 2.

D
194 s

154

HIE
114

n (B
288

139

D T
245 257

Charged (negative) polar e Distance — Salt bridge
) Charged (positive) @ Unspecified residue —> H-bond (backbone) Solvent exposure
Glycine Water ~» H-bond (sidechain)
Hydrophobic Hydration site — Metal coordination
) Metal X Hydration site (displaced) e—e Pi-Pi stacking

Figure 2. (A) Putative binding mode of compound 9 (cyan sticks) into L-ARG binding site (PDB
ID 4IU1; orange cartoon) as found by Glide software. Metals are represented as gray spheres. Key
residues of the binding site are represented by lines. H-bonds are represented as black dotted lines.
Metal coordination bonds are represented by colored dotted lines. The picture was generated by
means of PYMOL (The PyMOL Molecular Graphics System, v1.8; Schrodinger, LLC, New York, NY,
USA, 2015). (B) Ligand interaction diagram (Maestro, Schrodinger, LLC, New York, NY, 2016).

Compound 9 was able to interact with the L-ARG binding site by a series of polar and
hydrophobic interactions. In particular, the catechol moiety was involved in a metal coordi-
nation bond by one of its hydroxyl groups. Moreover, the hydroxyl groups could form two
H-bonds with side chains of Thr257 and Glu288. Furthermore, the aromatic component of
the catechol moiety established a double -7 stacking with His139 and His154. Additionally,
the carboxylic function belonging to the difluorobenzoate moiety was able to form a strong
H-bond network by interacting with Thr148 (side chain), Val149 (backbone), and Ser150
(side chain and backbone). This pattern of interaction accounted for a docking score and
estimated ligand binding energy (XP score = —8.51 kcal/mol; AGping = —78.29 kcal/mol,
respectively) in line with our previous computational studies conducted on comparable
compounds and in line with the micromolar inhibition of the enzyme.

In order to validate the docking output and to assess the stability of the binding mode
of compound 9 retrieved by the molecular docking calculation and related timeline behavior,
we conducted a 300 ns MD simulation study in an explicit solvent on the biological system
composed of L-ARG/compound 9. The resultant trajectory was exhaustively analyzed
using different standard simulation parameters, including a root mean square deviation
(RMSD) assessment for each backbone atom and ligand and a root mean square fluctuation
(RMSF) of each protein residue (Figure 3).
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Figure 3. (A) RMSD regarding the L-ARG complex (blue line) and compound 9 (red line); (B) RMSF
of all residues of L-ARG. Pictures were created by Simulation Event Analysis available in Desmond.

The selected complex showed general stability from the early stages of the MD simula-
tion, as indicated by the results found by calculating the RMSD without major expansion
and/or contraction events of the examined system during the entire simulation after the
binding of compound 9. We did not observe a significant variation in the RMSD (Figure 3A).
This stability was also substantiated by observing the RMSF calculated for the mentioned
complex. The RMSF indicated the difference between the atomic Cx coordinates of the
protein from its average position during the MD simulation. This calculation was helpful to
characterize the flexibility of individual residues in the protein backbone. The considered
system did not show significant fluctuation phenomena, with the exclusion of a restricted
number of residues in the N- and C-terminal regions of L-ARG (Figure 3B). In contrast,
the conformational alterations of the critical residues of the L-ARG binding cleft (lowest
RMSEF value) confirmed the capacity of the compounds to form stable interactions within
the protein. To gain a further insight into the behavior of compound 9 in the L-ARG
binding site, we performed a comprehensive analysis of the MD simulation, examining the
main interactions established by compound 9 in the L-ARG active site. The result of the
evaluation regarding the mentioned complex is reported in Figure 4. In general, observing
the trajectory of the MD simulation, compound 9 maintained the interactions found from
the molecular docking calculation, targeting the backbone of Thr148 and Val149 as well as
the sidechain of Ser150 and Glu188. Furthermore, during the MD simulation, we observed
further additional contacts with the backbone of Asp141 and a water-mediated H-bond
with Asnl52. Moreover, a series of ionic interactions was observed among the catechol
moiety and the residues of the enzyme able to coordinate the metal ions (His114, Asp137,
Asp243, and Asp245). All these contacts were relevant in stabilizing the discussed binding
mode as well as to perturbate the activity of the enzyme. Overall, the MD simulation
outcome undeniably validated the significant interactions of compound 9 found by the
docking studies, indicating that the compound could behave as an effective inhibitor of
L-ARG. This timeline behavior was also highlighted by the dynamic interaction diagram
obtained from the 300 ns of the MD simulation as reported in Figure 5.

