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The mosquito Aedes aegypti is the vector of arboviruses such as Zika, Chikungunya, dengue and yellow fever.
These infectious diseases have a major impact on public health. The unavailability of effective vaccines or drugs
to prevent or treat most of these diseases makes vector control the main form of prevention. One strategy to
promote mosquito population control is the use of synthetic insecticides to inhibit key enzymes in the metabolic
pathway of these insects, particularly during larval stages. One of the main targets of the kynurenine detox-

ification pathway in mosquitoes is the enzyme 3-hydroxykynurenine transaminase (HKT), which catalyzes the
conversion of 3-hydroxykynurenine (3-HK) into xanthurenic acid (XA). In this work, we report eleven newly
synthesized oxadiazole derivatives and demonstrate that these compounds are potent noncompetitive inhibitors
of HKT from Ae. aegypti. The present data provide direct evidence that HKT can be explored as a molecular target
for the discovery of novel larvicides against Ae. aegypti. More importantly, it ensures that structural information
derived from the HKT 3D-structure can be used to guide the development of more potent inhibitors.

1. Introduction

Arboviruses are responsible for diseases such as Zika, Chikungunya,
dengue and yellow fever which have spread at high rates throughout
the world in the last years."™ Therefore, increasing mortality and
morbidity rates have been reported in association with these dis-
eases.”® More recently, Zika viruses have spread around the world,
with a particularly aggravating effect of the congenital syndrome in
newborns whose mothers were infected in pregnancy.”'® The World
Health Organization have reported the Zika virus transmission in 52
countries and territories of the Americas between 2015 and 2018, and
31 countries worldwide have reported infantile microcephaly and/or
CNS malformation cases until March 2017.'"*2

The mosquito Aedes aegypti is the primary vector responsible for the
transmission of the Zika, hikungunya and dengue viruses. The control
of this species has been impaired due to the great adaptability of the
mosquito to urban environments, high anthropophilic behavior in ad-
dition to other biological features.'> Moreover, vaccine development
against all arboviruses and their multiple serotypes transmitted by a
given vector has a high cost and requires exceedingly long periods of
development.’*'> In the absence of effective vaccines, the most

* Corresponding authors.

accessible alternative to decrease the transmission of these diseases
remains vector control. In this scenario, the discovery of novel in-
secticides with innovative mode of action is needed, in particular, in
view of the spread resistance to synthetic compounds such as organo-
phosphates and pyrethroids, which have been largely employed against
Ae. aegypti control.'®'? Nowadays the mosquito mechanism of re-
sistance is better understood.’*** It is known that insects can become
insensitive to insecticide through metabolic resistance in which in-
secticide-resistant strains metabolize the insecticide more efficiently
than insecticide-susceptible strains, and/or through target modification
in which the insecticide-target molecule may change the structure/se-
quence or even behavioral modifications with indoor feeders becoming
outdoor feeders. Therefore, it is indispensable for novel larvicides to
exhibit high specificity and low toxicity in order to minimize the
emergence of resistant mosquitoes and toxic effects in other species.’

An important metabolic pathway in mosquitoes is the kynurenine
pathway, which is the major tryptophan catabolism pathway in living
organisms. The tryptophan can be oxidized to quinolinic acid, ky-
nurenic acid, or xanthurenic acid depending on the organism.?**° In
humans, some metabolites from this pathway are involved in several
neurologic disorders and the quinolinic acid can react to form
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nicotinamide adenine dinucleotide (NAD+).%>?° The metabolite 3-
hydroxykynurenine (3-HK) has been associated with oxidative stress
caused by spontaneous oxidation of reactive oxygen species.””*® In this
case, 3-HK can be either hydrolyzed by the enzyme kynureninase or can
be the precursor for xanthurenic acid synthesis by the enzymes ky-
nurenine aminotransferase I and IL>° In mosquitoes, this pathway
comprises the tryptophan degradation, taking to the chemically stable
xanthurenic acid (XA). This acid is synthesized from the 3-HK in an
irreversible reaction catalyzed by the enzyme 3-hydroxykynurenine
transaminase (HKT).?°>* The absence of kynureninase in mosquitoes
makes HKT the only enzyme responsible for 3-HK regulation in mos-
quitoes.*® Further, previous reports have shown that xanthurenic acid is
essential for the sexual reproduction of Plasmodium falciparium in the
malaria vector Anopheles spp.>* Therefore, inhibition of the enzymatic
conversion of 3-HK into xanthurenic acid in the kynurenine pathway is
an attractive strategy to control Ae. aegypti development and Anopheles
spp. via the accumulation of 3-HK.

Recently, the three-dimensional structure of HKT from Ae. aegypti in
its holo form was solved. However, the crystallographic structure of
HKT from Anopheles gambiae (AgHKT) co-crystallized with the compe-
titive inhibitor 4-(2-aminophenyl)-4-oxobutyric acid (4-OB) was pre-
viously determined at 2.7 A resolution.*® These HKTs from An. gambiae
and Ae. aegypti are orthologs with 79% of sequence identity, and
identical residues within a radius of 7 A from the active site.>® There-
fore, the X-ray structure of HKT from An. gambiae may provide valuable
structural information for the design of inhibitors against HKT from Ae.
aegypti.>® Previously, we have recognized the striking structural simi-
larity between 4-(2-aminophenyl)-4-oxobutyric acid inhibitor and
1,2,4-oxadiazole derivatives (Fig. 1). We have shown that these het-
erocyclic compounds could have similar binding modes and equivalent
affinity for HKT as the crystallographic inhibitor 4-(2-aminophenyl)-4-
oxobutyric acid. Furthermore, toxicity bioassays performed for fourth-
instar larvae of Ae. aegypti have shown that several 1,2,4-oxadiazole
derivatives exhibit potent activity against Ae. aegypti larvae (ca. of
15 ppm) and low toxicity in mammals.>®

In this work, we report the discovery of 1,2,4-oxadiazole as in-
hibitors of HKT from Ae. aegypti. We developed a high yield procedure
for the expression and purification of an active recombinant form of
HKT and a biochemical protocol for the detection of the xanthurenic
acid yielded by HKT catalysis. We subsequently performed enzyme
inhibitory assays using the recombinant HKT and a series of novel,
water-soluble, 1,2,4-oxadiazole derivatives. This work provides direct
evidence that HKT can be explored as a molecular target for the dis-
covery of novel larvicides against Ae. aegypti.

2. Results and discussion
2.1. Insilico analysis of HKT

Gene analysis of Aedes aegypti HKT showed that it has four introns
and five exons. For reasons of splicing processing in the prokaryotic
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Fig. 1. Structure of (A) 1,2,4-oxadiazole scaffold and (B) 4-(2-aminophenyl)-4-
oxobutyric acid (4-OB).
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expression system and the size of the introns in this species, it was ne-
cessary to use the cDNA for ligase independent cloning (LIC). The HKT
mRNA sequence was obtained from the GenBank (access number
AF435806.1) and has 1167-base pairs (bp) length. Oligonucleotides were
designed from this sequence to perform a ligase independent cloning
(LIC) into the expression vector. Annotation of respective translated
mRNA (access number AAL29468.1) has 389 amino acids and predicted
size of 43 kDa. Residues G25, S43 and R356 are located in the active site
and are conserved in relation to HKT orthologs from An. gambiae.

2.2. ¢cDNA amplification via RT-PCR

RT-PCR was performed using total RNA extracted from pools of
fourth-instar RecLab (RL) Ae. aegypti larvae. Samples were submitted to
the reaction and a fragment of around 1100-bp was amplified. The
fragments were purified, cloned in pGEM-T Easy© vector and se-
quenced to confirm their identity and to evaluate the integrity of these
cDNA sequences. The translated protein sequences from Ae. aegypti HKT
(RL_AeHKT) cDNA constructs were aligned with HKT sequence de-
posited in UniProtKB (Q95V15). The sequences showed to be identical
to the reference except for a polymorphism H360M detected in all
clones (Fig. 2). This mutation is provoked by the deletion of one cy-
tosine, which caused a change in the reading frame, altering some
following amino acids from these sequences. The recombinant RL
AeHKT differs in ATG codon for translated methionine in comparison to
the CATG codon for translated histidine from the reference sequence
Q95V15 AeHKT. This polymorphism in clones that have a quite distinct
geographical origin is an evidence that this mutation is well established
within the species.?” Four constructs were obtained and two of them
were selected for cloning into the pETTrxA-1a/LIC expression vector.

