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Abstract

Toxoplasmosis is a widespread parasitic diseassechbby Toxoplasma gondiian obligate
intracellular protozoa belonging to the phylum Agmeplexa. Toxoplasmosis is a major public
health problem, infecting one-third of humans wauide. Due to the fact that no effective
vaccine is currently available and treatment isela®n drugs for which resistance is
emerging, there is an urgent need to discover ndweq) targets that are exploitable for the
design of new therapeutics against the pathogen.

A recent proteomic analysis of partially sporulateatysts ofT. gondiishowed that oocysts
have a greater capability of de novo amino acidgynthesis, shedding light on several stage-
specific proteins whose functional profile is incacd with the oocyst need to resist various
environmental stresses [1]. Herein, we focused attgntion on two enzymes belonging to
these putative oocyst/sporozoite-specific protaioug: the ornithine aminotransferase (OAT)
and the cystathioning-lyase (CGL). OAT is involved in the polyamine mietdism and
catalyzes the reversible conversion of L-ornith{heorn) into glutamate-5-semialdehyde and
glutamate, while CGL catalyzes the cleavage of ktathionine (L-cth) to L-cysteine (L-cys),
a-ketobutyrate and ammonia in the reverse transgtifon pathway. Despite the central
metabolic roles of these enzymes, the functionabfy none of them has so far been
investigated. Herein, a biochemical characterizabb OAT and CGL fromTl. gondiihas been
performed, in order to expand the very limited khedge about the polyamine and cysteine
metabolism of the parasite and to explore the fbssise of these enzymes as novel drug
targets against toxoplasmosis.

Analysis of spectral and kinetic properties of TgDAevealed that the enzyme is largely
similar to OATs from other species regarding itsng®l transamination mechanism and
spectral properties of PLP; however, it does nadspess a specific ornithine aminotransferase
activity, but exhibits both N-acetylornithine (Ac®r and y-aminobutyric acid (GABA)
transaminase activity, highlighting its possibléerboth in arginine and GABA metabolisim
vivo. The presence of Val79 in the active site of TgOWTplace of Tyr, as in its human
counterpart, provides the necessary room to accatateocAcOrn and GABA, resembling the
active site arrangement of GABA transaminases. Meee, mutation of Val79 to Tyr resulted
in a change of substrate preference between GABXQrA and L-orn, suggesting a key role
of Val79 in defining substrate specificity.

The purified TgCGL is a functional enzyme whichigpL-cth almost exclusively at theyS
bond to yield L-cys. This finding likely implies &h the reverse transsulfuration pathway is
operative in the parasite. The enzyme displays amyginal reactivity toward L-cys, which is
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also a mixed-type inhibitor of TQCGL activity, tlefore indicating a tight regulation of
cysteine intracellular levels in the parasite. Stowe-guided homology modelling revealed
two striking amino acid differences between humamd &gCGL active sites (Glu59 and
Ser340 in human to Ser77 and Asn360 in toxoplasiMal}ation of these two residues to the
corresponding residues in human revealed their mapce in modulating both substrate and
reaction specificity of the parasitic enzyme.

Altogether our findings could be considered asrat fstep toward exploring the possible use

of TQJOAT and TgCGL as an anti-toxoplasmosis drugess.
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AcOAT
AcOrn
ADC
AdoMet
AdoMetDC
BCA

CBL

CBS

CD

CGL
CGS

CS
dcAdoMet
DSC
DTNB
DTT
EDTA
GABA
GABA-AT
GOX
IPTG
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L-cth
L-cys
LDH
L-hcys
L-orn
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NADH
OAS

OAT

OoDC

P5C

Abbreviations/Acronyms

N-acetylornithine aminotransferase
N-acetylornithine

Arginine decarboxylase
S-adenosylmethionine
S-Adenosylmethionine decarboxylase
B-chloro-L-alanine
Cystathionine3-lyase
Cystathioning-synthase

Circular dichroism
Cystathionine-lyase
Cystathioning-synthase

Cysteine synthase

Decarboxylated S-adenosylmethionine
Differential scanning calorimetry
5,5-dithiobis-(2-nitrobenzoic acid)
DL-Dithiothreitol
Ethylenediaminetetraacetic acid
y-aminobutyric acid

y-aminobutyric acid aminotransferase
Glutamate oxidase
Isopropylp-D-1-thiogalactopyranoside
Isothermal titration calorimetry
L-cystathionine

L-cysteine

lactate dehydrogenase

L- homocysteine

L-ornithine

MOPS, bicine, proline buffer
B-Nicotinamide adenine di nucleotide
O-acetylserine

Ornithine aminotransferase

Ornithine decarboxylase
A'-pyrroline-5- carboxylate
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PAG
PAO
PDB
PLP
PMP
POSP
SDS-PAGE
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SHMT
SPDS
SPMS
SSAT
Trx

uv
UV-Vis
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Polyamine oxidase

Protein Data Bank

Pyridoxal 5’-phosphate

Pyridoxamine Bphosphate

Putative oocyst/sporozoite-specific protein
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Hydroxymethyltransferase

Spermidine synthase

Spermine synthase
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Thioredoxin

Ultraviolet
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a-ketoglutarate
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Chapter 1

General introduction
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The main topic of this Ph.D. thesis is the biochaahi characterization of ornithine
aminotransferase (Chapter 2) and cystathiopthgase (Chapter 3) fromioxoplasma gondii
For each enzyme, a brief introduction on the mediaboin which the enzyme is involved and
known features of the enzyme is given.

The following sections will give an overview on I@a$eatures ofToxoplasma gondiand the

general mechanism of action of PLP-dependent engyme
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1. Toxoplasma gondii, the causative agent of toxoplasmosis

Toxoplasma gondiiis an obligate intracellular protozoa that belontgs the phylum
Apicomplexa, precisely to the coccidian subclass.afl the apicomplexa parasitéls, gondii
possesses a unique organelle called the apicoplEsé apicoplast has a secondary
endosymbiotic origin and is essential for the suaViof the parasite. However, the specific
functions of this organelle are not fully clarifie@ihanks to the genome projects underway for
T. gondiiandPlasmodium falciparumit is known that the apicoplast is involved iretfatty
acid biosynthesis and in the synthesis of isopeiteinphosphate (IPP), a precursor of
isoprenoids. Moreover, subsequent data showedthieatipicoplast of these parasites makes
iron sulfur complexes and cooperates with the niitoarion in the synthesis of haem [2].

T. gondii has a complex life cycle consisting of differerhages of sexual and asexual
reproduction and uses felidae and warm-bloodedebeates, i.e., mammals and birds, as final
or intermediate hosts, respectively.

There are three infective stagesTofgondii a rapidly dividing invasive tachyzoite, a slowly
dividing bradyzoite contained in tissue cysts, ard environmental stage, the sporozoite,
contained in oocysts [3].

Oocysts are produced during the parasite’s sexwyalecthat occurs in the intestine of
definitive host. Oocysts are excreted through eaes$ in the environment, where sporulation
takes place and sporozoites become infective. Upahuptake of sporulated oocysts by new
hosts, sporozoites transform to tachyzoites thdively penetrate all nucleated cells and
replicate rapidly by repeated endodyogeny. Theytache form causes tissue destruction and
is therefore responsible for clinical manifestatoof the disease. The consequent immune-
response of the host is accompanied by the formadiotissue cysts in which bradyzoites
multiply slowly by endodyogeny. Tissue cysts are tterminal life-cycle stage in the
intermediate hosts and are found in the retinainbrskeletal and heart muscles. Bradyzoites
could persist inside cysts for the life of the hast they could be released from cysts,
transform back into tachyzoites that reinvade husdts. If ingested by a definitive host the
bradyzoites proliferate in epithelial cells of themall intestine. After this asexual

multiplication, the sexual phase of the life cyideestored (Figure 1)[4,5].
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Figure 1. The complex life cycle of Toxoplasma gioiid].

During the developmental transition of these thpbasesT. gondiimodifies its metabolism,
and morphology, to adapt to the environmental clkeanduring its life cycle. Regarding the
energy metabolism, significant differences werenidbetween bradyzoites and tachyzoites.
Bradyzoites lack a functional TCA (tricarboxylicidf cycle and respiratory chain. Pyruvate
kinase and lactate dehydrogenase (LDH) activitreshagher in bradyzoites, suggesting that
lactate production is the major metabolic pathway énergy generation during latency. In
contrast, tachyzoites use both mitochondrial oxiaatphosphorylation and glycolysis to
generate ATP [7]. The parasite expresses diffestage-specific isoforms of some enzymes
in order to adjust glycolysis fluxes to accommodateliferation or dormancyT. gondii
possesses two isoenzymes of LDH, LDH1 and LDH2,cllare respectively tachyzoite- and
bradyzoite-specific [7]. Moreover, two stage-specénolase (ENO) have been describkd.
vitro analysis revealed that the tachyzoite-specific ENi@s a higher specific activity atn
and a lower denaturation temperature than thoséhefbradyzoite-specific ENO1. These
enzymatic properties are in agreement with the bwta and physiological needs of the
parasite during differentiation [8].

Due to the difficulty in producing and working witbocysts, the sporozoite is the less
biochemically characterized among the infectiouages of T. gondii Recent proteomic

analysis revealed that the metabolic proteins eslity sporulated sporozoites may be more
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similar to tachyzoites than to bradyzoites. Indedte ENO2 and LDH1 isoforms, that
predominate in tachyzoites, were detected in osci{@t Moreover,T. gondii oocysts were
found to possess all the enzymes of both glycolgtid TCA cycle, differing from tachyzoites
for the expression of isoenzymes of citrate syrn¢hasd phosphoenolpyruvate carboxykinase
[1].