Finally, we assessed the timeline interaction of compound 9 with the metal reactive
center of the L-ARG enzyme (Figure 6). Starting from the complex L-ARG/compound 9
obtained by docking, we observed only one potential metal coordination bond, occurring
between the oxygen atom—namely, Ol—and the metal ion MN401. As expected, the
distance (D1) between the mentioned atoms remained favorable for the duration of the
simulation for forming a metal coordination. The distance D2 between the oxygen atom O1
and the metal MN402 appeared not to be favorable for establishing a metal coordination
(over 3 A) and we observed only a sporadic metal coordination bond during the 300 ns
of the MD simulation. Surprisingly, the other oxygen atom belonging to the catechol
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moiety—namely, O2—was able, after the stabilization of the complex, to find a suitable
position for establishing an additional metal coordination bond with the other metal ion
MN401, considering that from 20 ns of the MD simulation, the distance (D3) was favorable
to coordinate the metal ion (Figure 6). The same phenomenon was observed considering
the same oxygen atom (O2) and the other metal ion MN402. After an initial stabilization
of the bioactive conformation, atom O2 could reach a favorable distance (D4) to interact
with the metal ion MN402 for a relevant segment of the MD simulation. Accordingly, the
analysis highlighted the capability of compound 9 to appropriately interact within the L-
ARG binding site targeting the key residues as well as its ability to form metal coordination
bonds with the metal reactive center of the enzyme, indicating the ability to inhibit the
L-ARG enzyme, as found by in vitro tests.
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Figure 4. Compound 9 monitored in the course of the MD run. The interactions could be grouped
into four types: H-bonds (green); hydrophobic (grey); ionic (magenta); and water bridges (blue). The
subsequent diagram of the figure illustrates a timeline description of the main interactions. A darker
hue of orange indicates that a few residues made many distinct contacts with the ligand.
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Figure 5. Dynamic diagram of compound 9 within the L-ARG binding site during the 300 ns of the
MD simulation.
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Figure 6. Distances among the selected oxygen atoms of compound 9 (O1 and O2) and the metal ions
of L-ARG (MN401 and MN402) monitored during the 300 ns of the MD simulation.
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3. Discussion

Several insights could be highlighted via the analysis of the six compounds that
were active against L-ARG and the results were compared with those obtained using
a previous model of mammalian arginase [26]. Donor substrates that contained catechol
were substituted with a donor containing a phenyl moiety (trans-4-dihydroxycinnamic acid
or 3-(4-hydroxyphenyl)propionic acid) in compounds 1, 5, and 6; for these compounds, the
inhibition of the enzyme decreased at least 100 times (compound 4 vs. 5) or resulted in
inactive compounds (1 and 6).

These data highlight the importance of the 3,4-dihydroxyphenyl moiety in a donor
substrate to synthesize L. amazonensis arginase inhibitors. Compounds 2-4 were syn-
thesized using a common donor substrate (3,4-dihydroxyphenyl-propanoic acid) and
by varying the acceptor (4-hydroxyphenyllactic acid (HPL), phenyllatic acid (PL), and
3,4-dihidroxyphenyllactic acid (DHPL)); the analysis of the L-ARG inhibition by these
compounds showed that the best arginase inhibition was obtained when the acceptor used
was HPL. Leishmania regulates the gene expression of cationic transporters and increases
the uptake of L-arginine [27]; this could be a possible resistance mechanism if the mixed
inhibitor of arginase is used as an antileishmanial agent. Therefore, a noncompetitive
arginase inhibitor would be a better choice as an antileishmanial drug candidate. The
replacement of hydroxyphenyl from compound 4 (ICsp 1.9 pM) to the carboxylate moiety
in compound 7 (IC5¢ 36.2 uM) decreased the ICsy approximately 20 times. Finally, the
compounds that were obtained using the same donor (trans-3,4-dihydroxycinnamic acid)
showed that the difluorobenzoic moiety in the acceptor, which was used to obtain the
cinnamide (9), exhibited a better activity than the succinic moiety (7), which was used for
the L-ARG inhibition.

Recently, a study of natural compounds isolated from Pluchea carolinensis [18] showed
that caffeic acid (3,4-dihydroxycinnamic) and its derivative compounds chlorogenic acid,
ferulic acid, and rosmarinic acid are active against the promastigotes and amastigotes
of L. amazonensis. Ferulic, rosmarinic, and caffeic acids were effective in reducing the
lesion size and parasite burden in a BALB/c mice model of cutaneous leishmaniasis with
L. amazonensis [18].

The in silico investigation, employing a computational protocol based on molecular
docking coupled to a ligand binding energy estimation and MD simulation, was demon-
strated by us to be a useful approach for a reliable prediction of the putative binding modes
and affinity of the competitive inhibitors for L-ARG. In this case, for compound 9, acting as
a competitive inhibitor of the enzyme, we observed its ability to target key residues within
the binding site of the enzyme. The catechol moiety was projected toward the active site
metal ions and the compound could establish a metal coordination bond. In addition, with
the same moiety, compound 9 was able to target two additional residues in the reactive
metal pocket. The other portion of the molecule by a strong H-bond network could stabilize
the retrieved binding mode by interacting with a series of residues located at the entrance
of the catalytic cleft. This binding mode of compound 9 supported its low micromolar
inhibition of L-ARG. Furthermore, we confirmed the docking results by an extensive MD
simulation experiment in which we observed that the binding mode of compound 9 was
maintained during 300 ns of an MD simulation in an explicit solvent.