2.3. Expression and purification of recombinant HKT

Rosetta 2 DE3 Escherichia coli cells transformed with the constructs
were inoculated into the auto-inducer ZYM-5052 culture medium.*®
Bacterial growth was performed at 37 °C until reach ODgg of 0.6 and
then the temperature was decreased to 22 °C to induce protein ex-
pression. The recombinant RL. AeHKT is N-terminally fused to Thior-
edoxin A (Trx) and a 6x-His tag to increase the solubility of the protein,
and to allow its purification by Immobilized Metal Affinity Chromato-
graphy (IMAC), respectively. The purification protocol was based on
Ni?* affinity chromatography to extract the recombinant HKT from
bacterial lysate and subsequently, incubation with TEV protease to re-
move Trx and 6x-His tags. RL_AeHKT-Trx exhibited a migration profile
of approximately 50 kDa, which is consistent with the predicted size of
54 kDa (43 kDa®? of HKT e 11 kDa of Trx>?). After all the purification
steps, RL_AeHKT showed integrity at the electrophoresis level (Fig. 3)
and a yield of 30 mg per liter of induced bacterial culture.

2.4. Synthesis of 1,2,4-oxadiazoles-like sodium salts

1,2,4-Oxadiazoles are five-membered heterocyclic compounds,
which contain an oxygen atom in position 1, and two nitrogen atoms in
positions 2 and 4 (Fig. 1). The oxadiazole moiety is resistant to hy-
drolysis and can act as a bioisostere of esters and amides, being a
promising scaffold for the design of bioactive molecules. Previous stu-
dies performed by our group have shown that larvicides containing the
1,2,4-oxadiazole group could be potentially used as inhibitors of the
HKT enzyme”®. The water-soluble larvicides were obtained via a three-
step synthesis, starting with the respective amidoxime and glutaric
anhydride to form 4-[3-(aryl)-1,2,4-oxadiazole-5-yl]butanoic acids.
After recrystallization, these compounds reacted with sodium hydro-
xide in methanolic medium yielding the corresponding sodium salts,
which were tested for inhibitory activity against HKT (Scheme 1). Most
of the compounds 3a-k was already tested as larvicides against Aedes
aegypti by our group, but there is no report of larvicidal activity of the
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241 - GGC ATG GAA GCT CTG CTG TGC AAT CTA CTG GAA GAG GGA GAC ATC GTA CTC ATC GCC AAC - 300
8¢4- G M E A L L C N L L E E G D I V L I A N -10

301 - AAC GGT ATC TGG GCA GAG CGA GCG ATC AAT ATG GCC ACC CGA TAT GGA GCG GAC GTC CGG - 360
MM-N G | W A E R A I N M A T RY G A D V R -12

361 - GTATTG GAG GGA CCG GCC GAC AAA CCT TTC TCG ATG ACC GAT TTC AAA AAA GCG ATC GAA - 420
129- Vv L. E G P A D K P F 8§ M T D F K K A |1 E -140

421 - CAA CAC AGG CCG AAATGT CTG TTC GTA GTT CAT GGA GAC TCG TCT TCT GGA CTT CTC CAA - 480
141-Q H R P K ¢C L F v vV H G D 8 8 S8 G L L Q@ -160

481 - CCT CTG GAA GGT CTG GGG AAAATC TGC CAC GAC TAT GAC TGC CTT CTG CTC GTA GAT GCC - 540
161- P L E G L G K I € H D Y D C L L L V D A -180

541 - GTG GCT AGC CTT TGT GGT GTC CCG TTC TAC ATG GAC AAA TGG GAG ATC GAT GGC GTC TAT - 600
181- VvV A 8 L €C G VvV P F Y M D KW E I D G V Y -200

601 - ACC GGG TCA CAG AAG GTG CTG GGA GCC CCA CCT GGAATAACG CCC ATT TCC ATC AGC CCG - 660
2M-T G 8S @ K VvV L GG A P P G 1 T P 1 s 1 S P -220

661 - AAA GCA TTA GAA GTAATT CGG TCA CGA AAAACG CCATCC AAAGTATTC TAC TGG GAC CTG - 720
2219- K A L E V | R 8 R K T P S8 K V F Y W D L -240

721 - TTAATC TTG GGC AAC TAC TGG GGA TGC TAC GAC GAG CAG AAA CGT TAT CAT CAC ACC GTG - 780
241-L 1 L G N Y W G €C Y D E Q@ K R Y H H T V -260

781 - CCT TCC AAC CTG ATATTT GCT CTC CGG GAA GCC ATA GCC CAG ATA GCT GAA GAA GGT CTT - 840
261- P 8§ N L I F A L R E A I A QI A E E G L -28

841 - GAG CCA GTC ATA CGG CGAAGA CAG GAATGT GCC GAG CAAATG TAT CGC GGT CTG CAG GCA - 900
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901 - ATG GGT TTA GAAATATTC GTC AAA GAT CCC GAG TAC CGG TTA CCG ACC GTG ACC TGT ATT - 960
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961 - ATG ATC CCAAAG GGC GTC AAC TGG TGG AAG GTC TCC GAATAC GCCATGAACAACTTTTCG -1020
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1021 - CTG GAG ATC CAG GGT GGATTT GGC CCGACG ATG GGAATT GCG TGG CGA GCT GGTATC ATG - 1080
4-L E I @ G G F G P T M G I A W R A G I M -360

1081 - GGC GAG AGT TCAACA CTT CAG CGG GTAAAC TTC TAT CTG TAT GCG TTC AAG GAATCT CTC - 1140
1- G E S 8 T L @ R V N F Y L Y A F K E S L -38

1141 - AAA GCT ACC CAT CCG GAT TAC GTA - 1166
38M1- K A T H P D Y VvV -400

Fig. 2. Open reading frame (ORF) coding sequence for the recombinant RL AeHKT and the corresponding translated amino acid sequence, showing predicted
molecular weight of 43,427 Daltons. Residues from polymorphism H360M are colored with blue (A). Predicted Aedes aegypti HKT protein sequence from UniProtKB
(Q95V15) aligned with clones RL_AeHKT1 and RL_AeHKT2. Semi- and non-conserved amino acids are colored with green and orange background, respectively. Red
arrows indicate the conserved amino acids participating in substrate and inhibitor recognition in the HKT active site, as revealed by the crystal structure of AgHKT in
complex with the inhibitor 4-OB>® (B). Sequence alignment of C-terminal regions (from amino acid number 340) of RL_AeHKT1, Q95V15 and Anopheles gambiae HKT
amino acid sequence from UniProtKB (Q7PRG3). Semi-conserved amino acids in green background and non-conserved amino acids in orange background (C).
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Fig. 2. (continued)
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Fig. 3. SDS-PAGE-based analysis of samples collected along the purification
steps of recombinant RL_AeHKT-Trx. (1) Total lysate; (2) Soluble fraction be-
fore affinity column; (3) RL_AeHKT-Trx eluted fraction by a NiZ+ affinity
chromatography; (4) Removal of the fusion protein by TEV protease (33 kDa);
(5) RL_AeHKT eluted fraction by a Ni*>* affinity chromatography. SDS-PAGE
10% stained with Coomassie blue. The tagged protein (RL_AeHKT-Trx), cleaved
protein (RL_AeHKT) and protease used (TEV) are indicated with arrows.
Molecular markers (MW) in kDa.

