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Abstract

Toxoplasma gondii is an important pathogen that causes serious ptbekdth
problems. Currently, therapeutic drugs for toxoplasis cause serious side effects,
and more effective and novel substances with we&tilow toxicity are urgently
needed. Ursolic acidJA) has many properties that can be beneficial tithege. In
this study, we synthesized eight seriedJ#f derivatives bearing a tetrazole moiety
and evaluated their anfi- gondii activity in vitro using spiramycin as a positive
control. Most of the synthesized derivatives expibibetter antiF. gondii activity in
vitro thanUA, among which compounitRa exhibited the most potent arti-gondii
activity. Furthermore, the results of biochemicargmeter determination indicated
that 12a effectively restored the normal body weight of eninfected withT. gondii,
reduced hepatotoxicity, and exerted significani-axidative effects compared with
the findings for spiramycin. Additionally, our maldar docking study indicated that
the synthesized compounds could act as potentidibitors of T. gondii
calcium-dependent protein kinase 1 (TgCDPK1), vi#a possessing strong affinity

for TQCDPK1 via binding to the key amino acids GlA9land TYR131.

Keywords: ursolic acid; antiF. gondii; in vitro; in vivo; docking; TQCDPKZ1 inhibitors



1. Introdiction

Toxoplasma gondii is a globally distributed Apicomplexa protozoanttiméects a
wide range of intermediate hosts, including almalstwarm-blooded animals and
humans (Ma et al., 2018;Hou et al., 20I9gondii can infect people through several
pathways, such as eating raw or undercooked melatliamking the milk of infected
goats (Gazzonis et al., 2019). Toxoplasmosis carsecanild or no symptoms in
healthy individuals; however, it may cause serialiseases and even death in
immunocompromised patients, such as patients wiibSAor cancer (Grant et al.,
1990). In pregnant womerd, gondii infection can lead to mental or psychomotor
disability, chorioretinitis, microcephaly, and Hiitth in the fetus (Liesenfeld et al.,
2017).In addition, because of the prevalence of AIDS eautcer, as well as increased
pet ownership,T. gondii infection has increasingly become a serious pulfsdialth
problem globally, and there are few reliable dntigondii drugs available for
preventing and treating toxoplasmosis. Differingnfr common anti-cancer agents
that directly kill cancer cells, new arfi-gondii drugs must be developed in full
consideration of host cell damage. Most currentgdiclinical antif. gondii drugs
are limited by their toxicity to host cells. Theved, the discovery of more effective

and less toxic anfl= gondii agents is awaited.

Ursolic acid JA) is a pentacyclic triterpenoid found in most plapecies (Lee
et al., 2001), and it is known to possess a nurabbioactive properties (Wang et al.,
2017), such as anti-microbial (Zhang et al., 20&8}j-inflammatory (Nascimento et
al., 2014), immunomodulatory (Ramos et al., 20&@ji-oxidant (Soica et al., 2014),
and anti-cancer activities (Shanmugam et al., 2(R8ently, Choi et al. reported that
UA improved the survival time af. gondii-infected mice, illustrating its promise as a

potential candidate for the development of dntgondii drugs (Choi et a., 2018). We
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also reportedJA derivatives bearing triazole moieties as poterdiadi-T. gondii
agents, finding that compourdl (Fig. 1A) displayed enhanced activity agaifst
gondii and reduced hepatotoxicity compared witA (Luan et al., 2019). Several
recent reports described various structural maalibes to improve the bioactive
properties ofUA. Indeed, structural modification of tHéA C-28 carboxylic acid
group or C-3 hydroxyl group resulted in significarthancement of its biological
activities and obvious decreases in toxicity (Nedapa et al., 2017; Bai et al., 2012;
Gu et al., 2017; Yang et al., 2015; Chi et al.,201In addition, tetrazole is a mimetic
of carboxylic acid and a five-membered aromatietatyclic compound containing

four nitrogen atoms (Allen et al., et al., 2012} dlerivatives have diverse activities

including anti-microbial (Mndez et al., 2019; Andrejaviet al., 2018), anti-oxidant