4. Materials and Methods
4.1. Materials

CHES (2-(cyclohexylamino) ethane-sulfonic acid) and L-arginine were purchased
from Sigma-Aldrich and the reagents for the urea analysis were purchased from Quibasa
(Belo Horizonte, MG, Brazil). Compounds 1-7 were obtained via engineered synthesis
in E. coli [20,21] at the Tianjin Institute of Industrial Biotechnology. Compounds 2-amino-
4,5-difluorobenzoic acid, 2-amino-4-chlorobenzoic acid, trans-4-hydroxycinnamic acid,
3-(4-hydroxyphenyl)propionic acid, and trans-3,4-dihydroxycinnamic acid were purchased
from Aladdin Chemistry Co., Ltd. (Shanghai, China).
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4.2. Bacterial Strain, Cultivation, and Chemicals

The codon-optimized hydroxycinnamoyl/benzoyl-CoA:anthranilate N-hydroxycinnamoyl/
benzoyl transferase (HCBT) was synthesized for its optimal expression in E. coli. The 4-
Coumarate CoA ligase gene (At4CL) was amplified via PCR from the cDNA of Arabidopsis
thaliana. PET28a-HCBT was constructed by inserting HCBT into PET28a using the re-
striction sites Nde I and BamH I; PCDFDuet-At4CL was constructed by inserting At4CL
into PCDFDuet using the restriction sites Nco I and BamH 1. Plasmids PET28a-HCBT and
PCDFDuet-At4CL/pET28a and PCDFDuet were co-transformed into E. coli BL21 (DE3),
generating the recombinant strain S1 and a negative control strain 52, respectively.

The strains S1 and S2 were cultivated in liquid Luria—Bertani (LB) broth or on LB agar
plates at 37 °C with 50 pg/mL kanamycin and 200 ug/mL streptomycin to maintain the
plasmids. For the production of the biotransformation products, 1 mL of the overnight-
cultured single colonies of the engineered E. coli strain BLRA1 was diluted with 50 mL of
a fresh LB medium and incubated at 37 °C at 200 rpm. When the ODgg of the cul-
ture reached 0.6-0.8, 0.1 mM isopropyl-p-D-thiogalactoside (IPTG) was added to in-
duce the recombinant protein expression at 16 °C for 12 h. Subsequently, the cells were
centrifuged, washed, and resuspended in 50 mL of a slightly modified M9 medium
(1 x M9 minimal salts, 5 mM MgSQOy, 0.1 mM CaCl,, and 2% (w/v) glucose supplemented
with 1% (w/v) yeast extract). The cells were treated with different feeding substrates at
a concentration of 2 mM (2-amino-5-methylbenzoic acid, 2-amino-4,5-difluorobenzoic
acid, and 2-amino-4-chlorobenzoic acid as acceptors; trans-4-hydroxycinnamic acid, 3-(4-
hydroxyphenyl)propionic acid, and trans-3,4-dihydroxycinnamic acid as donors). The cells
were cultured at 30 °C for 48 h. All substrates were purchased from Aladdin Chemistry
Co., Ltd. (Shanghai, China).

4.3. Extraction, Isolation, and Identification of the Biotransformation Products

To extract the biotransformation products from the broth, the fermentation was scaled
up to 500 mL. After the fermentation broths were centrifuged, the supernatants containing
the biotransformation products were extracted using glass columns wet-packed with
macroporous resin SP825L (100 mL; Sepabeads, Kyoto, Japan). An aliquot (200 mL) of
distilled water and 80% (v/v) ethanol were sequentially loaded into the column and were
eluted at a constant flow rate of 1 mL/min. An eluate of 80% (v/v) ethanol was separately
condensed under a reduced pressure. The residue was then dissolved in 2 mL of methanol
and purified via semipreparative HPLC using a Shimadzu LC-6 AD with an SPD-20A
detector equipped with a YMC-pack ODS-A column (10 x 250 mm; i.d., 5 pm; YMC,
Kyoto, Japan). The flow rate was 4 mL/min; the other HPLC conditions were the same as
described above. The compounds were tested using NMR and MS. The 'H-NMR spectra
were analyzed on a Bruker Avance III spectrometer at 400 MHz in CD30D. The chemical
shifts were expressed as 6 (ppm) and the coupling constants (J) were expressed as hertz
(Hz). The MS spectra were performed on a Bruker microQ-TOF II mass spectrometer
(Bruker BioSpin, Switzerland) equipped with an electrospray ionization (ESI) interface. The
purity of the compounds used to test the activity was more than 90% and the compounds
were characterized by NMR and MS spectra (Figures S1-57).

Compound 8: 'H-NMR (CD;0D, 400 MHz), & H 8.83 (d, ] = 2.1 Hz, 1H), 8.07 (d,
J=8.6Hz, 1H),7.63 (d, ] = 15.6 Hz, 1H), 7.50 (d, ] = 8.6 Hz, 2H), 7.14 (dd, | = 8.6, 2.1 Hz,
1H), 6.83 (d, ] = 8.6 Hz, 2H), 6.52 (d, ] = 15.6 Hz, 1H); 3*C-NMR (CD;0D, 100 MHz) 5 C
1709, 167.2, 161.2, 144.2, 143.8, 141.0, 133.9, 131.1, 127.3, 123.7, 121.0, 118.8, 116.8, 115.9;
HRESI-MS m/z 316.0382 [M-H] ~ (calcd. for C16H11CINOy 316.0377).