compounds 3c, 3e, 3g, 3h and their salt-derivatives. Since they are a
series derived from canonical 3a (LCso = 92.7 ppm), we can infer that

the salt-derivatives 4a-k show larvicidal activity as well.*

2.5. Biochemical assays

Enzymatic assays were conducted by a new standardized protocol
modified from Han and coworkers®> and developed to evaluate the
conversion of 3-HK to xanthurenic acid (XA) by HKT. The assays were
performed on a 96-well round bottom microplate, allowing for si-
multaneous reading of multiple samples, and thus for a faster and
cheaper characterization of RL AeHKT activity and/or inhibition. The
method is based on XA-Fe** complex detection, first described by
Lepkovski and coworkers to detect XA in pyridoxine-deficient mice.***!
More recently, Lima and coworkers used the same complexation reac-
tion to quantify XA in Ae. aegypti midgut.** The reaction was set by the
combination of 2 nug of recombinant enzyme RL_AeHKT, 2 mM of amino
donor substrate (3-p,.-HK), 2 mM of amino acceptor sodium pyruvate
and 40 uM of the cofactor pyridoxal-5-phosphate (PLP) in a 100 pL
final volume. Reactions were stopped by addition of 100 pL of a 10 mM
FeCl36H,0 solution in 0.1 M HCl. The assays were performed in du-
plicate, and a calibration curve was built to quantify the amount of XA
generated by RL_AeHKT (R?2 = 0.98). The absorbance values of the
complex were read at 570 nm after 5 min of incubation at 50 °C. Protein
samples derived from two clones obtained were tested, and no differ-
ences in XA concentrations were observed, indicating that both clones
are equally functional. The blank analysis was performed to verify the
specificity of the complexation of Fe*>* to XA, instead of other com-
ponents such as PLP or pyruvate. Although the mutation H360M is near
to one of the important residues on the active site (R356), the
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a: Ph d: p-BrPh

g: alpha-Naphthyl j: p-CIPh
b: p-OCH3zPh e: p-CH3Ph h: p-CF3Ph
c: 3,4-diCl,Ph f: m-CH3Ph i: p-IPh

k:Benzodioxolyl

Scheme 1. Synthesis of oxadiazole salts tested as HKT inhibitors. i: NH,OH.HCl and Na,CO3 (4 eq.), ethanol/H,O0, r.t.; ii: glutaric anhydride (1.5 eq.), neat; iii: NaOH

(1 eq.) and methanol, r.t.

enzymatic activity of the recombinant R, AeHKT was confirmed by the
formation of XA. The stability of the purified RL_AeHKT was tested in a
sample stocked in 11 mg.mL ™, without glycerol at —20 °C for four
months. At the enzymatic activity level, the stocked protein showed
similar rate as the freshly purified protein (available in SI).

2.6. Enzyme Kinetics

The steady-state kinetic constants of RL_AeHKT were estimated
from absorbance changes during the catalysis of the substrate 3-p,L.-HK
at pH 7.5 at 50 °C using a BIOTEKO© ELx808 absorbance spectro-
photometer at 570 nm. Values for Michaelis-Menten constant (Ky;) and
maximal enzyme turnover (kcat) with their standard errors were cal-
culated by fitting the experimental measurements to the Michaelis-
Menten model incorporated in GraphPad Prism7.0. Catalytic efficiency
(kcat/Kyy) values with their standard errors were obtained by fitting the
experimental data to the normalized Michaelis-Menten equation.
Progress curves were carried from 0 to 25 min (with 5 min interval) to
determine the total reaction time in order to standardize the new pro-
tocol and estimate the kinetics constants. The interval of the first-order
reaction was observed from 0 to 5 min of incubation, and a plateau was
reached after 20 min. Kinetics constants were calculated using the re-
action conditions described in the previous section and varying 3-p,L-
HK concentrations from 0.5 to 10 mM (Table 1). Previously, Han and
coworkers®? measured the kinetics constants for HKT from Ae. aegypti
expressed in Sf9 cells (AeHKT). Although a direct comparison of our
measurements to the latter work is not straightforward due to different
expression conditions and biochemical assays, we measured similar Ky,
values for HKT expressed in E. coli (Kyy = 3.3 mM) compared to the
enzyme expressed in Sf9 cells (Ky = 3.0 mM).>? It indicates that there
are no differences in substrate specificity between the recombinant
enzymes from the prokaryotic and eukaryotic organisms. In contrast,
AgHKT has higher affinity for 3-p,.-HK than both recombinant HKT
from Aedes aegypti expressed in different systems. This difference in Ky
is even more remarkable in tests with L-kynurenine as substrate. One of
the probable reasons for this difference in substrate recognition is the
presence of D- isomer in 3-p,.-HK commercial substrate, as discussed by
Canavesi and coworkers.”® Despite this difficulty, our interest here is
the HKT detoxification activity in the conversion of 3-HK to XA, besides

Table 1

XA is the key compound in XA-Fe>* detection. In terms of turnover rate,
the measured RL_AeHKT kcat is almost four-times lower than the
AeHKT and two-times lower than AgHKT. However, the decrease in the
catalytic efficiency of recombinant HKT expressed in E. coli compared
to the one expressed in Sf9 cells was counterbalanced by a higher yield
of purified protein. Hence, the former is a recombinant protein ex-
pression system cheaper and less time-consuming than that in insect
cells, which is required for further inhibitory studies by novel variants
of 1,2,4-oxadiazoles currently being synthesized in our group.

The effect of pH and temperature on RL_AeHKT activity was eval-
uated in the range between 6 and 10 and 30 to 70 °C, respectively
(Fig. 4). Optimal RL_AeHKT activity was observed at pH 8, slightly
lower than pH 9 measured for the HKT recombinant expressed in Sf9
cells.> During the measurements, there was an atypical increase in the
measured RL_AeHKT activity at pH 10 (Fig. 4). Although the pH of the
solution was controlled during the conversion of 3-HK into XA by HKT,
the quantification of the amount of converted XA was performed
through the addition of the same volume of FeCl3-6H,0 in HClI solution.
The addition of HCI rapidly decreases the final pH of the solution. It is
known that iron (III) hydroxide species are formed in acid to neutral
pH, and its accumulation makes the solution turbid. Consistently, we
observed that upon the addition of the HCI solution to the HKT-cata-
lyzed reaction at pH 10, the solution changed from light green/trans-
parent to pale white/turbid appearance. The solution remained light
green and transparent in all the lower pH values investigated in this
work. Another possible explanation for the apparent increase in
RL_AeHKT activity at pH 10 would be the formation of iron carbonate
salts in alkaline pH. These salts are insoluble and begin to precipitate,
making the solution turbid and preventing accurate reading via the
colorimetric assay used here. However, our measurements undoubtedly
indicate that RL_AeHKT exhibits optimal enzymatic activity around pH
8 (Fig. 4), and the measurement at pH 10 was reported for the sake of
scientific completeness. In temperature arrays, RL_AeHKT exhibited
higher activity at 50 °C with a decrease in the enzymatic activity at
temperatures above that value. Additionally, the HEPES buffer was
chosen for the experiments due to its reported low interference and
high stability in biological assays*® as well as our experiments showed
that RL_AeHKT is more soluble at this buffer.

Comparison of the kinetics parameters of the RL_AeHKT from Aedes aegypti with the recombinant HKT expressed in insect cells and the homologue HKT from

Anopheles gambiae.

Enzyme Substrate Ky (mM) Kcat (min~1) Kcat/Ky (min~*mM ™)
RL_AeHKT 3-p,L-hydroxykynurenine 33 = 0.8 492.3 + 46 149.2 + 50

AeHKT* 3-p,1-hydroxykynurenine 3.0 = 04 1760 * 80 587 * 107

AgHKT* 3-p,1-hydroxykynurenine 2.0 £ 0.3 988.5 + 113 494.3 = 80

AgHKT* L-kynurenine 1.4 = 0.2 - -

RL_AeHKT kinetics constants were derived by using final concentrations of 3-p,.-HK of 0.5 1.75, 3.0, 4.0, 8.5 and 10 mM in the presence of 5 mM sodium pyruvate.
The parameters were calculated by fitting experimental data into Michaelis-Menten regression in GraphPad Prism 7.0
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Fig. 4. Effect of pH (A) and temperature (B) on RL_AeHKT activity. The pH
evaluation tests were conducted using buffers Tris-HCl pH 6, 7 and 8, HEPES pH
7.5, Borate pH 9 and Carbonate pH 10. These buffers were tested in RL_AeHKT
activity during incubation time of the assay, before the addition of FeCl3-6H,O
in HCI solution to detect XA-Fe®>* complex. The temperature was analyzed by
incubation the complete reaction for 5 min at 30, 40, 50, 60 and 70 °C.