(Kumbar et al., 2018; Khan et al., 2018), anti-bdat (Figueiredo et al., 2012;
Chernov’yants et al., 2016), anti-HIV (Bielenicaakt 2017), anti-cancer (Aziz et al.,
2018), and anti-parasitic activities (Fig. 1B ar@) IShaikh et al., 2017; Chen et al.,
2019; Hamid et al., 2018). Several tetrazole-comagi drugs have been developed for
clinical use, including cefazolin (Allen et al., 2%), valsartan (Liu et al., 2019), and
pentetrazol (Lu et al., 2018) (Fig. 1). Some ofthdrugs possess a tetrazolium group
as the terminal moiety. Therefor&lA derivatives previously synthesized in our
laboratory containing a tetrazole moiety (as pre=sknn Scheme 1) are likely to
possess anfi- gondii activity and lower toxicity (Zhang et al., 2019hds, we report

the biological evaluation of these compounds is tork.
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Figure 1. Structures of previously reported compounds dispanasitc agents and
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Scheme 1Synthetic scheme for the synthesis of compoldadd, 4a-d, 6a-d, 7a-d,
10a-d 1la-d 12a-b and 14a-e Reagents and conditions: (a) 1,2-dibromoethane or
1,3-dibromopropane, ¥CO;, KI, DMF, 50 °C, 6h; (b) KCO;, KI, acetone, reflux, 8h;

(c) KoCO;3, KI, acetone, reflux, 10h; (d) Jones’ reagent@oet O °C, 5 h, 90%; (e)
1,2-dibromoethane or 1,3-dibromopropaneCRs, Kl, DMF, 50 °C, 6h; (f) kCO;,

Kl, acetone, reflux, 10h; (g) SOLIDMF/DCM (1:1), trimethylamine; (h) Phenyl
hydrazine hydrochloride, acetic acid, ethanol,weBh; (j) anhydride, DMAP, DCM,
trimethylamine, r.t., overnight; (k) 10%NaOH, 4ANHGD% method in water.

2. Materials and methods

2.1. Drugs and reagents

Spiramycin(spi) were purchased from Sigma Chen@mahpany (St. Louis, MO,



USA). UA derivatives were prepared according to grecedures we have been
reported. (Zhang et al., 2019). All sera,antibmtand RPMI 1640 for cell culture
were obtained from Invitrogen (Biological Industtsrael). All other chemicals were

of reagent grade.

2.2. Célls, parasites and animals

GES-1 cells were cultured in DMEM, supplemented hwit0.01%
Penicillin-Streptomycin and 10% heat-inactivatedSF&nd maintained at 37 and
5% CQ. Cells were purchased from American Type CultudleCtion (ATCC,
Manassas, VA, USA). Tachyzoites used in our studgevirom the virulent RH strain
of T. gondii (Yanbian University School of Medicine, China) andintained by serial
intraperitoneal passage in KM female mice, whicltemygurchased from Experiment
Center, Yanbian University. All experimental proaess were approved by animal
experimental center (Number of license: SCXK 20003), Yanbian University and
complied with the relevant international animaliethregulations for the care and use
of experimental animals. All mice were kept in atcal animal care facility with free

access to water and rodent food during the expatime

2.3. In vitro studies

The antiT. gondii activity andcytotoxicity of compounds to host cells (GES-1)
in vitro were evaluated by the published method of (Jin.e2@09). The cells were
plated in 96-well plates at an appropriate densityensure exponential growth
throughout the experimental period and then alloweddhere for 24 h at 37 The
cells were infected witfT. gondii, followed by incubation for 24 h. All compounds
were prepared in dimethyl sulfoxide (DMSO) at ackt@oncentration of 100 puM.

Serial dilutions (1-1000 uM) of each compound wéssted. The aim of our
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modification of structure was to obtain compoundghwow toxicity and high
efficiency, therefore, spi with low toxicity wasleeted as a positive control. After
24h of incubation, 10 ML of
3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetoimmromide solution were added
to each well and cells were incubated for a furthér The optical density (OD) was
read on a microplate reader at a wavelength ofd82The 1Gy in GES-1 cells, 16

in T. gondii and selectivity index were calculated using Miofog&xcel.