It is known that inT. gondiithe TCA cycle is not coupled to glycolysis, as tmguvate
dehydrogenase complex is specifically localized ttee apicoplast and not to the
mitochondrion [10]. Proteomic data suggested thatysts generate mitochondrial acetyl-
CoA, necessary to feed the TCA cycle, through fhexidation of fatty acids and the
degradation of branched amino acids. Alternativatyracellular tachyzoites presumably use
the enzyme acetyl-CoA synthetase (TGME49 066640)ickv could produce acetyl-CoA
from the acetate scavenged from host cell mitochianto fuel the TCA cycle [1].

Other interesting stage-specific differences wenentl in amylopectin metabolism and amino
acid metabolism [1]T. gondiistores glucose in cytoplasmic granules of amyltipe¢ound

to be more abundant in oocysts and bradyzoites thahizoytes [11]. Oocysts uniquely
express a 4-glucanotransferase, resulting in an increase ofylapectin debranching and
glucose mobilization. This feature is in agreemeith the additional demand of energy
typical of the oocyst’s sporulation process.

Regarding amino acid metabolism, oocysts speclficapress enzymes with a key role in the
synthesis of 6 non essential amino acids, i.e.lipgpalanine, threonine, cysteine, lysine and
tyrosine, underlying the capability of oocysts tdapt to the nutrient-poor extracellular

environment.

2. Toxoplasmosis.

Toxoplasmosis is a zoonotic disease of medical \eetérinary importance with worldwide
distribution [12]. Seroprevalence varies widelyweén different countries (from 10 to 80%)
and often within a given country. As for animalgragprevalence in human is affected by
many factors, like climatic and anthropogenic fastancluding dietary, social or cultural
habits, quality of water and sanitation coveraged|3

There are essentially two ways of transmission:viical and the horizontal transmission.
The vertical or congenital transmission occurs mgipregnancy, when the tachyzoites might
cross the placenta and infect fetus. Congenitabptasmosis may cause abortion, neonatal
death, or fetal abnormalities [12]. The horizontednsmission ofT. gondii may occurs
through the infection by one of the three life-aydtages of the parasite, i.e. oocysts, tissue
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cysts or tachyzoites. Tachyzoites, which are vawys#ive to environmental conditions, can
be transmitted by transplantation of organs or bysumption of unpasteurized milk. In
general, the majority of horizontal transmissiosscaused by ingestion of one of the two
persistent stages @f. gondii i.e. tissue cysts in infected meat and oocystad or water
contaminated with cat faece. In particular, spamdaoocysts are a significant source of
infection for intermediate hosts, as they are vegistant to environmental conditions. They
are distributed through wind, rain, or harvestegde and they remain infectious in moist soil
or sand more than a year. Sporulated oocysts atstighly impermeable and, therefore, are
also very resistant to disinfectants [5].

In immunocompetent individualg,. gondiiinfection is asymptomatic in more than 80% of
cases. On the other hand, toxoplasmosis is alwiésHreatening in immunocompromised
patients. Clinical manifestations include serionsephalitis, mental status changes, seizures,
motor deficits, sensory abnormalities, speech aimadities, hemiparesis and neuropsychiatric
findings [3, 12].

Drug treatment is usually not necessary in asymptarmhosts, except in children younger
than 5 years. The most effective treatment for @acatses of toxoplasmosis is the combination
of pyrimethamine and sulfadiazine, which have aesgit action and target two different
enzymes along the folate synthesis pathway. In eoitgl toxoplasmosis, spiramycin is used
either alone, in order to prevent fetal infectioay combined with sulfadiazine and
pyrimethamine when there is substantive evidencétl infection. Other current therapies
include the use of clindamycin, atovaquone or apitiycin [12].

However, these regimens are inadequate for thentess of toxoplasmosis for a variety of
reasons. First of all, they only control the preidtive tachyzoite stage and are unable to
eliminate the cyst stage of the parasite. Thenctimabination of these drug result to be toxic
and have significant side effects, including hyeestivity, bone marrow suppression, and
teratogenic effects. Moreover, these treatmentsnarselective for toxoplasmosis therapy as
they were used in the treatment of other apicomgedisease prior to being repurposed [13].
All these motives, in addition to the emerging afasite drug resistance, suggest that a better
understanding of uniqué. gondiidevelopmental physiology, metabolism, moleculandure
and virulence is required to facilitate the desogmovel inhibitors against parasite.
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3. Pyridoxal 5’-phosphate enzymes

Pyridoxal 5-phosphate (PLP) enzymes are charamddriby their involvement in different
metabolic pathways due to their ability to cataly&vide repertoire of reactions. Almost all
PLP-dependent enzymes are associated with bioclaépathways that involve amino acids,
but they also play key roles in the replenishmeiftooe-carbon units, synthesis and
degradation of biogenic amines, synthesis of tgtmabc compounds and metabolism of
amino-sugars [14].

Despite the variety of catalyzed transformationstbg PLP-enzymes, the mechanisms of
reaction share several common features. In all B&pendent enzymes acting on amino acid
substrates, the cofactor is covalently bound to d¢teenino group of an active-site lysine
residue through an imine linkage, forming the sbech internal aldimine. Through
transimination, the-amino group of the lysine residue is exchanged whte a-amino group

of the amino acid substrate to form the planar mvkaldimine. Both types of aldimines react
reversibly with primary amines in a transaldimimatireaction, with formation of a geminal

diamine intermediate, allowing either binding obstrates or release of products (Scheme 1).

E-Lys H
1 1
NE RH,C = C = COO"
2 B 1
HO;P o
~o ~
| HO;P
~ S .
N© CH; —=
1
H amino acid
Intemal aldimine Gemmal diamine Extemal aldimine

Scheme 1. Structures of internal aldimine, the gaindiamine and the external aldimine (adapted
from [15]).

The external aldimine is the common central intediaee for all PLP-catalyzed reactions with
amino acids. The cleavage of one of the three batd€o gives rise to the quinonoid
intermediates; the net negative charge arising ftoenheterolytic cleavage of sigma bonds is
delocalized by the extensive conjugation of tix@lectrons of the pyridine ring of the
cofactor, that acts as an electron silk [15].

An important factor for the reaction specificity tise orientation of the bonds ab@f the
substrate moiety in the external aldimine adduain&han [16] pointed out that the bond in
the substrate amino acid to be broken by a PLPtitgr® enzyme should lie in a plane

perpendicular to the plane of the cofactor-imingystem. This would minimize the transition
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state energy by allowing maximuesin overlap between the breaking bond and the ringrémi

n system. It could also provide the geometry closestthat of the planar quinonoid

intermediate to be formed, thus minimizing molecuteotion in the approach to the transition
state.

PLP-catalyzed reactions may be classified as reastproceeding through (Figure 2):

» Deprotonation: dissociation of the-hydrogen from the Schiff base leads to a
guinonoid-carbanionic intermediate that can reactséveral ways: i) racemisation,
reprotonation at € but without stereospecificity (e.g. alanine racemja Ii)
transamination, protonation of C4' of PLP to form ketimine intermediate that
undergoes hydrolysis to pyridoxamine phosphate (PMRd ana-oxo acid (e.g.
aspartate aminotransferase); or fit)(or y-) elimination and replacement, when a good
leaving group is present in tife(or y) position of the amino acid it can be eliminated
(e.qg. tryptophanase and tryptophan synthase).

» Elimination of CQ: loss of the carboxyl group from external aldimitieat most
commonly leads to the protonation at the origintd sf decarboxylation followed by
breakup of the Schiff base (e.g. glutamic acid decaylase).

» Side chain cleavage: Schiff base side chains umdaidol cleavage. Conversely, a
side chain can be added Pycondensation. The best known enzyme of this grisup

serine hydroxymethyltransferase.

H
R\r/ Coo R\"/cog Transamination
H Nﬁl;" H H N H
| ~ o Racemization
. ||
" N
H R H
p-(or )
elimination or
CO, replacement
R \n/ H H\[( COO
H_ NZ H H. N% H
N N
1 1
H H
Decarboxylation Side-chain cleavage

Figure 2. A schematic view of the different reantiypes catalyzed by PLP-dependent enzymes
that act on amino acids [17].

Due to their common mechanistic features, PLP-ddpehenzyme often catalyze different

chemical reactions, showing ‘catalytic promiscuityThis feature may have played a
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fundamental role in divergent evolution and divBcsition of catalytic properties. Ancestral
enzymes were probably able to catalyze severaltimes; but gene duplication and
evolutionary pressure may have worked to modify yemes’ active sites so as to confer
narrower substrate and reaction specificity [18].

Initially, PLP-dependent enzymes have been clas$iinto five distinct structural groups
[19], which presumably correspond to five indepertdevolutionary lineages originated very
early in the evolution (before the three biologikaigdoms diverged) from different protein
ancestors [20]. These families have been named fhmin more representative enzyme. The
aspartate aminotransferase family corresponds ld tigpe | and contains the majority of
structurally determined PLP-dependent enzymes, istng of aminotransferases,
decarboxylases as well as of enzymes that catalyizeanda,y-eliminations. Its members are
catalytically active as homodimers, although thegymassemble into higher order complexes,
and their active site lies at on the dimer integfathe tryptophan synthagesubunit family
corresponds to the fold type Il and differ from sleoof fold Type | in that the active sites are
composed entirely of residues from one monomerhwaidditional regulatory domains. The
bacterial alanine racemase family corresponds édald type Ill. These enzymes are obligate
dimers, as each monomer contributes residues to dxitve sites. In enzymes of the D-amino
acid aminotransferase family, fold type IV, the a&ctor binds with itsre side facing the
protein rather than the active-site pocket as ia tbld-type | family, accounting for the
difference in stereochemistry of the products ie tramino acid reaction. The enzymes of
fold type V, e.g. glycogen phosphorylase, are madiecally distinct in utilizing the cofactor
phosphate group for catalysis. Subsequently, twoengroups were identified by Percudani
and Perracchi, fold type VI and fold type VII thare represented by D-lysine 5,6-
aminomutase and lysine 2,3-aminomutase respectivalyd contains enzymes whose

structures are unlike all other PLP-dependent erzyfh7].