2.7. Inhibition assays

The inhibitory activity of eleven new 1,2,4-oxadiazole derivatives
was assessed in duplicate by adding 0.5-0.05 mM of each diluted salt in
200 mM HEPES buffer pH 7/100 mM NaCl. In each assay, a negative
control was taken into account to calculate the final activity percentage.
The obtained ICs, values range from 42 to 294 uM, which are promising
results for the first series of RL_AeHKT inhibitors. Eight out of the
eleven inhibitors showed ICs, values below 100 uM (Table 2). The most
potent compounds exhibited inhibition activity in the two-digits mi-
cromolar range (4i, ICsp = 42 pM and 4f, IC5o = 54 uM).

Despite the chemical diversity of aromatic ring substituents in the
synthesized compounds, there is not a clear relationship between the
substitution pattern at the aromatic ring and the experimental ICsq
values obtained herein (Table 2). For instance, the most promising
RL_AeHKT inhibitor 4i has an iodine atom in the para position, in-
dicating that an electronegative, soft and bulky group at this position is
favorable for inhibitory activity. However, inhibitors 4d and 4j con-
taining bromine and chlorine atoms at the same aromatic ring position
exhibited only moderate inhibition. Nevertheless, a potential structural
feature associated to the increased inhibition of RL_AeHKT is the oc-
currence of bulky groups at the meta position (4c, 4f, 4g, 4k) of com-
pounds, exhibiting ICso values bellow 100 pM (Table 2). Our previous
findings indicate that chemical substitutions on the aromatic ring do
not significantly affect the binding of 1,2,4-oxadiazole derivatives to
HKT.?® This is so because upon binding to the enzyme, the aromatic
ring in the oxadiazole scaffold is positioned partially outside the active
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site pocket (Fig. 5).°° The present findings are consistent with our
previous molecular docking calculations predicting that these com-
pounds could be potential HKT inhibitors.>®

These assays demonstrate that 1,2,4-oxadiazole derivatives inhibit
the conversion of 3-hydroxykynurenine in xanthurenic acid by the en-
zyme RL_AeHKT. Therefore, the next step was to determine the type of
inhibition underlying this class of compounds towards RL_AeHKT.
Kinetics assays were performed for four concentrations of our canonical
compound 4a at different concentrations of the substrate 3-p,.-HK
(Fig. 6). Different types of inhibition can be identified from changes in
the slope (Viax) and y-intercept location (Kyi/Vimax) of the regressions in
the Lineweaver-Burk plots.*® The addition of compound 4a triggered
changes in the regression slope and y-intercept which is representative
of a noncompetitive mixed inhibition, i.e. it displays properties of both
competitive and uncompetitive inhibitions (Fig. 6). Therefore, it can be
inferred from our assay that compound 4a decreases RL_AeHKT enzy-
matic activity through the binding to both the free as well as the sub-
strate-bound enzyme. For example, this type of inhibition was observed
in assays between human alanine-glyoxylate transaminase and pyr-
uvate as inhibitor.*” These two enzymes share 44% of identity and 67%
of sequence similarity and both are PLP-dependent enzymes. The
nonlinear regression fit of the raw data showed a K; = 360 pM and
aK; = 1224 pM, indicating that the inhibitor exhibits higher affinity for
the free form of the enzyme (o > 1). The K; value for compound 4a is
similar to the co-crystallized inhibitor from AgHKT, 4-OB
(K; = 300 uM).*® This means that the series of compounds related here
have similar behavior as the reference compound, showing potential to
guide improvements aiming the development of more potent HKT in-
hibitors.

2.8. Potential molecular interactions of 1,2,4-Oxadiazoles with human
kynurenine aminotransferase I and I

A potential undesirable protein target for 1,2,4-oxadiazoles are the
human kynurenine aminotransferases I (KAT-I) and II (KAT-II). Like
HKT, KATs catalyze the irreversible transamination of 3-HK to XA via a
PLP-dependent transamination reaction (for a reviews see’®*%). As per
request of a Reviewer, we have applied molecular docking calculations
to explore the potential binding of the canonical 4a compound to the X-
ray structures of KAT-I and KAT-II (Fig. 7). It should be mentioned that
HKT and KATs have a low sequence identity (less than 20%°*°") and
their X-ray structures exhibit RMSD values between backbone atoms of
14.6 A for KAT-I and 10.7 A for KAT-II (PDB ID 2VGZ>* and 4WLH>®).
These findings suggest that HKT and KATs accumulated enough evo-
lutive changes to have different structures, and supposedly, substrate
specificity and efficiency. The molecular docking calculations for
binding of the canonical compound 4a to KAT-I and KAT-II suggest that
the oxadiazole derivatives bind unspecifically to different regions of
both enzymes (Fig. 7). Although compound 4a can also bind to the
active site of both enzymes, the molecule binds in a rather distinct
orientation compared to the respective co-crystallized inhibitors. Fur-
thermore, the conformers bound to the active site exhibit binding en-
ergies of the same order of magnitude as the conformers bound outside
the active site. Overall, these calculations suggest that 1,2,4 oxadiazole-
derivatives do not display specificity to inhibit human KAT-I and KAT-
II. However, one should be cautious with the use of such simplistic
computational approaches to address the rather complicated phe-
nomena of enzyme inhibition in the absence of any experimental
measurements. Experimental studies such the one presented here
should be performed for human KAT-I and KAT-II in order to reliably
verify if 1,2,4-oxadiazoles can inhibit these enzymes and therefore be
toxic to humans.

3. Conclusions

Population control remains the only effective means to curb the
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Table 2
Molecular structures of 1,2,4-oxadiazole-based inhibitors and corresponding ICso and LCs, values.

Compound Inhibitor ICso(UM)? LCso(ppm)*S"

4a 72 + 1 92.7

4b 101 = 1 > 100
O/®/< )\/\)L

4c 64 + 1 _
C@/< )\/\)J\

4d 110 = 1 10.6
Brl®/< )\/\)L

4e /®/< 88 + 1 -

4f 54 £ 1 75.9

NM
48 63 = 1 -
N\j\/\)J\

4h / 70 + 1 -

Fac )\/\)L
N o Na*

4 /N\o ° 42 = 1 16.2

I M
N o Na*

4 N\o 294 = 1 34.9
¢ w

4k o) 87 =1 72.9
( N\O
[e] w

2 The compounds were tested in concentrations of 0.5, 0.25, 0.1, 0.075 and 0.05 mM. Higher concentrations of compounds 4b, 4j and 4 k were replaced by 0.45,
0.3 and 0.3 mM, respectively, to better estimate ICs, values. ICso mean values with standard deviation.

> There is no report of larvicidal LCs, for the compounds 4c, 4e, 4 g and 4 h.

spread of most mosquito-borne diseases. This is particularly the case for
Ae. aegypti, the transmission vector of several widespread arboviruses
such as Zika, hikungunya, dengue and yellow fever. Poverty is the main
determinant of arboviral infections, and even within wealthy in-
dustrialized nations, the outbreaks of arboviral transmission can arise.
For instance, dengue fever, the most common arboviral infection in the
world, has already spread to the continental United States.’® Vaccines
against arboviral infections are virtually nonexistent with a few ex-
ceptions (e.g. 17D yellow fever virus, dengue virus vaccine)®” %, Even
though, the development of vaccines that protect against all serotypes
of a given virus and/or all viruses transmitted by a given vector is a
Herculean task that most likely will require time to be successfully
accomplished. For this reason, current disease prevention relies on

vector control interventions.