2.4. Invivo studies

2.4.1.1nhibition rate of tachyzoites and body weight in vivo

Forty-two female KM mice (weighing 18-229g) were dise establish an animal
model of acutel. gondii infection. These were randomly divided into segeoups:
infected untreated, normal, infected with spi tneext, infected withUA treatment,
infected with11d treatment, infected with2a treatment, infected with2b treatment
and infected withl4a treatment. Each group consisted of six mice. Toyuthe
various compounds to maintain the same effect casgg and the main
consideration was the limited amount of drugs dmtotal usage of the mouse, we
almost always choose the concentration of 100 mdfkgr hours after infection, 100
mg/kg of the compounds was administered to the fycgavage, once a day for 4
consecutive days, whereas the untreated group dasistered the same dose of
physiological saline. On the fifth day, the bodyigte of mice infected witi. gondii
from different groups was collect. Furthermore,doldrom the eyes of mice was
collected and they were sacrificed by cervicalatiation. Their abdominal cavity was
rinsed with sterile physiological saline to coll#élece parasites/tachyzoites. These were

counted under the light microscope, and the inioibitate of parasites was calculated.



2.4.2. Measurement of visceral weights and liver biochemical parameters

The liver and spleen were dissected and liver gheka indexes, serum alanine
aminotransferase (ALT), aspartate aminotransfe(@&T), and liver homogenate
glutathione (GSH) and malonaldehyde (MDA) were deieed (Luan et al., 2019;

Guo et al., 2019; Zhang et al., 2016).

Serum levels of AST and ALT were measured by théhotwe of (Zhang et al.,
2016). The quintuple substrate reaction of ALT @TAand serum was carried out
under incubation at 37 for 30 min, then added 1mmol/L 2, 4-DNPH and Held20
min. Finally, 0.4 mol/L NaOH was added and allowedreact for 5 min. The

absorbance at 505 nm was measured.

The GSH was measured according to the method @n@let al., 2016; Beutler
et al., 1963).The double volume liver homogenate maed with trichloroacetic acid
(20%, wiv) and centrifuged at 4000 rpm for 10 niihen, 0.3 mol/L phosphate buffer
and DTNB (0.04%, w/v) were added to the separategermatant and mixed
thoroughly. After 5 min at room temperature, the@abance was measured at 412 nm.
MDA was measured by the standard method (Zhant, &046; Ohkawa et al.,1979)
with minor modifications. The liver homogenate suyaant was mixed with
thiobarbituric acid (0.5%, w/v) and heated in trehbof boiling water for 60 min,
then cooled quickly and centrifuged at 3000 rpmX0rmin, the absorbance of pink
colored supernatant was measured at 532 nm. Tetsagiropane replaced the liver

homogenate in the standard sample.

2.5. Docking simulations

T. gondii calcium-dependent protein kinase 1 (TgQCDPK1) pkaysucial role in



the motility and gliding off. gondii, and the enzyme, together with adenosine kinase
and purine nucleoside phosphorylase, serves ag pukane metabolic enzyme far
gondii (Vidadala et al., 2016; Schumacher et al., 2000an et al reported that UA
derivative was potential TQCDPK1 inhibitor (Luan &t, 2019). Therefore, the
development of molecular docking was determinedleldar computation studies
were carried out by using Discovery Studio 2017 ,(B8celrys, San Diego,CA,
USA). The X-ray crystal structure @alcium-Dependent Protein Kinase 1 fr@m
gondii (TgCDPK1) in complex with inhibitoJW1561 was obtained from protein
data bank (PDB: 4TZR). The water molecules, hedaoypaandUW1561 in protein
were removed and the protein was prepared by adidyayogen and correcting
incomplete residues using Clean Protein tool of OkemBioDraw 14.0 was used to
draw the structure of the docking compounds ané saem in the molar format. The
structures ofUA, compoundl2a and UW1561 were sketched in 2D and converted
into 3D using the DS molecule editor. LibDock waed to investigate whether the
synthesized compounds had potential TJCDPK1 indmpiéffects. CDDOCK studies
were carried out to investigate the binding mode&Af compoundl2aandUW1561

in the crystal structure of 4TZR from 2D images.eTBD image was chosen for
analyzing the binding features 0fA, compoundd.2aandUW1561 with TgCDPK1

(Zhao et al., 2018).