Compound 9: '"H-NMR (CD3;0D, 400 MHz), § H 8.73 (m, 1H), 7.97 (m, 1H), 7.57 (d,
J=15.6 Hz, 1H),7.09 (d, ] =2.0 Hz, 1H), 7.00 (dd, ] = 8.2, 2.0 Hz, 1H), 6.81 (d, ] = 8.2 Hz, 1H),
6.46 (d, ] = 15.6 Hz, 1H); 3C-NMR (CD;0D, 100 MHz) & C 169.9, 167.7, 149.5, 146.8, 144.6,
127.8,122.9,120.9, 120.7, 118.6, 116.5, 115.2, 110.4, 110.1; HRESI-MS m/z 334.0553 [M-H]~
(calcd. for C16H10F2NO5 334.0527).
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Compound 10: 'H-NMR (CD;0D, 400 MHz), 5 H 8.69 (d, ] = 2.2 Hz, 1H), 8.03 (d,
] = 8.6 Hz, 1H), 7.12 (dd, ] = 8.6, 2.2 Hz, 1H), 7.06 (d, ] = 8.6 Hz, 1H), 6.70 (d, ] = 8.5 Hz,
1H), 2.94 (t, ] = 7.6 Hz, 1H), 2.69 (t, ] = 7.6 Hz, 1H); 13C-NMR (CD;0D, 100 MHz) 5 C 173.7,
170.6, 156.8, 143.3, 141.0, 133.8, 132.5, 130.3, 123.8, 120.9, 116.3, 115.8, 41.5, 31.7; HRESI-MS
m/z 318.0570 [M-H]~ (calcd. for C14H;3CINO, 318.0533).

4.4. Arginase Inhibition and Kinetics

Recombinant L-ARG was expressed and purified as previously described [9]. A stock
solution of 70 mM was prepared in DMSO and was stored at —20 °C for each compound
just before the experiment. The concentration that inhibited 50% of the catalytic activity
of the enzyme (ICsp) was determined using an inhibitor concentration from 200 pM to
0.05 uM; the concentrations were obtained via a serial dilution in water (1:4). The kinetics
were determined using three concentrations of the substrate and three concentrations of
inhibitor, as previously described [11]. Two independent experiments were performed
in triplicate with a coefficient of nonlinear regression R? > 0.85. The sigmoidal model
(log ICs0) was used to determine the ICsy using GraphPad Prism 7 software for Windows
(San Diego, CA, USA).

4.5. Computational Details

Molecule preparation: The three-dimensional structure of the L-ARG competitive in-
hibitor, compound 9, was built in a Maestro molecular modelling environment (Maestro
release 2016) and minimized using MacroModel software (MacroModel, Schrodinger, LLC,
New York, NY, 2016) as previously reported by us [25,28], employing OPLS-AA 2005 as
a force field and the GB/SA model for simulating the solvent effects. The PRCG method
with 1000 maximum iterations and a 0.001 gradient convergence threshold was employed.
Furthermore, the LigPrep (LigPrep, Schrodinger, LLC, New York, NY, 2016) application
was used to refine the chemical structure.

Protein preparation: According to our previous work [15,19,24,25], we used the recently
experimentally solved structure of L. mexicana arginase (PDB ID: 41U1) [29] downloaded
from the Protein Data Bank (PDB) and imported into the Maestro molecular modeling
environment. The structure was submitted to the protein preparation wizard protocol
implemented in Maestro suite 2016 (Protein Preparation Wizard workflow 2016) in order to
obtain a reasonable starting structure for further computational experiments.

Molecular docking: The docking experiments were performed by Glide (Glide, Schrodinger,
LLC, New York, NY, 2016) using the ligand and the protein prepared as mentioned above
with the Glide extra precision (XP) method. The energy grid was prepared using the
default value of the protein atom scaling factor (1.0 A) within a cubic box centered on the
crystallized ligand nor-NOHA. As part of the grid generation procedure, metal constraints
for the receptor grids were also applied [30,31]. After the grid generation, the ligands
were docked into the enzymes considering the metal constraints. The number of poses
entered into the post-docking minimization was set to 100 and the Glide XP score was
evaluated. The XP method was able to correctly accommodate the crystallized inhibitor
into the binding site (data not shown).

Estimated ligand binding energy: The Prime/MM-GBSA method implemented in Prime
software (Prime, Schrodinger, LLC, New York, NY, 2016) computed the change between
the free and the complex state of both the ligand and the protein after energy minimization.
The technique was used on the docking complex of the compound presented in this study.
The software was employed to calculate the ligand binding energy (AGying), as previously
reported [19,24,25].