We have previously identified the enzyme 3-hydroxykynurenine
transaminase (HKT) as a potential target for 1,2,4-oxadiazole deriva-
tives with larvicidal activity against Ae. aegypti.>*>°°° In insects, in-
hibition of HKT disrupts the detoxification metabolism of Ae. aegypti via
the accumulation of 3-HK.>* In the present work, we established
RL_AeHKT as a molecular target for 1,2,4-oxadiazoles larvicides acting
by a noncompetitive inhibition mechanism. This has been accomplished
through the construction and high-yield expression of a recombinant
RL_AeHKT in E. coli, and the standardization of a fast and low-cost
absorbance spectroscopy biochemical protocol to determine HKT ac-
tivity. Although the unavailability of a pure r-isomer of 3-HK in com-
mercial sources is a limitation of this new detection method due the
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Fig. 5. Comparison of the binding mode of the co-crystallized inhibitor 4-OB (4-(2-aminophenyl)-4-oxobutyric acid) and the canonical compound 4a. X-ray structure
of Anopheles gambiae HKT bound to 4-OB (A) and X-ray structure with compound 4a docked in the active site (B).>® 4-OB is shown in lilac, compound 4a in orange.
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Fig. 6. Kinetics inhibitory profile of RL_AeHKT by 1,2,4-oxadiazole derivatives.
The substrate 3-p,.-HK concentrations tested were 0.5, 2.0, 4.0 and 8.5 mM in
0.05, 0.1, 0.2 and 0.3 mM of inhibitor 4a.

requirement of XA for the sensing of XA-Fe®* complex, it requires a
smaller amount of 3-p,1.-HK (2 mM) compared to previously published
assays for AeHKT and AnHKT assays (10 and 5 mM, respectively).>***
Moreover, the colorimetric detection dismisses the use of organic sol-
vents as mobile phase, equipment and chromatography columns, which
makes the assay so much cheaper than LC-based methods.’>** The
analysis of HKT activity is also faster in colorimetric assays because
there is no need to separate the reaction components prior to detection
of XA, removing the runtime of total time of analysis. Canavesi and co-
workers eliminated this drawback referent to 3-p,.-HK using r-kynur-
enine as substrate and LC-MS/MS detection, but this protocol still re-
quires the chromatography separation.*® Another issue can be testing
compounds that absorbs in the range of 570 nm and this could interfere
in XA-Fe** complex detection. However, only highly-conjugated or-
ganic compounds can absorbs in visible region of ultraviolet spectra,
such as p-carotene (Ap.x = 452 nm) and cyanidin chloride
(Amax = 545 nm) and this is not the case of 1,2,4-oxadiazoles studied
here.®

We have produced and expressed the recombinant RL_AeHKT to
evaluate the inhibitory potential and inhibitory mechanism of the
previously as well as newly synthesized oxadiazole-like derivatives. The
presented findings attest to the inhibitory potential of oxadiazole de-
rivatives against the enzyme HKT, which is expected to lead to the
accumulation of the highly toxic substrate 3-HK in Ae. aegypti larvae.
Given the great structural homology between HKT from Ae. aegypti and
An. gambiae, we conjecture that 1,2,4-oxadiazoles may also inhibit HKT
in the latter organism.

4. Methods

In order to test the hypothesis of inhibition of synthesized ox-
adiazole-like compounds towards HKT, we produced the recombinant
enzyme in a heterologous expression system and developed the meth-
odology to analyze the inhibition assay. All reagents, when not speci-
fied, were purchased from Sigma-Aldrich®©.

4.1. Aedes aegypti colonies

The RecLab strain of Ae. aegypti (from Recife — PE) kept in the in-
sectarium from the Department of Entomology of IAM/FIOCRUZ was
used. RecLab is a reference susceptible colony originated from Recife
city and it was established from eggs collected in mosquito breeding
sites in Recife, Brazil. This strain has been maintained for > 15
years.®>®® To perform this experiment, 20 fourth-instar larvae were
collected, washed in distilled water and kept on ice to perform RNA
extraction.

4.2. RNA extraction, RT-PCR and cloning methods

Total RNA was extracted from a pool of five fourth-instar larvae
using Ambion™TRIzol™ Reagent (Thermo Fischer Scientific©) and
chloroform solution in water, as described by Romao, T.P. and cow-
orkers.®* The sample was precipitated with propan-2-ol, washed with
70% ethanol, centrifuged at 20,817 g for 20 min at 4 °C and suspended
in DEPC water. Reverse transcription was performed at 37 °C for 1 h in
a 20 pL final volume containing 5 uL of RNA treated with rDNAse, 15U
reverse transcriptase AMV©, 0.5 pg Oligo dT, 1 mM each dNTP, dis-
tilled water up to 13 pL, 4 uL cDNA Synthesis Buffer and 40U RNa-
seOUT Recombinant Ribonuclease Inhibitor, all reagents from In-
vitrogen©. Two oligonucleotides were designed from the sequence
deposited in GenBank accession AF435806.1 (forward primer, 5-CAC
GGATCCATGAAATTTACCCCGCCG-é; reverse primer, 5-CACCTCGAG
AATACGTAATCCGGATGGGTAGCTTTG-3). PCR was performed in a
25 pL final volume containing 0.25 uM each dNTP, 3U Platinum Taq
DNA Polymerase from Invitrogen©, 5 puL c¢cDNA and 0.4 pM of each
primer. Each sample was amplified using a BIOMETRA® thermal cycler
under the following conditions: initial denaturing at 94 °C for 3 min,
then 34 cycles of denaturing at 94 °C for 50 s, annealing at 60 °C for
1 min and extension at 72 °C for 50 s followed by a final step at 72 °C for
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10 min. PCR products were analyzed in 1% agarose electrophoresis gel.
The amplified fragments were cloned into Promega© pGEM-T Easy
plasmid vector and amplified. The plasmidial DNAs were purified with
QIAprep Spin Miniprep kit from Qiagen© and submitted to automatic
sequencing. Alignment and analysis of the nucleotide sequences were
performed with BioEdit software and EditSeq from DNASTARO
package.®>°® After confirmation, the constructs were subcloned in the
plasmid pETTrxA-1a/LIC and used for the expression of the RL,_AeHKT
recombinant protein. Amplification of RL_AeHKT gene to add LIC
overhangs were conducted in a 50 pL final volume containing 0.2 uM of
each newly designed oligonucleotides (forward primer, 5-CAGGGCGC
CATGAAATTTACCCCGCCG-3; reverse primer, 5-GACCCGACGCGGTT
ATACGTAATCCGGATGGGT-3), 1 pL. HKT-pGEM-T Easy construct,
0.2 uM each dNTP and 1U Phusion High Fidelity DNA Polymerase from
Thermo Scientific©. Complementary overhangs for LIC are underlined
on both primers. Each sample was amplified using a BIORAD© T100
thermal cycler under the following conditions: initial denaturing at
98 °C for 3 min, then 35 cycles of denaturing at 98 °C for 30 s, annealing
at 68 °C for 30 s and extension at 72 °C for 45 s followed by a final step
at 72 °C for 10 min. Insert and vector treatment and annealing were
performed as described by Geerlof, A. — EBML Hamburg.®”

4.3. Expression of recombinant HKT

The expression of the recombinant protein was carried in Rosetta 2
DE3 cells transformed with HKT pETTrxA-1a/LIC construct. The cul-
tures were grown in ZYM-5052 culture medium at 37 °C until ODggq of
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Fig. 7. Lowest energy conformations out of ca.
10® sampled conformations of compound 4a
upon binding to the X-ray structure of KAT-I (A)
and KAT-II (C).°*°° The molecular docking cal-
culations cannot discriminate one single binding
site of 4a to KAT-I and KAT-IL Detail of the ac-
tive site of KAT-I (B) and KAT-II (D) containing
one of the multiple bound conformers of 4a. The
residues forming hydrogen-bonds or electrostatic
interactions to 4a in the respective enzymes are
labeled. Compound 4a is shown either in purple
(B) or cyan(D). KAT-I is represented in white
cartoon with PLP in green, and KAT-II in yellow
cartoon with PLP in gray. For comparison with
4a bound to HKT refer to Fig. 5.