3. Results and discussion

3.1. In vitro results and discussion

The in vitro anti-T. gondii activities of theUA derivatives are summarized in

Tables 1-2. The selectivity index (Sl) is usualppked to evaluate anii- gondii
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agents. It is a measure of specific resistance gwndii, and it is generally believed
that larger Sl values indicate stronger inhibitactivity againstT. gondii and lower
cytotoxicity (Jin et al., 2009). As shown in Taldlethe SI ofUA (0.6) was lower than
that of the positive control spi (0.8), indicatitige poorer ant. gondii effects ofUA.
Almost all of theUA derivatives exhibited stronger ariti-gondii activity than the
parent compound, and 27 compounds exhibited similalightly greater activity than
spi. In addition, with the exception of compouhdb, the 1G, values of all other
compounds in GES-1 cells were higher than thatUéf, indicating that these
compounds are less cytotoxic thei. Regarding compound3a—3d and4a-4d a
3,4-(OCHO) substituent on the benzene ring attached tatdtrazole moiety was
found to be more beneficial, and compoudd$SI = 0.9) andid (S| = 0.9) exhibited
potent growth-inhibiting effects oh gondii in vitro. Compound$a—6dand7a—7d
which feature a shorter linkage (n = 1) betwdédA and the tetrazole moiety,
exhibited stronger inhibitory activities than compds bearing longer linkages (n =
2). In these two series, compounds containontho-tetrazole moieties displayed
relatively good activity. Interestingly, compour@d, which lacks a benzene ring
between the shorter linkage and tetrazole moietyplayed enhanced potency
compared with the effects of compounds containimg benzene ring. However,
among compoundga—7dwith a longer linkage7d exhibited lower inhibitory activity
than the other compoundsh-7d). Compounds in serie) and11 exhibited slightly
more potent activity than those in sergeand?, in which the structures only differed
at position 3. The former series featured a ketdrthis position, whereas compounds
in the latter series carried a hydroxyl group. Rennore, in serie40 and 11, the
compounds featuringeta-tetrazole {0b, 11b) or those lacking a benzene groapd,

11d) exhibited relatively good potencies, with compodid displaying the strongest

11



activity with an Sl of 1.0. Compound®2a and12b also exhibited higher inhibitory
activities than other compounds with an Sl of JAGnost all of the compounds in
seriesl4 displayed good activities (Sl = 1.0, 0.8, 0.8, arf] respectively), excluding
14b. From the biological results for the compoundseniesl? and 14, in whichthe
tetrazole group was directly linked to a nitrogéona of the C-28 amide group and
the C-3 hydroxyl group was changed to ketone, estenydrazine, we can observed
that such a modification at the C-3 position resift enhanced activity of.gondii
inhibition. It was found that the number @t gondii invading host cells was
significantly reduced after administration, andwis difficult to observel. gondii
extracellularly, and the growth status of the celés no different from that of normal

cells.

Table 1.In vitro T. gondii growth inhibition and cytotoxicity of the seri8s4, 6 and
7.

ICs0(LM)

Compound R R? SI¢
GES-1cell§  T.gondii
UA —~ - 44.8 72.2 0.6
3a H - 198.2 256.3 0.8

3b 4-Cl - 189.6 246.6 0.8
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3c

3d

4a

4b

4c

4d

6a

6b

6c

6d

7a

7b

7c

7d

spi

4-CHO

3,4-(0OCHO)

4-Cl

4-CHO

3,4-(0OCHO)

- 165.5

- 222.0

- 212.3

- 181.8

- 207.0

- 213.5

N
Nb 181.7
%

N«,N‘NH
=
178.0
N-NH
\”/&@ 169.6
£
N-
v L 205.0
N«,N\NH
NT 147.2
%
N«,N‘NH
(=
125.0

N\ —
Nb 155.9
$

N 54.6

- 207.8

234.5

275.7

256.7

228.3

243.1

237.9

193.2

224.2

199.9

227.5

186.9

191.8

175.0

84.9

250.5

0.7

0.8

0.8

0.8

0.9

0.9

0.9

0.8

0.8

0.9

0.8

0.7

0.9

0.6

0.8

#ICsp in GES-1cells: Median toxicity dose, a measureybdtoxicity against host cells. sgof UA
in HelLa cells. Values were shown as mean, n=3.

®|Cso in T. gondii: Median inhibitory concentration, a measure ohtaoite inhibition. Values
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were shown as mean, n=3.

°Sl: Selectivity index, a measure of efficacy, ctdted by 1Gyin GES-1 cells/IG in T. gondii.
Values were shown as mean, n=3.

Table 2.In vitro T. gondii growth inhibition and cytotoxicity of the serié§, 11, 12
and14.