4. PLP-dependent enzymes as drug targets.

A consequence of their widespread metabolic distrdm is that a number of these enzymes
are current drug targets. For example, inhibitdr&-@OPA (L-3,4-dihydroxyphenylalanine)
decarboxylase are used in the treatment of Parkiasdisease [21], alanine racemase has
been identified as antibacterial drug target [22]d ainhibitors of y-aminobutyric acid
aminotransferase (GABA-AT) are used in the treatnodrepilepsy [23].

PLP-dependent enzymes are also intimately invoiwethe metabolic pathways of protozoa

[24]. However, so far only serine hydroxymethyltséearase (SHMT) and ornithine
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decarboxylase (ODC) have been targeted to develiopcally useful anti-protozoan drugs.
Therefore, future studies are required to explére potential of the other enzymes as anti-
protozoan drug targets.

Recent analysis for PLP-dependent enzymes sugtesis types of emergent drug targets: (1)
enzymes that are present only in pathogens; (2yreeg common to both humans and
pathogens that possess different properties, atigwo discriminate each other; (3) enzymes
related to a specialized parasitic life style (st host cells or particular life cycle phase).
All these groups of enzymes identify targets thatynbe of interest in the development and
design of species-specific therapeutics [24, 25].

Regarding the third group of drug targets, a regnteomic analysis of partially sporulated
oocysts of T. gondii identified a subset of proteins specifically exwed at the
oocyst/sporozoite stage of the parasite. Among ethpstative oocyst/sporozoite-specific
proteins (POSPs), four PLP-dependent enzymes veenedi In particular, the oocyst resulted
to differ from the tachyzoite for the expression ofnithine aminotransferase (OAT,
TGME49_069110), an enzyme that takes part in thethgsis of proline and polyamine
metabolism. The POPS subset also included thregneem involved in the biosynthesis of
cysteine: cystathioning-synthase (CBS, TGME49 059180), cystathionirgyase (CGL,
TGME49_112930) and cysteine synthase (CS, TGME48900). This analysis provided
proteomic evidence that the capability of de nowoire acid biosynthesis is modulated
between oocysts and tachyzoites, with oocysts shgwigreater persistence than tachyzoites.
This feature is in accordance with the adaptatibii.ogondiioocysts to the nutrient-poor and

stressing extracellular environment.
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5.  Aims

This thesis aims to give a detailed biochemicakdesion of two enzymes frori. gondii the
ornithine aminotransferase (TgOAT) and the cystathie y-lyase (TgCGL), in order to
expand the very limited knowledge about the polysmand cysteine metabolism of the
parasite and to explore the possible use of thessnees as novel drug targets against
toxoplasmosis.

We overexpressed the proteins En coli and we isolated the recombinant enzyme as His-
tagged proteins. The kinetic parameters of main sexbndary activities were evaluated by
steady state and pre-steady state analysis. Incpkat, pre-steady state analysis has been
performed in collaboration with Prof. Mariarita Beldi from University of Verona.
Moreover, we analyzed oligomeric state, ligand-iceli spectral transitions and protein
stability through an array of biochemical and biggical techniques, such as UV-Vis and
fluorescence spectroscopy, circular dichroism gspscopy, size exclusion chromatography,
limited proteolysis and differential scanning cahoetry. After a preliminary biochemical
characterization, mutagenesis studies were perfonmedentify the key residues in the active
sites that are responsible for reaction and sutestpecificity.

Collaboration with Dr. Alessandro Paiardini, resdear at Sapienza University of Rome, was
established in order to perform molecular modellantalysis to understand at a molecular
level the structure/function relationship, substr&tinding and catalytic mechanism of the

enzymes.
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Unique substrate specificity of ornithine aminotrarsferase from

Toxoplasma gondii

Abstract

Toxoplasma gondiis a protozoan parasite of medical and veterimalgvance responsible for
toxoplasmosis in humans. As an efficacious vacceemains a challenge, chemotherapy is
still the most effective way to combat the disealsesearch for novel druggable targets,
herein we performed a thorough characterizationtref putative PLP-dependent enzyme
TgOAT. We overexpressed the protein B coli and analyzed its molecular and kinetic
properties by UV-Vis absorbance, fluorescence, @idspectroscopy, in addition to kinetic
studies of both the steady state and pre-steadg. SIgOAT is largely similar to OATs from
other species regarding its general transaminatienhanism and spectral properties of PLP;
however, it does not show a specific ornithine astriansferase activity as its homologs, but
exhibits both AcOrn and GABA transaminase activity vitro, suggesting a role in both
arginine and GABA metabolism in vivo. The present&/al79 in the active site of TQOAT in
place of Tyr, as in its human counterpart, providee necessary room to accommodate
AcOrn and GABA, resembling the active site arrangamof GABA transaminases.
Moreover, mutation of Val79 to Tyr results in a oga of substrate preference between
GABA, AcOrn and L-orn, suggesting a key role of Yalin defining substrate specificity.
The findings that TgJOAT possesses parasite-spestfiectural features as well as differs in
substrate specificity from its human homolog make an attractive target for

antitoxoplasmosis inhibitor design that can be eipH for chemotherapeutic intervention.

This work was published in the Biochemical Jour{2417) DOI: 10.1042/BCJ20161021
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1. INTRODUCTION

1.1 Polyamine metabolism

Polyamines are aliphatic hydrocarbon chains witke on more amine groups. Their positive
charge at physiological pH enables their interacioth polyanionic molecules such as DNA,
RNA, phospholipid head groups in cell membrane ell gvall components. Due to their
variety in terms of molecular structure, valenced aprevalence, polyamines undertake
different roles in the cells such as survival, gtlowgene expression, stress response, cell
differentiation and parasidic activity [26].

In Eukariota the biosynthesis of polyamines tydicatarts with the conversion of arginine to
ornithine by arginase and the subsequent decarbtigpl of ornithine by ODC to form
putrescine. S-Adenosylmethionine decarboxylase el C) produces decarboxylated S-
adenosylmethionine (dcAdoMet) which, then givesatainopropyl group to putrescine for
spermidine and spermine synthesis. Spermidine sgeth(SPDS) and spermine synthase
(SPMS), respectively, catalyse the latter two reast. An alternative biosynthetic pathway
that characterized Bacteria and plants is the argimlecarboxylase (ADC) pathway. ADC
converts arginine into agmatine, which is consetlyeronverted into putrescine by

agmantinase (Figure 3).

ArV \

AdoMet
Agmatinase
AdoMetch‘ \ /
co,

DC-AdoMet Putrescine
Spermidine Nl-acetylspermidine
synthase
SSAT
MTA €& | _EEidsinliii
PAO
Spermine

svnthase Nl-acetylspermine

MTA SSAT

Figure 3. Reactions and enzymes involved in polysmmetabolism. MTA, methylthioadenosine.
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The polyamine metabolism is highly divergent amdtrgtozoa. InTrypanosoma bruceand
Leishmania parasites, putrescine and spermidinesgn¢hesized by ODC, AdoMetDC and
SPDS. Differently,Trypanosoma cruzlacks ODC, but does express both AdoMetDC and
SPDS, implying that once putrescine is transporiéd the parasite, it can be converted into
spermidine and spermine by the promiscuous actoit8PDS [27]. Moreover, published data
have shown thaCryptosporidium parvunhas a plant-like pathway that utilizes ADC [28],
whereas inP. falciparumODC and AdoMetDC enzymes were components of anbtional
protein [29].

Interference with polyamine metabolism has beencesssfully exploited in the clinical
treatment of West African sleeping sickness oritgdaby Trypanosoma brucegambiensedy
using a- difluoromethylornithine (DFMO, Eflornithine), aedivative of ornithine that can
irreversibly inactivate ODC [30-32]. Furthermore,deMetDC, and SPDS have been
chemically validated as a drug target in the mgootozoan parasites and many specific
irreversible inhibitors have been synthetized [23+-36]. These results prompted the idea that
polyamine metabolism may be an important drug ta@eo in other protozoan parasites
responsible for global diseases, includihggondii

Recent studies suggest that toxoplasma lacks aafoirdirected polyamine biosynthestic
pathway. Indeed, it is devoid of the activity of awessential enzymes for polyamine
metabolism such as ODC and ADC, and therefore x®t@maphic for polyamines [37, 38T..
gondii has previously been shown to have a high affinitutrgscine transporter,
demonstrating the ability to scavenge host-deripettescine [39]. This protozoan synthesizes
polyamines by a retroconversion pathway from spdim& to spermine and putrescine via
spermidine/spermine N-acetyltransferase (SSAT) mgolgamine oxidase (PAO) [38]. Even if
polyamine metabolism has not been deeply investtyah T. gondij it is known that the
parasite, as Plasmodium, possesses the polyamisiede PLP-enzyme OAT which is

involved in ornithine homeostasis, control of patyae levels and synthesis, and mitosis.

1.2 Ornithine aminotransferase

OAT (E.C. 2.6.1.13) is a strongly conserved enzyfoend in almost all eukaryotic
organisms, from protozoans to humans, and fromiftmgigher plants.

OAT, like every PLP-dependent transaminase, opsraia a “ping-pong” mechanism that
requires two half reactions to complete one catalgycle of transamination. In the first part
of the reaction, L-orn binds to the pyridoxal fowhthe holo-enzyme (OAT-PLP) with the

formation of L-glutamate-semialdehyde, which then cyclizes spontaneousW'tpyrroline-
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5- carboxylate (P5C), yielding the pyridoxamine norof the enzyme (OAT-PMP). The
second half-transamination proceeds through thetima of a-ketoglutarate ¢-KG) with
OAT-PMP to reform OAT-PLP and release L-glutamatee( Scheme 2). P5C is further

converted into proline.

[0} o
o‘ﬂ\(\/\NHg + E-PLP O'D\K\Ao +  E-PMP (1
NH; NH3

L-ornithine L-glutamate-y-semialdehyde

l

RS
] N

A'-pyrroline-5-carboxylate

0 o o] o
OJ\(\/&O + E-PMP o-wo + EPLP )
o} NH;
2-oxoglutarate L-glutamate

Scheme 2. Overview of the two half-transaminatieaations catalysed by OAT.