0.6 and expression was driven by incubation at 22 °C for 24 h. The cells
were harvested by centrifugation of 7965g for 20 min at 4 °C, re-
suspended in lysis buffer (20 mM Tris-HCl pH 8, 200 mM NacCl, 10%
glycerol, 10 mM Imidazole pH 8 and 1% Tween 20) and then lysed by
sonication (8 pulses of 30 s with 45 s interval). Soluble fractions were
obtained after a centrifugation of 29040g for 40 min at 4 °C. Protein
purification steps were executed in AKTA pure system (GE
Healthcare©). At first, ionic affinity chromatography with HisTrap HP
5 mL column was performed using buffer A (20 mM Tris-HCl pH 8,
500 mM NaCl, 20 mM Imidazole pH 8 and 10% glycerol) for column
equilibration, injection and washing, followed by gradient elution with
buffer B (20 mM Tris-HCI pH 8, 500 mM NaCl, 500 mM Imidazole pH 8
and 10% glycerol). The recombinant RL-AeHKT-Trx was eluted in ap-
proximately 60% of buffer B. Then, a desalting chromatography
(50 mM Tris-HCI pH 8, 200 mM NaCl) with HiTrap Desalting column
was made to remove imidazole excess prior to TEV cleavage. About
10% (v/v) of 2 mg/mL TEV protease was added to RL_AeHKT-Trx
sample and incubated at 4 °C for 16 h. RL_AeHKT was purified from
TEV and Trx mixture by another ionic affinity chromatography, and the
highly purified protein was submitted to desalting and concentration by
Amicon® Ultra 15 mL Centrifugal Filter — 30,000 NMWL. All the steps of
expression and purification were monitored by SDS-PAGE.

4.4. Synthesis and characterization of oxadiazole salts — general methods

A series of eleven oxadiazole salts were synthesized by our research
group. The reactions were monitored by TLC analysis with TLC plates
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containing GF»s4 from E. Merck©. Compounds were characterized by
Electro-thermal Mel-temp© apparatus to determine melting points. A
Varian© UNMRS 400 MHz spectrometer, referenced as follows: 'H
(400 MHz), internal standard SiMe4 at § = 0.00 ppm, '3C (100 MHz),
internal standard SiMe, at § = 77.23 ppm was used to obtain 'H e '3C
spectra, respectively. NMR data were processed with ACD/Spectrus
Processor©®.°® Elemental analyses were performed on Perkin Elmer©
2400 CHNS/O Series II Analyzer. Arylamidoximes were synthesized as
described in literature.®®

4.5. Synthesis of 4-(3-phenyl-1,2,4-oxadiazol-5-yl)butanoic acids

Glutaric anhydride (30 mmol) and the corresponding ar-
ylamidoxime (20 mmol) were put in a round-bottom flask in an oil-bath
at 473 K. After one hour, the end of the reaction was verified by TLC
analysis in 7:3 hexane/ethyl acetate mobile phase. Then, 10 mL of sa-
turated NaHCOs solution and 10 mL of dichloromethane were added to
the cold flask and the reaction mixture was allowed to stir overnight.
After the phase separation, the aqueous phase was acidified until pre-
cipitation of the title compound occurred and then dissolved in di-
chloromethane, dried over Na,SO4 and recrystallized from a mixture of
chloroform and hexane. Substances 3a,”® 3b,%® 3d,”! 3e,”? 3f,%¢ 3i,%°
3j7? and 3k>® were synthesized previously and their data were com-
pared to previous literature.

4-[3-(3,4-Dichlorophenyl)-1,2,4-oxadiazol-5-yl]butanoic acid (3c)
(2.8 g, 69%); mp 99-100 °C (from CHCL;); 'H NMR (CDCls, 400 MHz,
SiMe,) 8(ppm): 2.22 (q; 2H; J = 7.2 Hz, 7.6 Hz; CH,); 2.57 (t; 2H;
J = 7.2 Hz; CHy); 3.05 (t; 2H; J = 7.6 Hz; CH,); 7.55 (d; 1H;
J = 8.4 Hz; Harom); 7.90 (d; 1H; J = 8.4 Hz; Harom); 8.17 (s; 1H;
Harom); 10.36 (s; 1H; OH). '3C NMR (CDCl;, 100 MHz) 8(ppm): 21.2;
25.6; 32.8; 126.4; 126.6; 129.3; 131.0; 133.3; 135.5; 166.7; 178.5;
179.4. Elemental analysis for C;,H;0CloN>O5Caled: C, 47.86; H, 3.35;
Found: C, 46.79; H, 2.85.

4-[3-(Naphthalen-2-yl)-1,2,4-oxadiazol-5-yl]butanoic acid (3 §g)
(2.1 g, 57%); mp 94-96 °C (from CHCl3); 'H NMR (CDCl;, 400 MHz,
SiMe,) 8(ppm): 2.13 (q; 2H; J = 7.2 Hz, 7.6 Hz; CH,); 2.56 (t; 2H;
J = 7.2 Hz; CHy); 2.98 (t; 2H; J = 7.6 Hz; CHy); 7.42-7.53 (m, 3H,
Harom); 7.83 (dd; 2H; J = 8.0 Hz, 8.4 Hz; Harom); 8.13 (dd; 1H,
J = 0.8 Hz, 1.2 Hz; Harom); 8.78 (d; 1H; J = 8.4 Hz; Harom). *C NMR
(CDCl3, 100 MHz) 8(ppm): 21.3; 25.6; 32.7; 123.7; 125.0; 126.2; 126.3;
127.6; 128.6; 129.3; 130.5; 131.8; 133.8; 168.6; 177.9; 178.5.
Elemental analysis for C;6H;4N>03Calcd: C, 68.07; H, 5.00; Found: C,
67,76; H, 4,44.

4-{3-[4-(Trifluoromethyl)phenyl]-1,2,4-oxadiazol-5-yl}-butanoic
acid (3 h) (1.8 g, 46%); mp 75-78 °C (from CHCl5); H NMR (CDCls,
400 MHz, SiMe,) 8(ppm): 2.23 (q; 2H; J = 7.2 Hz, 7.6 Hz; CH,); 2.57 (t;
2H; J = 7.2 Hz; CH,); 3.07 (t; 2H; J = 7.6 Hz; CH,); 7.74 (d; 2H;
J = 8.0 Hz; Harom); 8.19 (d; 2H; J = 8.0 Hz; Harom); 10.40 (s; 1H;
OH). '3C NMR (CDCl;, 100 MHz, SiMe,) 8(ppm): 21.3; 25.6; 32.6;
125.6; 125.8; 127.7; 128.7; 130.1; 178.0; 178.6; 179.4. Elemental
analysis for C;3H;1F3N505Caled: C, 52.01; H, 3.69; Found: C, 52.16; H,
3.38.

4.6. Synthesis of sodium 4-(3-phenyl-1,2,4-oxadiazol-5-yl)butanoate salts

In a round-bottom flask, the respective 4-(3-phenyl-1,2,4-oxadiazol-
5-yl)butanoic acid (0.8 mmol) and 3.2 mL of 1% NaOH methanol so-
lution (freshly prepared) were mixed and the reaction was allowed to
stir for one hour. After the time, methanol was evaporated and the
product was recrystallized from chloroform.

Sodium 4-(3-phenyl-1,2,4-oxadiazol-5-yl)butanoate (4a) (0.17 g,
89%); mp 225-226 °C (from CHCl;); 'H NMR (D50, 400 MHz, SiMey)
8(ppm): 1.87 (q; 2H; J = 7.2 Hz, 7.6 Hz; CHy); 2.15 (t; 2H; J = 7.2 Hz;
CH,); 2.75 (t; 2H; J = 7.6 Hz; CH,); 7.29-7.40 (m; 3H; Harom); 7.61
(dd; 2H; J = 7.6 Hz, 1.6 Hz; Harom). *C NMR (D,0, 100 MHz, SiMe,)
8(ppm): 25.3; 28.2; 39.2; 127.8; 129.6; 131.7; 134.3; 170.0; 183.4;
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184.5. Elemental analysis for C;5H;1N>NaOsCaled: C, 56.70; H, 4.36.
Found: C, 55.93; H, 4.18.

Sodium 4-[3-(4-methoxyphenyl)-1,2,4-oxadiazol-5-yl]butanoate
(4b) (0.19 g, 91%); mp 243-244 °C (from CHCl3); 'H NMR (D,0,
400 MHz, SiMe,4) 8(ppm): 1.88 (q; 2H; J = 7.6 Hz, 7.6 Hz; CH,); 2.17 (t;
2H; J = 7.6 Hz; CH,); 2.76 (t; 2H; J = 7.6 Hz; CH,); 3.65 (s; 3H; CHs);
6.74 (d; 2H; J = 8.8 Hz; Harom); 7.46 (d; 2H; J = 8.8 Hz; Harom). *3C
NMR (D50, 100 MHz, SiMe,) 8(ppm): 25.3; 28.2; 39.2; 57.9; 116.8;
120.4; 131.3; 163.9; 169.6; 183.1; 184.4. Elemental analysis for
C13H13N2NaO4 Calcd: C, 54.93; H, 4.61. Found: C, 53.88; H, 4.66.