, . , ICs0 (LM) .
Compound R R R Sl
GES-1cell¢ T.gondii °

NN‘NH

10a ‘w/ﬁ@ _ _ 192.6 242.2 0.8
2
NN‘NH

10b “b - - 270.1 310.1 0.9
NN‘NH

10c h@ - _ 264.3 315.3 0.8

3

10d iy - - 161.1 179.7 09

N~NH

11a N“ﬁ@ — _ 152.8 187.6 0.8
5

14



11b § - — 271.4 316.4 0.9
W NH
11c W - - 246.2 306.2 0.8
£
11d Uy - - 188.2 192.8 1.0
12a - ot - 213.2 218.6 1.0
12b O W 245.0 248.5 1.0
H
14a - - s 130.3 136.8 1.0

14b - - ot — — —

14¢ _ S 92.8 114.1 0.8
(0]

14d _ — @*cﬁ 74.3 96.2 0.8

14e _ _ — 202.7 220.9 0.9

#1Cso in GES-1cells: Median toxicity dose, a measureydbtoxicity against host cells. Values
were shown as mean, n=3.

®|Cs in T. gondii: Median inhibitory concentration, a measure ohgaoite inhibition. Values
were shown as mean, n=3.

°Sl: Selectivity index, a measure of efficacy, cédted by 1Gyin GES-1 cells/IG in T. gondii.
Values were shown as mean, n=3.

3.2. Invivo results and discussion
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We performed an in-depth study of the ahtigondii activities of compounds
11d, 123 12b, and14ain mice due to their good arifi-gondii activity in vitro and

their different structural characteristics.

3.2.1. Inhibition rate of tachyzoites and body weight in vivo

In order to study the degree of inhibition t@ichyzoites by compounds, the
inhibition rate experiment was carried out. Theuhsof inhibition rate oftachyzoites
are summarized in Table 3. After treatment with ¢benpounds at a dosage of 100
mg/kg, theUA derivatives had different inhibitory effects orethumber off. gondii
specimens in the abdominal cavity of mice, amongclwh2aexerted the strongest
inhibitory effect (55.3%), exceeding that of spil@%) in the maternal body.
However, the inhibitory activity of these four cooymds showed different results
vivo andin vitro. We speculate that the substituents at C-3 pasttiacompound42b
(29.4%),14a(31.8%)and 12a are different, and the substituents at C-28 pwsiaf
compounds1ld (16.5%) andl12a are different, which leads to their different
absorption, distribution, metabolism and excretionvivo, thus leading to the

difference of activities.

Table 3. Effect of compounds on the inhibition rate of tgmbites in mice.

spi 11d 12a 12b 1l4a

Inhlbgl/(o))n rate gy gyt 16.5% 55,304 29.4% 31.8%

Inhibition rate(%) of tachyzoites in mice peritoheavity treated with compounds, compared to
toxo group; n = 6, #9< 0.05 compared with toxo group and #&# 0.001 compared with toxo

group.
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Figure 2. Effect of compounds on body weights ingondii-infected KM mice,
”P<0.01compared with normal group; P<0.001lcompared with normal group:
*P<0.05 compared with toxo group”P<0.001 compared with toxo group;
$5p<0.01compared with spi groupP<0.001compared with spi group.

Body weight is significantly decreased in mice daling T. gondii infection
(Spano et al., 2002). As shown in Figure 2, theghtedf mice treated with the test
compounds (spil4a and12b) was significantly lower than that of the normabugp,
which weight was similar to toxo group, indicatitigat mouse weight was not
regained by treatment with these compoundg.tgondii-infected mice. However,
compared with the findings if. gondii-infected mice,12aand11d significantly
increased body weight to the same levels observednarmal mice. Thus,
compoundd2aandlldcould alleviate the weight reduction caused by tecu
Toxoplasma infection, leading to the speculation that thege tompounds can affect
the gastrointestinal digestive system and restoeenbrmal feeding status of mice or
that they can reduce the metabolic level and eneoagpgumption of mice, thereby

restoring weight.

From the effect of these four compounds on bodyghtsi in T.gondii-infected

17



KM mice, we deduce that the carbonyl substitutib@-& position of compoundk2b
andl1ldare beneficial to weight recovery to mice. On thatrary, the hydrazone and
hydroxyl substituents at C-3 position of compoufhidaand12b are not conducive to

weight recovery.