The human OAT is synthesized as a 49 kDa precurstie cytosol and it is then imported
into mitochondria where it reaches the functionahformation upon removal of an N-
terminal mitochondrial targeting sequence (residdef5) producing a ~45 kDa mature
protein [40]. In the PDB databank, six crystal stures of this enzyme, both ligand-free [41]
and in complex with different substrate analogue&2,[ 43], are present. These
crystallographic studies showed that the human mmezyassume an hexameric assembly
consisting of three homodimers hold together ppatly by electrostatic interactions. The
dimer belongs to the fold type | class of PLP-enegnand it was suggested that it could
represent the functional unit of the enzyme [4h]tHe active site, the PLP cofactor is fixed at
the interface between subunits and forms an intalBmine via a Schiff base bond with the
catalytic Lys.

Crystal structures of human OAT complexed with mtars elucidate the exact mechanism
for the specifico-transaminase reaction of the enzyme: dhearboxylate of L-orn is bound
by R180 with the non-reactingcamino group held between the OH groups of Y55 ¥88,
while R413 interacts with E235 in order to arrange 6-amino group of L-orn for
transimination. In particular, the glutamate re®ds important for neutralizing the positive
charge of the R413 through a salt bridge during fin& half-reaction, when there is an
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internal PLKlysine aldimine as the substrate approaches. Thesed system allow
productive binding olL-orn to OAT and restrainsthe binding ofa-KG that are required fc
the second hareaction. On the other ha, when there is an external PMP during the sec
half-reaction, this hydrogen bo network is weakened, and the salt bridge opensougdlow
a-KG to interact with R41 (Figure 4 [43].

Figure 4. Structure of the ctive site of hOA™ in complex with the inhibitor -
fuoromethylornithin (5FMOrn). FMP is the inhibitor adduct formed between PLP &RdMOrn.
PDB ID code 20AT The figure is carried owsing VMD (Visual Molecular Dynamic:.

Interestingly, inT. gondii, OAT has been recently identified as a protein cdpmlly
expressed at e oocyst/sporozoite sta [1]. Inhibition of a polyamin-related, stac-specific
protein, whose functional behavior is associated to the tdegm of T. gondii oocysts tc
multiple extracellular environmental stres, could constitute an efficacious strategy

treating the parasitic infectic

Despite the presence of eight spatial structureBg@AT in Protein Data Bank (PDB ID cot
4ANOG at 1.2 A; PDIID code 4ZLV at 1.8 A; PDB ID code 4ZWM at 2.3 ADB ID code
5EAV at 1.6 A; PDB ID code 5EQC at 2.2 A; PDB IDden5DJ9 at 1.55A; PDB ID coc
5E5I at 1.7 A; PDB ID code 5E3K at 1.7A), functidriaformation regarding this enzyme
still lacking.

Herein, in order to evaluatdhe TgOAT as a potential target for struc-based selectiv
inhibitor design significant progress in the spectroscopic charazdéion of the enzyme OA
from T. gondi ME49 and in the determination of its catalytic propestieasbeen mad.

A previous study, describing trdifferent substrate specifties between human OAT al
human GABA-AT, demonstrated that Tyr55 anTyr85 in human OAT were major

contributors to the productive binding L-orn. In particular, Tyr85was foundto be a majo
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determinant of specificity towards L-orn with respgo GABA [44]. Notably, Tyr85
human OAT is replaced by isoleucine in GABA-AT.

Sequence alignment of OAT from different organismdicated that both of these tyrosines
are highly conserved. However Tyr85 (human OAT nanmy) is substituted by Val79 in
TgOAT (Figure 5). Thusa further aim of this study was to determine tha&tdbution of
Val79 to the specificity of the TQOAT enzyme by matihg the valine residue to tyrosine.

NAL GGGVF PI SAVAADKEI LSVF EPGSHGSTFGGNPL GCAVAVAANDVLADEG

* % **** *****

29

T. gondii ---------- MATKSDGSASAAAEGGARKTNI EAYRDGL KL KTEEDFFACDRQYVCQNYA 50
H. sapiens MFSKLAHL QRFAVL SRGVHSSVA- - - - SATSVATKKTVQGPPTSDDI FEREYKYGAHNYH 56
P. fal Ciparum =cc-mmm oo o me oo MDFVKEL KSSQDYMNNEL TYGAHNYD 26
P. Vivax sl MDFI KELKSSQDYMNNEL TYGAHNYD 26
P. sativum - - - - MAATRQVQCLMRRV- - - - - CRGTRTF- - AVATQSNASSSSQTI | DKEHQHSAHNYH 49
S. cerevisiae = @ c-----ieeeoiiii oo MSEATLSSKQTI EMENKYSAHNYH 24
B. Drevis sl MBKTNVVI EQTEKFGAHNYH 20
. - k%
T. gondii PVPWVI SKGKGARVWDI NGNEYYDFLAGVSSL SQGHCHPRVI AALCRQAERLTLTLRAFG 110
H. sapiens PLPVALERGKG YLWDVEGRKYFDFL SSYSAVNQGHCHPKI VNALKSQVDKLTLTSRAFY 116
P. fal ciparum Pl PWLKRGKGVFVYDI EDRRYYDFLSAYSSVNQGHCHPDI LNAM NQAKKLTI CSRAFF 86
P. vivax Pl PVWLKRGSGVFVYDI EDRRYYDFLSAYSSVNQGHCHPNI LNAM NQAKKLTI CSRAFF 86
P. sativum PLPI VFAHAKGSSVWDPEGNKY!I DFL SGYSAVNQGHCHPKI LKALHDQADRL TVSSRAFY 109
S. cerevisiae PLPVWFHKAKGAHVWDPEGKL YL DFL SAYSAVNQGHCHPHI | KALTEQAQTLTLSSRAFH 84
B. brevis PLPI Vi SKAEGVV\X/HDPEG\IKYLDM.SAYSALI\KZBI—IRHPRI | QALKDQADKVTLTSRAFY 80
. * * * * .. * % % * % .. . * % %
T. gondii NDVTCGPACRFMAEMFGYDRVLLMNTGAEAGESAL KI ARKWAYEVKEI PPDSAKVI LCNNN 170
H. sapiens NNVLCGEYEEY! TKLFNYHKVLPMNTGVEAGETACKLARKWGYTVKG QKYKAKI VFAAGN 176
P. fal ci parum SDSL GVCERYL TNL FGYDKVL MUNTGAEASETAYKL CRKWGYEVKKI PENSAKI | VCNNN 146
P. vivax SDSL GVCERYL TTLFGYDKVL MUNTGAEANETAYKMCRKWGYEVKKI PENEAKI | VCNNN 146
P. sativum NDRFPVFAEYL TAL FGYDWL PMNTGAEGVETAL KLARKWGYEKKKI PNDEAL I VSCCGC 169
S. cerevisiae NDVYAQFAKFVTEFFGFETVLPMNTGAEAVETAL KLARRWGYMKKNI PQDKAI | LGAEGN 144
B. brevis NDQ_GEFYEKLSAVTGKEM LPNNTGAEAVETALKAVRRV\AYDVKKVPEI\QAEI I VCEGN 140
: * * % % * * * * * * * * * T . .
T. gondii YWERTI TACSSSTTFD- CYNNFGPFTPGF- - - - - - EL| DYDDVGALEEALKD- - - PNVAA 220
H. sapiens FWGRTLSAI SSSTDPT- SYDGFGPFMPGF- - - - - - DI | PYNDLPALERALQD- - - PNVAA 226
P. fal ci parum FSGRTLGCVSASTDKK- CKNNFGPFVPNF- - - - - - LKVPYDDL EALEKEL QD- - - PNVCA 196
P. vivax FSGRTLGCVSASTDRK- CKNNFGPFVPNF- - - - - - LKVPYDDLEALEVELQD- - - PNVCA 196
P. sativum FNGRTLGVI SMSCDNE- ATRGFGPLMPGH- - - - - - LKVDFGDAEAI ERI F- KEKGDRVAA 221
S. cerevisiae FHGRTFGAI SLSTDYEDSKL HFGPFVPNVASGHSVHKI RYGHAEDFVPI LESPEGKNVAA 204
B. brevis FHGRTVTVTSFSSAEE YRRGFGPFTPGF- - - - - - Kl I PYGDI EALKQAI - T- - - PNTAA 189
* k * KxK . K - . . *
T. gondii FFVEPI QGEGGVNVPKPGYLKRAHEL CRSKNVL LI VDEI QTGLCRTGRLLAADH- - DEVH 278
H. sapiens FMVEPI QGEAGVVVPDPGYLMGVREL CTRHQVLFI ADEI QTGLARTGRW.AVDY- - ENVR 284
P. fal ciparum FI VEPVQGEAGVI VPSDSYFPGVASL CKKYNVL FVADEVQTGLGRTGKLLCTHH- - YGVK 254
P. vivax FVVEPI QGEAGVI LPSDGYFKGVEAL CKKYNVL FVADEVQTGLCRTGKLLCTYH- - YGVR 254
P. sativum FI LEPI QGEAGVVI PPDGYLKAVRDL CSKYNVLM ADEI QTGLARTGKMLACDW - EDVR 279
S. cerevisiae |1 LEPI QGEAG VVPPADYFPKVSALCRKHNVLLI VDEI QTG GRTGELL CYDHYKAEAK 264
B. brevis FMLEPI QGEAG | | PQEGFLKQAQEVCKANNVLLVSDEI QTG:GRTG<NFASD\N ENWV 247
-.:** *** ~k . : s ~k~k *** *** .
T. gondii PDI LLLGNSLSAGVVPI SAVMGRADVNVDVL KPGTHGSTFGGNPLACAVAVEAL TVLKDEK 338
H. sapiens PDI VLLGNAL SGGL YPVSAVL CDDDI MLTI KPGEHGSTYGGNPLGCRVAI AALEVLEEEN 344
P. falciparum PDVI LLGNAL SGGHYPI SAI LANDDVM.VLKPGEHGSTYGGNPLAAAI CVEALKVLI NEK 314
P. vivax PDVI LLGMALSGGHYPI SAI LANNDVMLVLKPGEHGST YGGNPLAAAI CVESLNVLI NEK 314
P. sativum PDWVI LGNALGGAE LPVSAVLADKDVM.Cl KPGQHGSTFGGNPLASAVAI AALEVI KEER 339
S. cerevisiae PDI VLLGNAL SGGVLPVSCVL SSHDI MSCFTPGSHGSTFGGNPLASRVAI AALEVI RDEK 324
B. brevis 307