Sodium  4-[3-(3,4-dichlorophenyl)-1,2,4-oxadiazol-5-yl]butanoate
(4c) (0.22 g, 90%); mp: 244-245 °C (from CHCls); 1H NMR (D,0,
400 MHz, SiMey4) 8(ppm): 1.97 (q; 2H; J = 7.2 Hz, 7.6 Hz; CH,); 2.21 (t;
2H; J = 7.2 Hz; CH,); 2.91 (t; 2H; J = 7.6 Hz; CH,); 7.36 (d; 1H;
J = 8.8 Hz; Harom); 7.46 (dd; 1H; J = 8.8 Hz, 2.0 Hz; Harom); 7.62 (d;
1H; J = 2.0 Hz; Harom). °C NMR (DO, 100 MHz, SiMe,) 3(ppm):
25.3; 28.3; 39.1; 127.9; 129.0; 131.1; 133.6; 135.1; 137.7; 168.4;
184.0; 184.5. Elemental analysis for C;,HoCl,NoNaOsCaled: C, 44.61;
H, 2.81. Found: C, 43.77; H, 2.78.

Sodium 4-[3-(4-bromophenyl)-1,2,4-oxadiazol-5-yl]butanoate (4d)
(0.23 g, 92%); mp 285-286 °C (from CHCl3); *H NMR (D50, 400 MHz,
SiMe,) 8(ppm): 1.93 (q; 2H; J = 7.2 Hz, 7.6 Hz; CH,); 2.19 (t; 2H;
J = 7.2 Hz; CH,); 2.86 (t; 2H; J = 7.6 Hz; CH,); 7.36 (d; 2H;
J = 8.4 Hz; Harom); 7.42 (d; 2H; J = 8.4 Hz; Harom). *C NMR (D,0,
100 MHz, SiMe,4) 8(ppm): 25.3; 28.3; 39.2; 126.8; 128.2; 131.1; 134.6;
169.4; 183.7; 184.5. Elemental analysis for C;,H;oBrN,NaOsCaled: C,
43.27; H, 3.03. Found: C, 42.53; H, 2,98.

Sodium 4-[3-(p-tolyl)-1,2,4-oxadiazol-5-yl]butanoate (4e) (0.18 g,
91%); mp 246-247 °C (from CHCly); 'H NMR (D-0, 400 MHz, SiMe,)
8(ppm): 1.90 (q; 2H; J = 8.0 Hz, 7.6 Hz; CH,); 2.16 (t; 2H; J = 7.6 Hz;
CH,); 2.22 (s; 1H; CHs); 2.80 (t; 2H; J = 8.0 Hz; CH,); 7.16 (d; 2H;
J = 8.0 Hz; Harom); 7.56 (d; 2H; J = 8.0 Hz; Harom). '*C NMR (D,0,
100 MHz, SiMe,4) 8(ppm): 23.2; 25.3; 28.2; 39.1; 125.0; 129.7; 132.3;
145.3; 170.1; 183.4; 184.6 Elemental analysis for C;3H;3N,NaOsCaled:
C, 58.21; H, 4.88. Found: C, 57.53, H, 4.57.

Sodium 4-[3-(m-tolyl)-1,2,4-oxadiazol-5-yl]butanoate (4f) (0.15 g,
83%); mp 244-245 °C (from CHCls); 'H NMR (D0, 400 MHz, SiMe,)
8(ppm): 1.91 (q; 2H; J = 7.6 Hz, 7.2 Hz; CH,); 2.18 (t; 2H; J = 7.2 Hz;
CH,); 2.22 (s, 1H, CH3); 2.82 (t; 2H; J = 7.6 Hz; CH,); 7.51-7.24 (m;
4H; Harom). *C NMR (D,0, 100 MHz, SiMe,) 8(ppm): 23.0; 25.2; 28.2;
38.9; 126.7; 127.9; 130.1; 131.6; 135.0; 141.9; 170.2; 183.4; 184.3.
Elemental analysis for C;3H;3N>NaOsCaled: C, 58.21; H, 4.88. Found:
C, 56.58; H, 4.69.

Sodium 4-[3-(naphthalen-2-yl)-1,2,4-oxadiazol-5-yl]butanoate (4 g)
(0.18 g, 79%); mp 195-197 °C (from CHCl3); *H NMR (D,0, 400 MHz,
SiMe,) 8(ppm): 1.80 (q; 2H; J = 7.2 Hz, 8.0 Hz; CH,); 2.11 (t; 2H;
J = 7.2 Hz; CH,); 2.67 (t; 2H; J = 8.0 Hz; CH,); 7.16-7.25 (m; 4H;
Harom); 7.54 (dd; 2H; J = 7.2 Hz, 7.6 Hz; Harom); 8.08 (d; 1H;
J = 7.6 Hz; Harom). 3C NMR (D,0, 100 MHz, SiMe,) 8(ppm): 25.1;
28.1; 38.9; 124.9; 127.6; 127.6; 129.0; 130.0; 131.1; 131.5; 132.3;
134.4; 135.9; 170.0; 182.3; 184.2. Elemental analysis for
Ci16H13N;NaOsCaled: C, 63.16; H, 4.31. Found: C, 60.94; H, 4.19.

Sodium 4-[3-(4-(trifluoromethyl)phenyl)-1,2,4-oxadiazol-5-yl] bu-
tanoate (4 h) (0.22 g, 90%); mp 277-278 °C (from CHCl5); 1H NMR
(D,0, 400 MHz, SiMe,4) 8(ppm): 1.95 (q; 2H; J = 7.2 Hz, 7.6 Hz; CH,);
2.19 (t; 2H; J = 7.2 Hz; CHy); 2.88 (t; 2H; J = 7.6 Hz; CH,); 7.60 (d;
2H; J = 8.4 Hz; Harom); 7.79 (d; 2H; J = 8.4 Hz; Harom). '*C NMR
(D50, 100 MHz, SiMe,4) 8(ppm): 25.3; 28.3; 39.1; 124.9; 127.6; 128.5;
128.6; 130.1; 131.5; 134.7; 135.1; 169.3; 184.0; 184.5. Elemental
analysis for C;3H;0F3N,NaO3Caled: C, 48.46; H, 3.13. Found: C, 46.24;
H, 3,09.

Sodium 4-[3-(4-iodophenyl)-1,2,4-oxadiazol-5-yl]butanoate (4i)
(0.25 g, 88%); mp 285-286 °C (from CHCly); H NMR (D,0, 400 MHz,
SiMey) 8(ppm): 1.96 (q; 2H; J = 7.6 Hz, 7.6 Hz; CH,); 2.20 (t; 2H;
J = 7.6 Hz; CHy); 2.90 (t; 2H; J = 7.6 Hz; CH,); 7.40 (d; 2H;
J = 7.6 Hz; Harom); 7.68 (d; 2H; J = 7.6 Hz; Harom). '3C NMR (D,0,
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100 MHz, SiMe,4) 8(ppm): 25.3; 28.3; 39.1; 100.6; 127.5; 131.1; 140.8;
169.7; 183.8; 184.5. Elemental analysis for C;>H;¢IN,NaO3zCalcd: C,
37.92; H, 2.65. Found: C, 37.88; H, 2,85.

Sodium 4-[3-(4-chlorophenyl)-1,2,4-oxadiazol-5-yl]butanoate (4j)
(0.19 g, 89%); mp 277-278 °C (from CHCly); 1H NMR (D50, 400 MHz,
SiMey4) 8(ppm): 1.96 (q; 2H; J = 7.6 Hz, 7.2 Hz; CH,); 2.19 (t; 2H;
J = 7.2 Hz; CHy); 2.89 (t; 2H; J = 7.6 Hz; CH,); 7.39 (dd; 2H;
J = 7.6 Hz, 2.0 Hz; Harom); 7.67 (dd; 2H; J = 7.6 Hz, 2.0 Hz; Harom).
13C NMR (D0, 100 MHz, SiMes) 8(ppm): 25.3; 28.3; 39.1; 126.7;
131.2; 131.8; 139.8; 169.5; 183.8; 184.6. Elemental analysis for
C1,H10CIN,NaOsCaled: C, 49.93; H, 3.49. Found: C, 48.29; H, 3.33.