3.2.2. Liver and spleen indexes

The liver is the main part of histopathology, ahé spleen plays an important
role in coordinating adaptation and innate immuresponses (Khan et al.,
2017;Znalesniak et al., 2017). Therefore, liver and epledices are used to evaluate
the protective effects of drugs on viscera. As ghomw Figure 3, liver and spleen
enlargement can occur after acute infectionTbgondii in mice, but the liver index
was unchanged compared with that in normal miceiakk noteworthy that the spleen
index was increased significantly by BIA derivatives compared with the normal
group findings, especially bf§ldandl2a which also significantly increased the
spleen index versus that observed in the infectedpy Because splenomegaly is an
early sign of portal hypertension in cirrhosis, eation should be paid to

splenomegaly in mice infected Bygondii following treatment.

From the effect of compounds on spleen and livaghis in T.gondii-infected
KM mice, we infer that natural produtiA binding to tetrazolium moiety could
increase the spleen index evidently, especially @& position was modified by

carbonyl group as well.
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Figure 3. Effect of compounds on spleen and liver weight3.gondii-infected KM
mice, P<0.05compared with normal groupf<0.01compared with normal group;
" P<0.001compared with normal group™P<0.001 compared with toxo group;
8P<0.05compared with spi group~P<0.001compared with spi group.

3.2.3. ALT and AST

The serum levels of ALT and AST are extremely derssiindicators of liver
injury, and their elevation roughly reflects thegoee of liver injury (Liu et al.,
2014). To further study the toxicity of these compds, serum ALT and AST levels
were measured in mice infected withgondii. As shown in Figure 4, compared with
the normal group levels, acute infection Taygondii resulted in significant increases
of serum ALT and AST levels. Serum ALT and AST lewere significantly higher
in mice treated withl1d, 12b, or 14athan in those in the normal and toxo groups,
indicating that these three derivatives caused lilanage withousimilar protective
effects to spi. However, compoutila was linked to significantly decreased ALT
and AST levels inl. gondii-infected mice with similar protective effects foi.sThe
results suggest thatl2acan provide resistance toToxoplasma-mediated

hepatotoxicity.

From the effect of compounds on ALT and AST levurl3.gondii-infected KM
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mice, we conjecture that the C-28 position WA is linked to tetrazole by
esterification and alkylation, and hydrazone foiorabr retention of hydroxyl group
at C-3 position has no regulation effect on AST &kidl' indexes. Conversely,
oxidation at C-3 position dJA, and C-28 linked to tetrazole by amide bond can be

beneficial to protective effect on liver.
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Figure 4. Effect of compounds on ALT and AST levelsTigondii-infected KM mice,
“P<0.01compared with normal group; P<0.001lcompared with normal group;
"P<0.01 compared with toxo group®P<0.001 compared with toxo group;
$P<0.05compared with spi groupP<0.001compared with spi group.

3.2.4. GSH and MDA

GSH is an important anti-oxidant and free radicghvenger in the human
anti-oxidant system that converts harmful free caldi and heavy metals into
harmless substances and facilitates their excreftiom the body (Shaun et al.,
2008). MDA is a lipid peroxidation product formed beactive oxygen radicals
oxidizing biological membranes after enhanced orysjeess, which is an important

marker of lipid peroxidation (Gaweet al., 2004). The levels of MDA and GSH in
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liver can indirectly reflect the degree of cellsng®me with the degree of liver lipid
peroxidation in organism (Cederbaum et al., 2088)shown in Figure 5, compared
with the normal group findings, GSH levels were ndigantly lower inT.
gondii-infected mice. Nevertheless, compared with @hegondii-infected group
results, derivative$2aandl1d significantly increased GSH content to levels
exceeding that in the toxo group, supporting thigir restored after exposure to
compoundsl2aandl11d. Additionally, compared with the level in the nahgroup,
the MDA level was significantly elevated T gondii-infected mice, whereas MDA
content significantly decreased by treatment wittmpoundsl2a 12b, and14a,
indicating that these compounds could reduce Ip@dbxidation caused by acuie

gondii infection.

From the effect of compounds on GSH and MDA lewe[$.gondii-infected KM
mice, we believe that oxidation at C-3 positionu# benefits to enhance regulation
effect on GSH, the C-28 position linked to tetr@zala amide bond is to prejudice of

adjusting MDA index.