T. gondii LADRAERL GAQFRDCL RREL YCKVPW KEI RGRGLLNAVEVDS- D- - Al DPNDVVMKLKE 395
H. sapiens LAENADKLG | LRNELMK- - LP- SDWTAVRGKGLLNAI VI KETK- - DWDAVKVCLRLRD 399
P. falciparum L CENADKL GAPFLONLKEQLKD- SKWREVRGKGLLCAI EFKN- D- - LVNW\DI CLKFKE 370
P. vivax L SENADRL GGPFLKALKEELKD- SKI VREVRGRGLLCAI EFRN- D- - | | NVWDI CLKFKE 370
P. sativum LTERSTKLGGEL LGLLHKI QKKHPEHVKEVRGKGLFI GVELNSESL SPVSGFEL SEKLKE 399
S. cerevisiae LCQRAAQLGSSFI AQLKALQAKSNG | SEVRGMGELLTAI VI DPSKANGKTAWDL CLLMKD 384
B. brevis LVQRSLEMGAYFMEKLKE- - - | NNPI | KEI RGRGLFI GLELTTAA- - - - - - RPYCEKLKE 358
* . . -k . * . k% k% . e
T. gondii NG LSKPTRGRVVMRFI PPLVI TDEEHRDATTRI | KSFLAVEEERKK- - - - - - - - - - - - - - 441
H. sapiens NGLLAKPTHGD! | RFAPPLVI KEDELRESI El | NKTI LSF---------cnmmmmaa oo 439
P. falciparum NGLI TRSVHDKTVRLTPPLCI TKEQLDECTEI | VKTVKFFDDNL- - - - - - - - - = = - - - - - 414
P. vivax NGLI TRSVHDKTI RLTPPLCI TKEQLDECLEI | SKTVKYFDDRL- - - - - - - - - - ---- - - 414
P. sativum RGVLAKSTHDTI | RFTPPLCI SADElI QQGSKALAEVLEI DLPLLKKTKPKDAVPLAGPSP 459
S. cerevisiae HGLLAKPTHDHI | RLAPPLVI SEEDLQTGVETI AKCI DLL- - - - - === ---coomm - - 424
B. brevis LGLLCKETHETT!I RFAPPLVI SKEDLDWAI DRI KQVLHVTE- - - = = = = = - = - c oo o - - - 399
K. . . sk kkk K .. [
T. gondii  ---------- 441
H sapiens = ---------- 439
p. falciparum ---------- 414
P. vivax ---------- 414
P. sativum CDRCGRLVYG 469
S. cerevisiae = @ ---------- 424
B. brevis ---------- 399

Figure 5. Sequence alignment of OAT from differemganisms. Black shading indicates the PLP-binding
lysine. Gray shading indicates Tyr55 (human OAT benng) which is conserved in OATs. The targetdeasi
for mutational analysis is highlighted in yellowh& OATSs used in this alignment (NCBI accession nerplare
XP_002365604.1T. gondii ME49; AAA59959.1,H. sapiens AAA16481.1, P. falciparum EDL46384.1,P.
vivax ABZ10818.1, P. sativum ONH76070.1,S. cerevisiag WP_012685950.1B. brevis All sequence
alignments were carried out using the Clustal OME@égram.

30



2. EXPERIMENTAL

2.1 Materials
PLP, L-Ornithine, y-Aminobutyric acid, a-Ketoglutaric acid, N-Acetyl-L-ornithine, B-
Chloro-L-alanine, L-Glutamate Oxidase, o-DianisigirPeroxidase, L-Lactic Dehydrogenase,

IPTG, and NADH were purchased from Sigma.

2.2 Protein production

The complete cDNA of TgOAT (accession number: XM2865563) in pUC57 vector was
obtained from Genscript Corporation with a tag bf His at the C-terminal. The gene was
subcloned into the expression vector pET21a, wiiak used for the heterologous expression
of TgQOAT inE. coli BL21(DE3) Codon plus cells. After growing cell twes at 37°C to an
absorbance at 600 nm of 0.6, expression was induc#d0.5 mM IPTG at 24°C for 20 h.
Cell were then harvested by centrifugation, resndpd in 20 mM sodium phosphate pH 8,
300 mM sodium chloride and 1X protease inhibitorTDfree and lysed by sonication. After
centrifugation for 30 min at 30,000xg, the supeanatwas loaded onto an Ni-affinity column
equilibrated with 20 mM sodium phosphate at pH 80 3nM sodium chloride, and 10 mM
imidazole. The imidazole concentration was increlage 500 mM in a linear gradient and
soluble TgOAT eluted between 100 and 200 mM imidez®he fractions containing TgQOAT
were pooled and, after addition of 108 PLP, were concentrated. Elution imidazole and
unbound PLP were removed by extensive washing 2&imM sodium phosphate buffer, pH
8, using Vivaspin concentrators (Sartorius).

The concentration of monomer was calculated with eéltinction coefficientzgg nm = 40255
M™ cmit (http://web.expasy.org/protparam/). PLP contenthi@ holo-enzyme was calculated
by addition of 0.1 M NaOH and usinggs nm = 6600 M' cm*. The yield from a standard
purification was approximately 45 mg/L culture.

Generation of the N-terminally truncated TgOAT \aat, without the first 16 residues, was
performed by PCR (Polymerase chain reaction) amcplifon using the pET21a-TgOAT
construct (forward primer 5-CATATGGCTAGGAAAACGAACATGAAGCTTACC-3;
reverse primer 5-GGATCCTCAGTGGTGGTGGTGGTGGTGTTTTGA3"). The resulting
DNA fragment was inserted into pET21a at the Ndahill sites and used to transform the
E. colistrain BL21(DE3) Codon Plus.

Generation of V79Y, C179S, C187S, and the doubldamuC179S C187S TgOAT was
carried out by site specific mutagenesis on theeintnally truncated pET21a-TgOAT
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construct using the QuikChange® site-directed mema&gis kit (Agilent Technologies). The
sequence of the mutated plasmid was verified by Bid¢guence analysis.

Expression and purification of all variants wereraad out as described for full length wild-
type TgOAT. The yield from a one-litre purificationas approximately 50 mg for the N-
terminally truncated form and 35 mg for other musan

The PLP- and PMP-form of the variants were prepanedbating the enzyme wittrKG and
L-orn, respectively, for 20 min at room temperatarel washing the excess substrates using
Vivaspin concentrators (Sartorius). The completewvession in the two forms was then
monitored by an absorption spectrum.

The coding sequence for thioredoxin fromi. gondii (TgTrx, accession number:
XM_002370147) was cloned as C-terminal 6xHis-fustomstruct inE. coli expression vector
pPET11 using Ndel and BamHI restriction sites. Piroexpression was carried out by growing
freshly transformed. coli BL21(DE3) cells in LB (Luria-Bertani) medium at 37 to an OD
of 0.6 at 600 nm; after induction with 0.5 mM IPT&lls were grown for 4 hours, harvested
by centrifugation, resuspended in extraction bufd mM sodium phosphate pH 8, 300 mM
sodium chloride, and 10 mM imidazole and 1X proeashibitor EDTA free), and lysed by
sonication. The cell debris was removed by cengation (35,000 xg for 20min) and the
supernatant was loaded onto an Ni-affinity columquiBbrated with 20 mM sodium
phosphate at pH 8, 300 mM sodium chloride and 10 nmMdazole. The imidazole
concentration was increased stepwise, first to ™M to remove nonspecifically bounded
proteins, and then to 500 mM to elute the enzymendmer concentration was determined
from the calculated extinction coefficient exfonm = 8543 M' cm’;
http://web.expasy.org/protparam/). The yield fromstandard purification was approximately
20 mg/L culture.

TgTrx was reduced trough incubation with fresh m&derl solution (1 mM) for 2 h at RT.
Excess DTT was removed by extensive washing withn® Hepes pH 8, using Vivaspin
concentrators. To prepare oxidized forms, the pmstevere reacted with freshly prepared

H>0, (1.1 molar equivalent) for 15 min at room temparat[45].

2.3 Size exclusion chromatography (SEC)

The oligomeric state of TQOAT was investigated bgesexclusion chromatography using
Superdex 200 HR 10/300 GL column. Protein eluticaswerformed at a flow of 0.5 ml/min
in 50 mM sodium phosphate pH 8.5, 150 mM sodiunoidbe. The calibration curve of the
column was obtained following the protocol in [46].
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2.4 Determination of equilibrium dissociation constantof PLP for TJOAT and V79Y
variants

The apo-proteins were obtained by purification fr&mcoli without addition of PLP. The

apo-form showed no absorbance between 320 - 500 Time. holo-enzyme was easily

reconstituted by the addition of exogenous PLh®é&po-protein.

The K" was obtained by monitoring the change of intrirffilorescence of the apo-protein

(1uM) in the presence of increasing concentration®oP (0.01-10uM) in 50 mM Bis-Tris

propane pH 8, at 25 °C. The;K" value was calculated using the following eq:

eo+ Lo+ Kg —+/[(eo + Iy + Kq)% — 4eyly]
2e,

(1)

Y = Yoax

where e, and [, are the concentrations of TQOAT dimer and PLP eefipely, K4 is the
equilibrium dissociation constant, Y is the fluaceace change at the PLP concentratign

while Y, is the fluorescence change at saturating PLP curatéons.