Sodium  4-[3-(benzo[d][1,3]dioxol-5-y])-1,2,4-oxadiazol-5-yl]bu-
tanoate (4 k) (0.19 g, 87%); mp 257-259 °C (from CHCl5); 'H NMR
(D0, 400 MHz, SiMe,) 8(ppm): 1.92 (q; 2H; J = 7.6 Hz, 7.2 Hz; CH,);
2.18 (t; 2H; J = 7.6 Hz; CH,); 2.83 (t; 2H; J = 7.2 Hz; CH,); 5.87(s; 2H;
CH,); 6.73 (d; 1H; J = 8.4 Hz; Harom); 7.03 (d; 1H; J = 1.6 Hz;
Harom); 7.20 (dd; 1H; J = 8.4 Hz, 1.6 Hz; Harom). *C NMR (D0,
100 MHz, SiMe,4) 8(ppm): 25.3; 28.2; 39.1; 104.5; 109.4; 111.3; 121.7;
124.9; 150.2; 152.5; 169.7; 183.3; 184.5. Elemental analysis for
C13H;1NyNaOsCaled: C, 56.73; H, 4.03. Found: C, 51.26; H, 3,70.

4.7. Biochemical assay

The developed method for the enzymatic assay was adapted from
Han and coworkers.?” Stock solutions were freshly prepared, except for
3-hydroxy-p,L-kynurenine (3-p,.-HK) which was kept in —20 °C. 3-p,L-
HK and sodium pyruvate were directly diluted in 200 mM HEPES buffer
pH 7.5/100 mM NaCl, while 20 mM pyridoxal 5’-phosphate (PLP) was
first dissolved in 0.1 M NaOH and then diluted in HEPES/NaCl buffer
until 0.5 mM. A solution of 20 mM xanthurenic acid was prepared in
0.1 M NaOH to perform calibration curves. The reactions were carried
out in a 96-well round bottom microplate containing 8 uL of 25 mM 3-
p,L-HK, 8 uL of 0.5 mM PLP and 4 pL of 50 mM sodium pyruvate, 2 pg of
recombinant RL_AeHKT and HEPES/NaCl buffer to a 100 pL final vo-
lume. The plates were incubated at 50 °C for 5 min and then 100 pL of
10 mM FeCl3-6H,0 in 0.1 M HCl was added to interrupt the reaction
and generate the XA-Fe*' complex. Mixes were prepared to avoid
differences between replicates. Samples were performed in duplicate
and absorbances were read at 570 nm. All data were analyzed using
GraphPad Prism7.0 software package using the Michaelis-Menten
equation. Kinetics and inhibition parameters were determined by non-
linear regression.

4.8. Kinetics analysis

Kinetics assays were performed as described above. 3-p,.-HK con-
centrations tested are 0.5, 1.75, 3, 4, 8.5 and 10 mM in the presence of
5 mM sodium pyruvate. pH assays were performed by adding 60% of
reaction volume of 200 mM Tris-HCl buffer pH 6, 7 and 8, 200 mM
Borate buffer pH 9 and 200 mM Carbonate buffer pH 10, all containing
100 mM NaCl. The effect of the temperature was evaluated by in-
cubation of all reaction components in a heater at 30, 40, 50, 60 and
70 °C. All experiments were conducted in duplicate and blank samples
were analyzed simultaneously to each read.

4.9. Inhibition assays

The inhibition assays were performed with pre-incubation of each
compound in five concentrations ranging from 0.5 mM to 0.05 mM with
PLP and RL_AeHKT. To achieve that, solution mixes were prepared to
ensure that the same amount of enzyme and co-factor was present in
the different inhibitor concentrations. Blank samples and negative
controls were incubated at the same time as the samples. After 30 min
of incubation at 50 °C, the samples were mixed to the other reaction
components and the assays were performed as described in the
Biochemical assay subsection. All compounds tested were diluted in
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200 mM HEPES buffer pH 7.5/100 mM NaCl and the samples were
evaluated in duplicate. In each test, the negative control was added to
calculate the activity percentage. Molecular docking calculations have
been performed for KAT-I and KAT-II as per request of one Reviewer
without any experimental evidence to validate the simulations.

4.10. Molecular docking calculations

The hybrid search method based on the Lamarckian genetic algo-
rithm (LGA) implemented in the suite of programs AutoDock v4.0 was
used in conjunction with the semi-empirical free energy force field for
the molecular docking calculations.”*”* This energy function describes
the energetics of the binding process involving two molecules in an
aqueous environment using pair-wise terms to evaluate the interaction
between the two molecules coupled to an empirical method to estimate
the contribution of the surrounding solvent ’* Hence, the free energy of
binding is given by i. the difference between the energy of the ligand
and the protein in a separated unbound state and ii. the energy of the
ligand-protein complex. During the conformational search, the in-
tramolecular energetics of the transition from the unbound state to the
bound conformation is evaluated for each of the molecules separately,
and subsequently the intermolecular energetics of bringing the two
molecules together into the bound complex is evaluated. The binding
energy between two molecules is given by

AG

_ ligand—ligand __ y,ligand—ligand protein—protein __ ysprotein—protein
- (Vbound Vunbound ) + (Vbound Vunbound )

ligand—protein

(Vligand —protein _
b unbound

ound

+ ASconf) (1 )

Eq. (1) includes four terms to describe the intramolecular energies
for the bound and unbound states of the guest molecule and for the
bound and unbound states of the host framework, two terms to describe
the change in intermolecular energy between the bound and unbound
states and a one term to represent an estimate of the conformational
entropy lost upon binding.”*’* Pair-wise atomic interactions account
for dispersion/repulsion, hydrogen bonding, electrostatics, and deso-
lvation as described
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where W corresponds to weighting constants optimized to calibrate the
empirical free energy based on a set of experimentally characterized
protein complexes.”* The 6,/12 potential describes dispersion/repulsion
interactions with parameters A and B taken from the Amber force
field.”® The 10/12 potential is a directional H-bond term whose inter-
action directionality E(t) is dependent on the angle t away from ideal
bonding geometry. A screened Coulomb potential is used to describe
electrostatic interactions. The fourth term is a desolvation potential
based on the volume (V) of the atoms surrounding a given atom,
weighted by a solvation parameter (S) and an exponential term based
on the distance weighting o. Rotatable bonds included all torsional
degrees of freedom.”>”*

Molecular docking calculations were performed using the X-ray
structures of the human kynurenine aminotransferase (KAT) I and
I1.°27° During the conformational search the oxadiazole ligand were
fully flexible concerning its degrees of translation, orientation and
conformation with respect to the protein structure, which was kept
rigid. Each sampled conformation was evaluated and ranked according
to the empirical energy function (equation (2)). Grid maps with
126 x 126 x 126 points of dimension and a grid spacing of 0.20 A
(active site only) and 0.502 A (full protein) were calculated using Au-
toGrid4.”® The Amber forcefield available with the distribution of
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AutoDock v4.0 was used.”” Electrostatic interactions were evaluated
with a screened Coulomb potential.”” A desolvation potential was used
which is based on the volume of the atoms surrounding a given atom,
weighted by a solvation parameter and an exponential term based on
the distance, with a distance weighting factor of 3.5 A.”®

The Lamarckian Genetic Algorithm (LGA) was used to perform the
conformational search following the same protocol as previously de-
scribed.”?®° Briefly, LGA parameters were defined as follows: the initial
population of random individuals had a size of 150 individuals with a
maximum number of 2.5 X 10° energy evaluations and a maximum
number of generations equal to 27,000. An elitism rate of 1 was applied
to ensure that the top individual always survives into the next gen-
eration in conjunction with mutation and crossover rates of 0.02 and
0.08, respectively. A maximum of 300 iterations per local search was
used. The probability of performing a local search on an individual was
0.06 where the maximum number of consecutive successes or failures
before doubling or halving the search step was 4. A total of 200 gen-
erations were sampled. The final lowest energy structures were clus-
tered based on a RMS positional deviation of 2.0 A.
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