Molecular Dynamics: Desmond 5.6 academic version via Maestro was used to perform
the MD simulation studies (Desmond Molecular Dynamics System, version 5.6, D.E. Shaw
Research, New York, NY, 2018. Maestro-Desmond Interoperability Tools, Schrodinger, New
York, NY, 2018). The MD simulations were executed on two NVIDIA GPUs, employing
the Compute Unified Device Architecture (CUDA) API [32]. The complex resulting from
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the molecular docking studies was inserted into an orthorhombic box together with water
molecules and simulated by the solvent model TIP3P using the Desmond system builder
available in Maestro [31,33]. The MD simulation was performed adopting OPLS as the force
field [34]. Na* and Cl™~ ions (0.15 M) were added to mimic the physiological concentration
of the monovalent ions. The ensemble class NPT (constant number of particles, pressure,
and temperature) was used adopting a constant temperature of 310 K and a pressure
of 1.01325 bar. For integrating the equations of motion, a RESPA integrator [35] was
used. Nosé-Hoover thermostats [36] and the Martyna—Tobias—Klein method [37] were
employed to maintain a constant temperature and pressure of the simulation, respectively.
The particle mesh Ewald technique (PME) was employed to calculate the long-range
electrostatic interactions [38]. A threshold of 9.0 A was chosen for the van der Waals
and short-range electrostatic interactions. The system was equilibrated using the default
procedure, which consisted of a series of restrained minimization and MD simulations to
gradually relax the system. As a result, a single 300 ns trajectory was determined. The
MD simulation studies were independently repeated two times to provide a more reliable
output. Simulation event analysis tools included in the software package were used to
examine the trajectory files. All charts relating to the MD simulation presented in this
article were created using the same tools. Therefore, the RMSD was evaluated using the
following equation:

RMSD, = \/ %,ZL (7i(ts) = ri(try))”

where RMSDy, is the calculation for a frame x; N is the number of selected atoms; Erer 1S the
reference time (normally the first frame was utilized as the reference at time ¢t = 0); and
7/ is the position of the chosen atoms in frame x at time #, after the superimposition with
the reference frame. Every frame in the simulation trajectory was subjected to the same
technique. The following formula was used to calculate the root mean square fluctuation
(RMSF):

RMSF; = \/ %Zle <(Fi(t) = 1i(tep) ) >

where RMSF; is the generic residue; T is the trajectory time considered for the calculation
of the RMSF; t, is the reference time; r;* is the position of residue #; and # is the position
of the atoms in residue i after the superposition on the reference. The square distance was
averaged over the atoms in the residue, as indicated by the angle brackets.

5. Conclusions

In summary, we present a novel biosynthetic approach that increases the possibility
of producing L-ARG inhibitors via engineered E. coli and opens the possibility of explor-
ing unnatural substrates to produce new compounds with the clinical potential to treat
leishmaniasis. In this work, by using a multidisciplinary approach, we reported the pro-
duction, experimental evaluation of the mechanism of action as L-ARG inhibitors, and an
investigation of the inhibitory potential at the molecular level by applying an appropriate
computational protocol. Specifically, cinnamic esters and cinnamide-derived compounds
revealed an approach to design optimized L-ARG inhibitors, paving the way to develop
effective drug candidates for treating leishmaniasis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pathogens11091020/s1, Figure S1: 'H spectrum of isolated com-
pound 8 in CD3;OD; Figure S2: 1BC spectrum of isolated compound 8 in CD3;OD; Figure S3:
H spectrum of isolated compound 9 in CD30D; Figure S4: 13C spectrum of isolated compound 9
in CD30D; Figure S5: 'H spectrum of isolated compound 10 in CD;0D; Figure S6: '3C spectrum of
isolated compound 10 in CD30D; Figure S7: MS spectra of compounds 8-10.

Author Contributions: Conceptualization, S.B., T.L. (Tao Liu) and E.R.d.S.; methodology, ] A.A.d.S.S.C.,
Y.Z., T.L. (Tianzhen Li), S.B., S.G., T.L. (Tao Liu) and E.R.d.S.; software, S.B.; validation, ].A.A.d.S.S.C.,
Y.Z., TL. (Tianzhen Li), S.B., S.G., T.L. (Tao Liu) and E.R.d.S.; formal analysis, ].A.A.d.5.S.C., Y.Z,,


https://www.mdpi.com/article/10.3390/pathogens11091020/s1
https://www.mdpi.com/article/10.3390/pathogens11091020/s1

Pathogens 2022, 11, 1020 13 of 14

T.L. (Tianzhen Li), S.B., S.G., T.L. (Tao Liu) and E.R.d.S.; investigation, J].A.A.d.S.5.C., Y.Z., T.L.
(Tianzhen Li), S.B., S.G., T.L. (Tao Liu) and E.R.d.S.; writing—original draft preparation, S.B., T.L.
(Tao Liu) and E.R.d.S.; writing—review and editing, ].A.A.d.S.S.C., Y.Z., T.L. (Tianzhen Li), S.B., S.G.,
T.L. (Tao Liu) and E.R.d.S.; supervision, S.B., T.L. (Tao Liu) and E.R.d.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by grant #17/06917-4, Sao Paulo Research Foundation
(FAPESP), Science and Technology Partnership Program, Ministry of Science and Technology of China
(NO. KY202001017), COMSATS Joint Center for Industrial Biotechnology (NO. TSBICIP-IJCP-001),
and grant #31770104, National Natural Science Foundation of China (NSFC).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: E.R.d.S. is the recipient of research productivity fellowships from CNPq
(#308218/2017-5) and J.A.A.d.S.S.C. has a fellowship from Ministério da Ciéncia e Tecnologia Ensino
Superior e Técnico-Profissional de Mogambique (MCTESTP).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  WHO/ Leishmaniasis. WHO 2018. Available online: https://www.who.int/leishmaniasis/en/ (accessed on 25 January 2019).