2.5 Steady state analysis

Transaminase activity of TJOAT was detected viatlig GOX-coupled assay and (ii) the
ninhydrin assay following the procedures describef¥7] and [48], respectively. Briefly, in
the GOX-assay a reaction mixture containing L-&mM a-KG (or 2 mM for V79Y), 50uM
PLP, 1uM TgOAT and 50 mM Hepes pH 8 was incubated at 37C7 min. After addition
of 14 mM phosphoric acid followed by incubationt°C for 2 minutes to stop the reaction,
the mixture was centrifuged.

Then, the mixture was incubated for 90 min at 37iriGhe presence of GOX (0.015 units),
0.75 mM o-dianisidine, and peroxidase (2.25 uniéd)er addition of sulfuric acid (3.36 mM),
absorbance was measured at 530 nm. A standard cwag prepared with known
concentrations of L-glutamate (10-5Q0M) supplemented in the reaction mixture, in the
presence of 5M PLP, 5 mMa-KG, and 14 mM phosphoric acid (Appendix, Figure)Al
The determination of K and vnax Of the substrates was performed varying the comagan

of one substrate and keeping the other at a constartentration value.

In the ninhydrin assay TQOAT was added to an assagtion mixture containing 50 mM
Hepes pH 8, pyruvate or oxaloacetate as subst&iemM L-orn, 0.05 mM PLP, and
incubated for 30 min at 37 °C. Then, 0.6 M HCI @ah@6% (wt/vol) ninhydrin were added to
stop the reaction and the samples were heated forn5at 100 °C. After resuspending the

pellet in 1.5 ml 99% ethanol, the absorbance waasmeed at 510 nm.
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The B-lyase activity of TJOAT towards BCA was detectesl described previously [49] by
monitoring pyruvate formation via NADH-dependenttite dehydrogenase.

The Michaelis-Menten equation was used in modelldiglata and determination of kinetic
parameters of TQOAT activity.

For a-KG, data were fit to a non-hyperbolic curve thahsiders substrate inhibition:

v kcat
E; 1+ (Kn/S)+ (S/K)

wherev is the reaction ratés; is the total enzyme concentratidfy, is the Michaelis-Menten

(2)

constant,S is the substrate concentratiohk,,, is the rate constant, ankl; is inhibition
constant.

The inhibition mode of putrescine and spermidinéhwespect to L-orn was determined from
Lineweaver Burk plot. The Kvalue was calculated from the secondary plot [50].

The kinetic experiments were carried out at leastriplicate, and reported values represent
means + S.E.M of two or more independent deternonatusing different batches of protein
that were purified separately. Data fitting wasristt out with OriginPro8 (OriginLab).

2.6 Pre-steady state analysis
The reaction of TQOAT-PLP (10M) or TgOAT-PMP (10uM) with various concentrations of
L-orn (1-100 mM) ora-KG (0.1- 10 mM) were performed in 20 mM sodium ppbate buffer,
pH 8 at 12°C in 20Qul. In both reactions, 500 absorbance spectra wetkeated between
250-550 nm on a J&M Tidas 16256 diode array dete¢Molecular Kinetics) using a
BioLogic SFM300 instrument, with a dead-time of 318 at a flow rate of 12 mL/s. The
determination of rate constants was performed bipwiong changes at 416 or 331 nm using
the non-linear regression equation

Ay = Ag + AAe Fobs  (3)
where A is the absorbance at time t, As the final absorbanceA is the amplitude of the
phase, ks is the measured observed rate constant. Globatditof the absorbance spectra
were performed using SpecFit, and single wavelemgtheases or decreases were analyzed
with Biokine 4.01 (Biologic) software.

2.7 Spectroscopic measurements

Absorption spectra were collected with a Jasco-V&B0-Vis spectrophotometer (Easton,
Maryland, USA), using 2QuM enzyme in a buffer solution containing 50 mM Higs
propane pH 8.
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CD spectra were carried out on a Jasco J-710 spedarimeter (Easton, Maryland, USA) at
25 °C in 20 mM sodium phosphate pH 8. Protein cotregion was ~ 3@M in a cuvette with

a path length of 1 cm. Spectra were recorded asridbesl in [51].

Fluorescence emission spectra were obtained witdasco FP8200 spectrofluorometer
(Easton, Maryland, USA) at a protein concentratranying from 1 to 1QuM in 50 mM Bis-
Tris propane pH 8 at 25 °C upon tryptophans exoiteat 280 nm or upon cofactor excitation
at 331 or 415 nm. Spectra of blanks were subtradtech each spectrum of samples

containing protein.

2.8 Molecular modelling studies

The crystal structure of TgOAT in its internal atdne form (PDB ID code 4ZLV) was used
to generate the V79Y form of the enzyme, using thmitagenesis” tool of PyMol [52],
followed by energy minimization with the BIOPOLYMEPRackage from Insightll (V.2000,
MSI, Los Angeles), as already described [53].

The Dundee PRODRG2 Server [54] was employed todbthe energy minimized three-
dimensional structures of the PLP-GABA, PLP-L-OrndaPLP-AcOrn external aldimines
complexes, which were then docked into the actiie ef wild-type and V79Y form of
TgOAT, using the template-based molecular dockipgraach of Molegro Virtual Docker
(MVD) software (®CLCbio). The flexible torsions @ixternal aldimines were automatically
distinguished by MVD, and then checked manuallyeinms of consistency. A search space of
15 A radius was used for docking, which was centredhe active site. The internal aldimine
form of PLP , as present in 4ZLV, was used as thamacophoric group for docking based
on the template. If an atom of the ligand matchedraup definition, a weighted score
depending on its distance to the centers of thegmeas given. A grid-based MolDock score
(resolution 0.30 A) was utilized as a scoring fuoet while MolDock SE was used for the
docking algorithm [55]. A total of 10 runs were dsi®r each ligand. Similar poses (RMSD
1.0 A) were clustered, and the one with the besteswas considered to be representative.
The remaining docking parameters were fixed at ulefaalues. Following docking, energy

optimization of hydrogen bonds was carried out.

2.9 Isothermal titration calorimetry (ITC)

All ITC experiments were performed on a TA Instrurh&ano-ITC (New Castle, Delaware,
USA). TgTrx binding to TQOAT was evaluated by ttirey 2 ul of 2 mM TgTrx solution into
the reaction cell (20QL) containing 150uM protein dissolved in 20 mM sodium phosphate
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buffer, pH 8 at 25 °C. Prior to each titration Tard OAT solutions were equilibrated to 25

°C and degassed. The baseline from a buffer blargtibn was subtracted from the raw data.
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3. RESULTS

3.1 Production of recombinant TQOAT

Recombinant fu-length TgOAT was highly unstable, rapidly losing ifctivity during
purification or storage. Efforts to stabilize thezgme activity, including addition of gcerol,
EDTA, PLP, reducing agents, freezing-20 or 80 °C and different buffer systems, were
successful. The analysis of the amino acid sequehdgOAT for disorder propensity usir
the bioinformatics tool GeneSilico MetaDisorder Bee [56] indicated a high level ¢
intrinsic disorder in the -terminus of theenzyme. Thus, on the basis of the disol
prediction consensus, a truncated variant by dedettie first 16 residues from the-terminus
was constructed. The resulted protein (residu«-441) was purified with retention of activi
and appeared stablehen stored cold or frozen, and, therefore, was usedsubsequer
analysis. Notably, in all the macromolecular crysgttuctures of TQOAT deposited in tl
Protein Data Bank, even at very high resolutiom, finst 16 Mterminal residues are missir
likely due to excessive conformational disor

The purity of the I-terminal deletion variant of TQOAT (which we wilubsequently refer t
as TgOAT) was estimated by S-PAGE analyses. Purified TQOAT shows a protein ban:
SDSPAGE with a relative molecul mass of 47 kDa, which closely matches molecula
masscalculated from the sequence informat(47893 Di) (Figure 6A).

The native molecular mass TgOAT is ~77 kDa as determined by dfiltration (Figure 6B),
indicating that TgOAT is shomodimer in solution, in agreement with crystatusture

information
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Figure ¢ Production of recombinant 'OAT. (A) SDS-PAGE of T(OAT expression an

purification. Lane MW, molecular mass standardsield, uninduced control cells; lane 2, tc

E.coli proteins from cell lysate after overnight incubatian24°C; lane 3, flow through fractio

lane 4, fraction of purified TOAT. (B) SEC profile of TOAT. Chromatogram recorded 50
mM sodium phosphate buffer pH 8, 150 mM N.
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3.2 Spectral properties of recombinant TQOAT

Native purified holo-TgOAT binds 2 mol of PLP peinter and shows, in addition to the band
of aromatic amino acids centred at 278 nm, a malmorption band centred at 416 nm and a
modest band at about 331 nm, which did not changeHi range 6.0 - 9.0. The 416 nm band is
characteristic of the ketoenamine form of the inédraldimine between the active site lysine
286 and PLP, while the 331 nm band can likely beribed to a modest amount of the
enolimine tautomer and/or to traces of PMP boundthte enzyme (Figure 7A) [57-60].
Several observations are consistent with the E-PpHesence. First of all, distinct
preparations of TJOAT show a slight variable ratib 331/416 nm absorbance (data not
shown). Moreover, addition of a keto-acid substratieh asa-KG to the enzyme causes a
modest decrease of 331 nm absorbance and an iecodabe 416-nm absorbance band, in
line with the conversion of E-PMP to E-PLP when etdcacid substrate is present (Figure
5A). Thus, the absorbance at 331 nm is mainly d@uthé PMP form of the cofactor which is
likely produced by conversion frofa. coli of some endogenous amino acid to a keto acid.
The same behavior has been observed for otheramanases, such as serine—glyoxylate
aminotransferase fromdyphomicrobium methylovorufgl], and aminotransferase NikK from
Streptomyces tendd82].