GSH(mg/gprot)
MDA(umol/gprot)

SLITL oW R
Figure 5. Effect of compounds on GSH and MDA levelsTigondii-infected KM
mice, P<0.05compared with normal groupf<0.01compared with normal group;
*P<0.05 compared with toxo groupP<0.01 compared with toxo group*P<0.001
compared with toxo groupP<0.05compared with spi groupP<0.01compared with
Spi group.
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4. Molecular docking analysis

To investigate whether the synthesized compounki®itnTgCDPK1, we used
the LibDock tool of DS software to investigate dimck with TQCDPK1 protein
(4TZR). The results illustrated that all synthedizempounds could dock with 4TZR,
and the docking scores were higher than thaiAfsee Supplementary material),
inferring that these compounds might be potentigCDPKL1 inhibitors, although
further validation is needed. Due to compourith with good T. gondii inhibitory
activity and the maximal increase in weight, spteegaly, and alterations in the
enzymatic data, we us&fA and inhibitotUW1561 as control to further analyzing the
docking results of it with 4TZR. Table 4 presets tlocking results fat2a UA and
UW1561 with 4TZR using the CDDOCK tools of DS. Compoutzhhad the most
promising -CDDOCK Interaction Energy (98.89 k.cadlin among UA (54.77
k.cal/mol) and inhibitortUW1561 (57.74 k.cal/mol). That indicated that compound
12a may have better TQCDPKL1 inhibitory activity thanhibitor UW1561, the
TgCDPK1 inhibitory activity olUA may lower than that of inhibitor, which of course
needs further validation. The preferred coordimatimodes ofl2a UA andUW1561
with the TgCDPKZ1 protein are presented in Fig.t&vds observed that the tetrazole
fragment of compounti2afit into a 4TZR cavity that was formed by GLU129,
ALA78, MET112, VALG65, LEU181, and TYR131 (Fig. 6Ad 6B), which the ligand
of compoundl2a displayed a similar orientation in the active sie TQCDPK1,
compared with inhibitorUW1561 The formed complex was stabilized by the

formation of hydrogen bonds (H-bonds) (Zhao et 2018). Furthermore, H-bonds

not only were formed with the key amino acids GLOHhd TYR131 (Gaweet al.,
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2004), but also with LYS338, which may be the readwt -CDDOCK Interaction
Energy of compound.2a is better than inhibitoJW1561 From the 3D image
of 12abound to TgCDPK112awas wrapped in the active pocket, and the teteazol
part was buried deep in the pocKkgA formed H-bonds with TJCDPK1 amino acids
GLU135, GLU138, LYS338, and LYS185 (Fig. 6C and gbhpwever, compared
to inhibitor UW1561, there is no H-bond formed with the key amino awildich is

the difference observed from the bindindJ& with the protein.

Table 4.The result of docking with TQCDPK1 (PDB ID: 4TZR).

Compound -CDDOCK Interaction Energy (k.cal/mol)
12a 98.89
UA 54.77

UwW1561 S57.74
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Figure 6. Docking result of compounti2a, UA andUW1561 with TgCDPK1 (PDB
ID: 4TZR). (A) 2D molecular docking modeling of cpound12a with 4TZR. (B)
Key residues in binding site surroundibga (C) 2D molecular docking modeling of
compoundUA with 4TZR. (D) Key residues in binding site sumding UA. (E) 2D
molecular docking modeling of inhibitddW1516 with 4TZR. (F) Key residues in
binding site surroundingW1516.

5. Conclusions
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Eight series of synthesizetdA derivatives were evaluated for their anti-
gondii activities. Compared with spi, several compoundslated potent abilities to
restore the normal body weight of infected micetdveeffects on liver and blood
indices, and stronger effects on GSH. Of the comgsuested]12adisplayed the
promising antid. gondii activity in vitro with an Sl of 1.0as well as the strong effect
againsfl. gondii in vivo, inhibiting tachyzoite growth by 55.3% in mice, iain
exceeded the inhibitory effects of the traditiodalig spi on the proliferation dt.
gondii. Molecular docking results showed that the ligand@hpoundl2a displayed
a similar orientation in the active site of TgCDPKinding to key amino acids
GLU129 and TYR131, compared to inhibitdiW1561 Thus, compound2acan be

used as a hit for the development of more effeavieT. gondii drugs.
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Highlights:

* Eight series of synthesized ursolic acid derivatives bearing tetrazole moieties were
evaluated for their anti-T. gondii activities.

» Compound 12a isapromising hit for the development of new anti-T. gondii agents.

* The investigation of the mechanism in vivo and binding mode of action of 12a to

TgCDPK1 was performed.