2. Sundar, S.,; Chakravarty, J. An update on pharmacotherapy for leishmaniasis. Expert. Opin. Pharm. 2015, 16, 237-252. [CrossRef]
[PubMed]

3. Colotti, G.; Ilari, A. Polyamine metabolism in Leishmania: From arginine to trypanothione. Amino Acids 2011, 40, 269-285.
[CrossRef]

4. Da Silva, M.F.; Zampieri, R.A.; Muxel, S.M.; Beverley, S.M.; Floeter-Winter, L.M. Leishmania amazonensis arginase compartmental-
ization in the glycosome is important for parasite infectivity. PLoS ONE 2012, 7, e34022. [CrossRef] [PubMed]

5. Mandal, A.; Das, S.; Roy, S.; Ghosh, A K.; Sardar, A.H.; Verma, S.; Saini, S.; Singh, R.; Abhishek, K.; Kumar, A.; et al. Deprivation
of L-Arginine Induces Oxidative Stress Mediated Apoptosis in Leishmania donovani Promastigotes: Contribution of the Polyamine
Pathway. PLoS Negl. Trop. Dis. 2016, 10, e€0004373. [CrossRef]

6.  Bocedi, A.; Dawood, K.E; Fabrini, R.; Federici, G.; Gradoni, L.; Pedersen, ]J.Z.; Ricci, G. Trypanothione efficiently intercepts nitric
oxide as a harmless iron complex in trypanosomatid parasites. FASEB . 2010, 24, 1035-1042. [CrossRef]

7. Fairlamb, A.H.; Cerami, A. Metabolism and functions of trypanothione in the Kinetoplastida. Annu. Rev. Microbiol. 1992, 46,
695-729. [CrossRef]

8.  Iniesta, V.; Gomez-Nieto, L.C.; Corraliza, I. The inhibition of arginase by N(omega)-hydroxy-l-arginine controls the growth of
Leishmania inside macrophages. |. Exp. Med. 2001, 193, 777-784. [CrossRef] [PubMed]

9. DaSilva, E.R.; do Carmo Maquiaveli, C.; Magalhaes, P.P. The leishmanicidal flavonols quercetin and quercitrin target Leishmania
(Leishmania) amazonensis arginase. Exp. Parasitol. 2012, 130, 183-188. [CrossRef]

10. Manjolin, L.C.; dos Reis, M.B.; Maquiaveli Cdo, C.; Santos-Filho, O.A.; da Silva, E.R. Dietary flavonoids fisetin, luteolin and their
derived compounds inhibit arginase, a central enzyme in Leishmania (Leishmania) amazonensis infection. Food Chem. 2013, 141,
2253-2262. [CrossRef]

11. Dos Reis, M.B.; Manjolin, L.C.; Maquiaveli Cdo, C.; Santos-Filho, O.A.; da Silva, E.R. Inhibition of Leishmania (Leishmania)
amazonensis and rat arginases by green tea EGCG, (+)-catechin and (-)-epicatechin: A comparative structural analysis of enzyme-
inhibitor interactions. PLoS ONE 2013, 8, €78387. [CrossRef] [PubMed]

12. DaSilva, E.R.; Boechat, N.; Pinheiro, L.C.; Bastos, M.M.; Costa, C.C.; Bartholomeu, J.C.; da Costa, T.H. Novel selective inhibitor of
Leishmania (Leishmania) amazonensis arginase. Chem. Biol. Drug Des. 2015, 86, 969-978. [CrossRef] [PubMed]

13.  Moreira Rda, C.; Rebelo, ].M.; Gama, M.E.; Costa, ]. M. Knowledge level about of American tegumentary leishmaniasis (ATL)
and use of alternative therapies in an endemic area in the Amazon Region in the State of Maranhao, Brazil. Cad. Saiide Piiblica
2002, 18, 187-195. [CrossRef]

14. Kvist, L.P; Christensen, S.B.; Rasmussen, H.B.; Mejia, K.; Gonzalez, A. Identification and evaluation of Peruvian plants used to
treat malaria and leishmaniasis. J. Ethnopharmacol. 2006, 106, 390-402. [CrossRef] [PubMed]

15. Maquiaveli, C.C.; Lucon-Junior, J.F; Brogi, S.; Campiani, G.; Gemma, S.; Vieira, P.C,; Silva, E.R. Verbascoside Inhibits Promastigote
Growth and Arginase Activity of Leishmania amazonensis. J. Nat. Prod. 2016, 79, 1459-1463. [CrossRef]