The CD spectrum of holo-TgOAT shows a positive dicb band at 423 nm and a modest
signal around 340 nm (Figure 7B). Moreover, theyemez displays positive dichroic bands
between 260 and 290 nm, indicating the asymmetrgromatic amino acids within the active
site.

The fluorescence emission spectrum of holo-TgOAdcorded for excitation at 280 nm,
exhibits a pronounced peak at 338 associated twcdiemission from Trp residues, and a
much lower intensity emission band around 510 nat ttan be attributed to emission from
PLP, as a result of an energy-transfer process ftbm excited Trp residues to the
ketoenamine tautomer of the internal Schiff bas® ] (Figure 7C). Direct excitation of the
holo-enzyme at 331 or 416 nm gives a weak emisatombout 384 and 528 nm, respectively
(data not shown).

The emission spectrum of apo-TgOAT, upon excitaadb@80 nm, displays a peak centered at
343 nm, with a 5 nm red-shift and a quantum yied@% higher compared to the holo-enzyme
(Figure 7C). The apo-enzyme has no residual agtiatd does not exhibit absorbance bands
in the visible region (Figure 7C, inset). Titratiaaf apo-TgOAT with PLP resulted in a
quenching of intrinsic fluorescence and yielded &' value for the enzyme of 60 + 3 nM
(Figure 7D).
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Figure 7. Spectroscopic features of TgJOAT. (A) Alpgmn spectra of 2@M TgOAT alone (solid
line) and after addition of 1 mM-KG (dashed line) in 50 mM Bis-Tris propane pH &) (
Dichroic spectra of TgOAT 3@M in 20 mM sodium phosphate pH 8. (C) Intrinsicdiescence
emission spectra (excitation was at 280 nm) of ppiein (solid line) and holo-enzyme (dashed
line) in 50 mM Bis-Tris-propane pH 8.Inset: Absdgm spectra of apo-TgOAT just after
purification (solid line) and holo-TgOAT after saaiion with PLP (dashed line) in 20 mM sodium
phosphate pH 8. (D) Titration of the apo-TgOAT (@8 enzyme dimer) at PLP concentration
from 0.01 to 1uM. The fluorescence emission variations were deieech after excitation at 280
nm.
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3.3 Steady state kinetic studies
The enzyme showed a temperature optimum for L-candamination at 46 °C (Figure 8A)
and a relatively high thermal stability, withyolvalue of ~65 °C (Figure 8B). The rate constant
of TQOAT at various pH resulted in a maximum adgiat pH 8.0.

A B

Residual activity (%)

10 20 30 40 50 60 70 80 20 30 40 50 60 70 8 90
Temperature (°C) Temperature (°C)

Figure 8. Kinetic properties of recombinant TQOA(R) Measurement of temperature optimum
for L-orn transamination; TgQOAT activity was exarathfrom 10 to 75 °C in 50 mM Hepes buffer,
pH 8.0. (B) Thermostability of TJOAT measured asideal activity following incubation of the
enzyme at temperatures from 20 °C to 90°C for 10.mi

The kinetic parameters for transaminase reactiomgfdAT towards L-orn, under saturation
with a-KG, were compared with those for other organismd eeported in Table 1. TQOAT
had similar K, value (~ 7 mM) for L-orn to those of the other angsms. However, when the
keat Of TQOAT (~2 §') is compared with that of other OATS, it was sfigantly lower than
that reported for the human (~ 74)sand Plasmodium (~ 10’ enzymes [48].

Table 1. Summary for kinetic parameters for L-aiansamination of TQOAT and OATs from
other organisms.

Specific activity

Kead Km T pH References

Organism (umol mg* min) keat(sh)  Km(mM) MsY) (0

T.gondif 2605 21+0.169+£03 304 37 8 Present work
H.sapiens’ 33.5+4.2 73.7 11.7 +2.66300 37 7.4 [48]
P.falciparun?  2.0+0.7 (4.6+0.8) 9.8 1.6+0.1 6100 37 7.4 [48]

Pisum sativuin 3.6 4.3 15 287 37 8 [65]

4Kinetic parameters of. gondiiwere determined by GOX-assay [47].

® Kinetic parameters d?. falciparumand human OATs were determined by ninhydrin af3@ly
¢ Kinetic parameters of pea OAT were determined ®idminobenzaldehyde method [67].
dWhen measured directly after purification.

Notably, when compared to the human enzyme, TgOBRdw®d a broad substrate specificity

as in addition to L-orn it also readily accepted B and AcOrn as an amino group donor

(Table 2). Based on:l¢/Kn, values, GABA serves as a better substrate thatrA@dd L-orn
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for TQOAT (Appendix, Figure A2). While the.k of the enzyme toward GABA (2.9'swas
similar to that for L-orn, the K was ~6-fold higher. Moreover, comparison of relevia./K
constants towards AcOrn and L-orn demonstrated tth@tenzyme had a two-fold preference
for AcOrn due to a 2.2-fold increase igi#&value. Interestingly, TgJOAT can also act on D-orn,

even if with low catalytic efficiency.

Table 2. Steady-state kinetic parameters of wilgetgand V79Y variant of TgOAT at 37°C

Substrate Co-substrate kear(s™) Km (MM) keadKm (M'sh) K (mM)
Wild-type

GABA a-KG 2.91+£0.03 1.32 £ 0.02 2204 + 56 -

AcOrn a-KG 4.6 £0.3 74+04 622 £ 74 -

L-orn a-KG 21+0.1 6.9+0.3 304 + 28 -

D-orn a-KG 0.42£0.05 4.2+0.5 1000 + 23 -

a-KG L-orn 2.51+0.01 0.31 £0.03 8161 + 815 173
V79Y

L-orn a-KG 0.21+£0.01 3.9x0.1 53+4 -

GABA a-KG 0.82+0.04 18+4 46 + 12 -
AcOrn a-KG 25+0.1 496 * 80 51 -

a-KG L-orn 0.41 +£0.02 0.056 £ 0.004 7321 + 880 20+ 3

Under saturation with L-orn, the amino group acoeptKG provided a ki and K, values of
2.51 + 0.01 3 and 0.31 + 0.03 mM, respectively, and showed sabstinhibition with K
value of 17 £ 3 mM. Pyruvate and oxaloacetate dbappear to be adequate amino group
acceptors. Their relative efficiency compared ¢ekKG in the reaction with L-orn was
negligible, scarcely reaching 1% (data not shovyen though the diamine putrescine and
the polyamine spermidine were unproductive aminougrdonors, they were examined as
inhibitor compounds of the enzyme.

Spermidine and putrescine act as non-competitiheitors with K values of 24 £+ 4 mM and

93 £ 5 mM, respectively (Figure 9).
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Figure 9. Determination ofputrescin: inhibition type Doublereciprocal plot of enzyme kinetic
in the absenc(triangle) and presence of 60 mM (square) and 10D(aircle) putrescine

3.4 Absorption changes ofTgOAT in the presence of substrate

The addition of lorn to hol-TgOAT causes absorbance changes describing the lets

conversion of the enzyme from the F into the PMP form. They consist in the immed

appearance of absorption band at 331 nm and théiyeoslichroic signals around 3¢
attributable to the PMP form of the enzyme, andabecomitant decrease of both the -nm

absorbance band and the -nm dichroic band (Fiures 1& and10B), as well as an increa:
of the dichroic bands in the 2-290hm region. No absorption from the internal aldimivfe
PLP is discernible in the visible range of the ¢pgm and PMI-TgOAT is pure with resper
to the conent of the cofactor. Also, the addition of GABA aAdOrn to the enzyme caus
the conversion of PLP into PV

Following addition ofa-KG to TQOAT-PMP, the original absorbance and dichroic band

the holoenzyme reappeared (lures 1& and10B).

(W]

N 2 N
0 (deg cm® dmol ™)

Figure 10. Absorption and CD spectra of TQOAT showing spectt@nges upon addition o-orn
anda-KG (A) Absorption spectra of 1M TgOAT alone (solid line) in 50 mM B-Tris propane
pH 8, in the presence of 30 mh-orn (dotted line) and after addition of IM o-KG (dashed line
to the enzyme p-incubated with lorn. (B) CD spectra in 20 mM sodium phosphate pHLi@e
style for enzyme alone, after addition c-orn, and the following addition af-KG is the same a

for panel (A)
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3.5 Rapid-scanning stoppe-flow kinetics
In order to measure the kinetic parameters of dwdt-transamination reaction, we perform
rapid scanning stoppeflow measurements of TgOAPLP with different concentrations
L-orn anc TJOAT-PMP with different concentrations a-KG at 12°C This temperature we
selected since allows to follow spectral changes too rapid to benitored at 37°C. We als
determined the stea state parameters for the overall transaminatiom Wwitth substrates
the same temperature to all suitable compdson (Table 3). Upon addition of saturati
concentrations of -orn, the visibli spectrum of TJOA-PLP exhibits a very rapid increase
416 nm (within the dead time of t instrument, 3.6 ms, above 40 mN-orn and only
partially visible at the lowest coentrations followed by a decrease at the same wavele
concomitant with an increase at 331 nm an isosbestic point. Analysis of the absorba
changes at 3(-550 nm fits well with a tw-step,sequential firc-order mechanism (Fure
11). The last, tird irreversible phase correspond: intermediate hydrolysis/product relee
Epip + L—orn = ES =& EK - Epyp + P5C
where B r is TQOAT-PLP, ES the external aldimine intermediate absgr@n416 nm, EKk
the ketimine intermediate absorbing at 331 nnpyp TQOAT-PMP, and P5C the cycli
irreversible product originating from-glutamat-y-semialdehyd:s
The kps Obtained as a function of-orn concentration measured either as a 416 nm dse
or 331 nm increase follow a hyperbolic behavioud &hto equation (4