16. Magquiaveli, C.D.C.; Rochetti, A.L.; Fukumasu, H.; Vieira, P.C.; da Silva, E.R. Antileishmanial activity of verbascoside: Selective

arginase inhibition of intracellular amastigotes of Leishmania (Leishmania) amazonensis with resistance induced by LPS plus
IFN-gamma. Biochem. Pharm. 2017, 127, 28-33. [CrossRef] [PubMed]


https://www.who.int/leishmaniasis/en/
http://doi.org/10.1517/14656566.2015.973850
http://www.ncbi.nlm.nih.gov/pubmed/25346016
http://doi.org/10.1007/s00726-010-0630-3
http://doi.org/10.1371/journal.pone.0034022
http://www.ncbi.nlm.nih.gov/pubmed/22479507
http://doi.org/10.1371/journal.pntd.0004373
http://doi.org/10.1096/fj.09-146407
http://doi.org/10.1146/annurev.mi.46.100192.003403
http://doi.org/10.1084/jem.193.6.777
http://www.ncbi.nlm.nih.gov/pubmed/11257143
http://doi.org/10.1016/j.exppara.2012.01.015
http://doi.org/10.1016/j.foodchem.2013.05.025
http://doi.org/10.1371/journal.pone.0078387
http://www.ncbi.nlm.nih.gov/pubmed/24260115
http://doi.org/10.1111/cbdd.12566
http://www.ncbi.nlm.nih.gov/pubmed/25845502
http://doi.org/10.1590/s0102-311x2002000100019
http://doi.org/10.1016/j.jep.2006.01.020
http://www.ncbi.nlm.nih.gov/pubmed/16517108
http://doi.org/10.1021/acs.jnatprod.5b00875
http://doi.org/10.1016/j.bcp.2016.12.018
http://www.ncbi.nlm.nih.gov/pubmed/28017773

Pathogens 2022, 11, 1020 14 of 14

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Froelich, S.; Gupta, M.P; Siems, K_; Jenett-Siems, K. Phenylethanoid glycosides from Stachytarpheta cayennensis (Rich.) Vahl,
Verbenaceae, a traditional antimalarial medicinal plant. Rev. Bras. Farm. 2008, 18, 517-520. [CrossRef]

Montrieux, E.; Perera, W.H.; Garcia, M.; Maes, L.; Cos, P.; Monzote, L. In vitro and in vivo activity of major constituents from
Pluchea carolinensis against Leishmania amazonensis. Parasitol. Res. 2014, 113, 2925-2932. [CrossRef]

Da Silva, E.R; Brogi, S.; Grillo, A.; Campiani, G.; Gemma, S.; Vieira, P.C.; Maquiaveli, C.D.C. Cinnamic acids derived compounds
with antileishmanial activity target Leishmania amazonensis arginase. Chem. Biol. Drug Des. 2019, 93, 139-146. [CrossRef] [PubMed]
Jiang, J.; Bi, H.; Zhuang, Y,; Liu, S.; Liu, T.; Ma, Y. Engineered synthesis of rosmarinic acid in Escherichia coli resulting production
of a new intermediate, caffeoyl-phenyllactate. Biotechnol. Lett. 2016, 38, 81-88. [CrossRef]

Zhuang, Y,; Jiang, J.; Bi, H.; Yin, H.; Liu, S.; Liu, T. Synthesis of rosmarinic acid analogues in Escherichia coli. Biotechnol. Lett.
2016, 38, 619-627. [CrossRef]

Dixon, M. The determination of enzyme inhibitor constants. Biochem. . 1953, 55, 170-171. [CrossRef]

Cornish-Bowden, A. A simple graphical method for determining the inhibition constants of mixed, uncompetitive and non-
competitive inhibitors. Biochem. J. 1974, 137, 143-144. [CrossRef] [PubMed]

Da Silva, E.R.; Brogi, S.; Lucon-Junior, ].F,; Campiani, G.; Gemma, S.; Maquiaveli, C.D.C. Dietary polyphenols rutin, taxifolin and
quercetin related compounds target Leishmania amazonensis arginase. Food Funct. 2019, 10, 3172-3180. [CrossRef] [PubMed]

Da Silva, E.R.; Come, ].; Brogi, S.; Calderone, V.; Chemi, G.; Campiani, G.; Oliveira, T.; Pham, T.N.; Pudlo, M.; Girard, C.; et al.
Cinnamides Target Leishmania amazonensis Arginase Selectively. Molecules 2020, 25, 5271. [CrossRef]

Pham, T.N.; Bordage, S.; Pudlo, M.; Demougeot, C.; Thai, KM.; Girard-Thernier, C. Cinnamide Derivatives as Mammalian
Arginase Inhibitors: Synthesis, Biological Evaluation and Molecular Docking. Int. ]. Mol. Sci. 2016, 17, 1656. [CrossRef] [PubMed]
Castilho-Martins, E.A.; Laranjeira da Silva, M.E,; dos Santos, M.G.; Muxel, S.M.; Floeter-Winter, L.M. Axenic Leishmania amazonensis
promastigotes sense both the external and internal arginine pool distinctly regulating the two transporter-coding genes. PLoS ONE
2011, 6, €27818. [CrossRef] [PubMed]

Battah, B.; Chemi, G.; Butini, S.; Campiani, G.; Brogi, S.; Delogu, G.; Gemma, S. A Repurposing Approach for Uncovering the
Anti-Tubercular Activity of FDA-Approved Drugs with Potential Multi-Targeting Profiles. Molecules 2019, 24, 4373. [CrossRef]
[PubMed]

D’Antonio, E.L.; Ullman, B.; Roberts, S.C.; Dixit, U.G.; Wilson, M.E.; Hai, Y.; Christianson, D.W. Crystal structure of arginase from
Leishmania mexicana and implications for the inhibition of polyamine biosynthesis in parasitic infections. Arch. Biochem. Biophys.
2013, 535, 163-176. [CrossRef]

Paolino, M.; Brindisi, M.; Vallone, A.; Butini, S.; Campiani, G.; Nannicini, C.; Giuliani, G.; Anzini, M.; Lamponi, S.; Giorgi, G.; et al.
Development of Potent Inhibitors of the Mycobacterium tuberculosis Virulence Factor Zmp1 and Evaluation of Their Effect on
Mycobacterial Survival inside Macrophages. ChemMedChem 2018, 13, 422—-430. [CrossRef]

Sirous, H.; Chemi, G.; Gemma, S.; Butini, S.; Debyser, Z.; Christ, F; Saghaie, L.; Brogi, S.; Fassihi, A.; Campiani, G.; et al.
Identification of Novel 3-Hydroxy-pyran-4-One Derivatives as Potent HIV-1 Integrase Inhibitors Using in silico Structure-Based
Combinatorial Library Design Approach. Front. Chem. 2019, 7, 574. [CrossRef] [PubMed]

Nickolls, J.; Buck, I.; Garland, M.; Skadron, K. Scalable Parallel Programming with CUDA. Queue 2008, 6, 40-53. [CrossRef]
Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926-935. [CrossRef]

Jorgensen, W.L.; Maxwell, D.S.; Tirado-Rives, J. Development and Testing of the OPLS All-Atom Force Field on Conformational
Energetics and Properties of Organic Liquids. J. Am. Chem. Soc. 1996, 118, 11225-11236. [CrossRef]

Humphreys, D.D.; Friesner, R.A.; Berne, B.J. A Multiple-Time-Step Molecular Dynamics Algorithm for Macromolecules.
J. Phys. Chem. 2002, 98, 6885-6892. [CrossRef]

Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A Gen. Phys. 1985, 31, 1695-1697. [CrossRef]
[PubMed]

Martyna, G.J.; Tobias, D.J.; Klein, M.L. Constant pressure molecular dynamics algorithms. . Chem. Phys. 1994, 101, 4177-4189.
[CrossRef]

Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle mesh Ewald method. J. Chem. Phys.
1995, 103, 8577-8593. [CrossRef]


http://doi.org/10.1590/S0102-695X2008000400003
http://doi.org/10.1007/s00436-014-3954-1
http://doi.org/10.1111/cbdd.13391
http://www.ncbi.nlm.nih.gov/pubmed/30216691
http://doi.org/10.1007/s10529-015-1945-7
http://doi.org/10.1007/s10529-015-2011-1
http://doi.org/10.1042/bj0550170
http://doi.org/10.1042/bj1370143
http://www.ncbi.nlm.nih.gov/pubmed/4206907
http://doi.org/10.1039/C9FO00265K
http://www.ncbi.nlm.nih.gov/pubmed/31134235
http://doi.org/10.3390/molecules25225271
http://doi.org/10.3390/ijms17101656
http://www.ncbi.nlm.nih.gov/pubmed/27690022
http://doi.org/10.1371/journal.pone.0027818
http://www.ncbi.nlm.nih.gov/pubmed/22114701
http://doi.org/10.3390/molecules24234373
http://www.ncbi.nlm.nih.gov/pubmed/31795400
http://doi.org/10.1016/j.abb.2013.03.015
http://doi.org/10.1002/cmdc.201700759
http://doi.org/10.3389/fchem.2019.00574
http://www.ncbi.nlm.nih.gov/pubmed/31457006
http://doi.org/10.1145/1365490.1365500
http://doi.org/10.1063/1.445869
http://doi.org/10.1021/ja9621760
http://doi.org/10.1021/j100078a035
http://doi.org/10.1103/PhysRevA.31.1695
http://www.ncbi.nlm.nih.gov/pubmed/9895674
http://doi.org/10.1063/1.467468
http://doi.org/10.1063/1.470117

	Introduction 
	Results 
	Production of Compounds 8–10 in E. coli via Feeding Experiments 
	Arginase Inhibition 
	Kinetics of Arginase Inhibition 
	Computational Studies 

	Discussion 
	Materials and Methods 
	Materials 
	Bacterial Strain, Cultivation, and Chemicals 
	Extraction, Isolation, and Identification of the Biotransformation Products 
	Arginase Inhibition and Kinetics 
	Computational Details 

	Conclusions 
	References