_ kmax[s] 4
obs — K;r;g)p + [S] ( )

yielding knax= 0.67+ 0.05 §' and K,*"= 7+ 1 mM and Inax= 0.72 +0.09 ¢! and K,2"P= 7
+ 2 mM, respectively (inset of Fure 11 and Table 3

0.03+

0.004
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Figure11. Rapidscanning stoppeflow analysis of TQOAT at 12°C. Raf-scanningstopper-flow
spectra upon addition of 30 mM-orn to 10 uM TgOA™-PLP. Ten spectra are displayed ai
0.03, 0.06, 0.09, 0.23, 0.51, 0.79, 1.07, 6.1, 1&and 17.3 s. Inset: rate constants for the 41¢€
decrease (circle) or 331 nm increase (triangleas a function of l-orn concentratiol
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Notably, the value of nax iS coincident with that of c5; of the overall I-orn/a-KG reaction a
the same temperature (Table 3). Sinnax highly reflects the ketimine formation, it should
suggested that this steis rate limiting in this halreaction. The catalytic efficienc
KmaxKm’PF is 2{old higher than ../K., the latter being possibly correlated to ketim
hydrolysis or product releas
The addition ofa-KG to TgOAT-PMP converts the PMP form of the enzyme, absorlir
331 nm, into the PLP form absorbing at 416 nm isirggle step witta clear isosbestic poir
(Figure ).
Global fitting of the spectral changes at -550 nm fits well wih a twcstep, seal first-
order mechanism (Figure2)

Epmp + aKG = EK 2 ES 2 Epip + L —glu
where Bye is TQOAT-PMP, EK the ketimine intermediate absorbing at 384, ES the
external aldimine intermediate absorbing at 416 and k- p TQOAT-PLP
The rate constanobtained at the various concentrations determirsetha increase at 416 r
(the spectral changes at 331 nm are slightly imfbesl by absorbance a-KG) followed a
hypebolic behaviour (inset of Fig2, and Table 3) and were fit to equat (4) yielding Kmax
=103 +5 <" and K" = 4.5 0.5 mM.
The value of ax is 8€-fold higher than the .o measured under stee-state conditions
suggesting that external aldimine hydrolysis iseréitniting, and not its formation. Sinc
KPP is 1E5-fold higher than I, the catalytic efficiency of external aldimine fioation with

L-glutamate is -fold higher than o/Kn, as this value is highly affected bcat
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Figure12. Rapidscanning stoppeflow analysis of TQJOAT at 12°C. Rapid scann stopperflow
spectra upon additic of 1 mM a-KG to 10 uM TgOAT-PMP. Ten spectra are displayed al
0.029, 0.057, 0.085, 0.23, 0.51, 0.79, 1.07, 2385, and 5.15 s. Inset: rate constants for the
nm increase as a function @KG concentratior
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Table 3. Steady-state and pre-steady-state kipatiameters of TQJOAT at 12°C

Transamination half-reaction kinetic parameters

a
Substrate Kmax (%) Km®P (mM) ?&?ﬁls_lf)m "
Wild-type
0.67+ 0.05 7+1° 96 + 16

TQOAT-PLP L-om 0.72+ 0.09 7+ 103 + 42
TgOAT-PMP a-KG 1035 45+0.5 22900 + 3656
V79Y
TgOAT-PLP L-orn -< - -
TgOAT-PMP a-KG 1.23+ 0.05 0.027 + 0.007 45555 + 13662
Steady-state kinetic parameters at 12°C
Substrate Co-substrate  kear(S™) K m (MM) KealKm (M1s?)
Wild-type
L-orn a-KG 0.7+x0.1 152 46 +£13
a-KG L-orn 1.2+0.2 0.32+0.01 3750 + 742
V79Y
L-orn a-KG 0.08 +0.01 16+1 5+1
a-KG L-orn 0.11 +0.02 0.030 +0.001 3667 + 789

®measured as 416 nm decrease;

®measured as 331 nm increase;

%on = 7.3-10 + 3-10° s'mM ™, ko = 0.027 + 0.002°§ Ky = 37 + 2 mM at 416 nm and,k=
7.4-10% + 3-10° sTmM™, kot = 0.032 + 0.002°§ Ky = 43 + 2 mM at 331 nm.

3.6 Reaction of TQOAT with g-chloro-L-alanine

As B-elimination is a side reaction common to transases, we examined the lyase activity
of TQOAT with B-chloro-L-alanine (BCA), a substrate with a ggbtkaving group.

We collected spectra as a function of time uponitemid of 50 mM BCA to 20uM TgOAT,
which caused a decrease of the absorption ban@iGabhih and a broad increase in absorbance
at wavelengths shorter than 350 nm (likely dueh® pyruvate product), while the 416 band
returned to the initial protein signal (Figure 13)he kinetic parameters determined for
pyruvate production resulted in azkof 0.51 + 0.03 § and a K, of 24 + 4 mM with a
catalytic efficiency ~14-fold lower than that for-drn transamination. Based on the
knowledge that some aminotransferases become aalsalmactivated by product(s) df-
elimination (syncatalytic inactivation) [68, 69hd residual L-orn transamination activity of
TgOAT was determined following reaction with BCA.h& activity was not reduced,
indicating that the enzyme was not inactivated assult of B-lyase reaction. Thus, it is

unlikely that this reaction would have any biolagjieneaning.
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Figure 13. Spectral changes after addition of B@ATHOAT. Absorption spectra of 10M
TgOAT alone (solid line), and after addition of B BCA (dotted line) immediately (line 1) and
after 5, 10, 15, 20, 25, and 30 min (line 7).

3.7 V79Y variant

To assess the contribution of the Val79 in deterngnTgOAT substrate specificity, we
produced the TgOAT V79Y variant and analysed itscsppscopic and kinetic properties. The
V79Y variant binds 2 mol of PLP per dimer, and dits absorbance, dichroic, and
fluorescence features identical to those of TgOAdthbalone and in the presence of
substrates. The g" values for V79Y variant was found to be 270 + 2@, rwhich is 4.5-
fold higher than that of wild-type enzyme.

The steady-state kinetic parameters of V79Y artedisn Table 2. The V79Y mutation led to
a small decrease in.k for GABA (3.7-fold) and for AcOrn (1.8-fold). Thidoss was
accompanied by a 15-fold and 70-fold increase infé&r GABA and AcOrn, respectively. By
contrast, ks decreased 8-fold for L-orn, although,Kvas reduced by 1.8-fold. The net result
was a general decrease of the enzyme catalyticiefity which is significant toward GABA
(50-fold) and AcOrn (125-fold) compared to thatlebrn (6-fold).

In addition, the V79Y mutation led to a 8-fold dease in ks for a-KG which is, however,
countered by a 6-fold decrease ip,Kuch that /K, is reduced only 1.3-fold.

Of interest, when tested fdi-elimination reaction, the protein variant showdt tsame
behaviour as wild-type in terms of both kinetic ameters (k: 0.89 + 0.01 3§, K, 28 + 2
mM) and spectroscopic changes, which would indi¢ché the substitution of Val79 with Tyr
does not affecf-elimination reaction.

The half-reactions of V79Y with L-orn andKG were analyzed to understand the influence,
if any, of the mutation with respect to the trangsation catalytic mechanism. Rapid-
scanning stopped-flow spectra/analyses of V79Y-RLEhe presence of L-orn or of V79Y-

PMP in the presence afKG presented in both cases, a behaviour similah#&b of the wild-

46



type enzyme. The global fitting of the absorbanpecs$ra of both reactions fit to a t-step,
serialfirst-order mechanism (Figure4 and 5).

The addition of l-orn to V79Y-PLP determines a tin-dependent decrease of absorbanc
416 nm with an increase at 331 nm without a clsashestic point (Fure 14. This could
suggest the presence, as observed in the-type reaction (Fiure 11, of multiple specie
besides extial aldimine and ketimine, as Michaelis intermeeéiat the product PMP that h
released the product-glutamat~y-semialdehyde. The rate constang: for the conversiol
of the 416 nm peak to the 331 nm species yieldsttaght line (inset of Fiure 14) whose
intercept and slope are the unimolecular rate dissimn constant and the bimolecular r
association constant of the species absorbing Ang&:

Kon
E+S = ES
Ko

where E represents V7-PLP, S represents-orn, k,, the bimolecular rate assotion
constant, o the unimolecular rate dissociation constant and ¢&f®ld be reasonabl
attributed to the ketimine intermediate. Thyps values obtained at different concentrati
were fitted to the following equatii [70, 71]:
Kobs = Kon[S] +Koge  (5)

The comparison of the same -steady state values of the 9Y variant with those of th
wild-type allowed for some interesting observationsst-ithe haltransamination of V79-
PLP with different l-orn concentrations leads to spectral changes vatd constant value
linearly correlated to -orn increases. Tl absence of a hyperbolic behaviour s values
implies that only o, and ks values could be calculated. This is quite unexpesiace this

means that no saturation occ!

Absorbance

300 400 500 600
Wavelength (nm)

Figure 1<« Rapidscanning stoppeflow analysis of V79Y TgOAT at 12°C. (A) Raf-scanning
stopper-flow spectra following addition of 100 mM-orn to 10 uM TgOA™-PLP. Ten spectra al
displayed at 0, 0.03, 0.06, 0.09, 0.23, 0.51, 01707, 6.1, 11.7, and 17.3 s. et: rate constani
for the 416 nm decrease (circle) or 331 nm increésiangle up) as a function of-orn
concentratior
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Since k, could be regarded asma/KmnP' [72], a large decrese of the catalytic efficiency i
V79Y was observed. A value ~0.01 §' for kmax could be calculated, which is-fold lower
than k, for overall transamination catalyzed by V79Y. Thelue is 7-fold lower than tha
measured for wildtype. However, t calculated max value is largely affected by the revel
reaction. The o value, instead, could reflect a destabilizatiorL-orn binding with respec
to wild-type. The term ly, given by ly/Kon, is about 40 mM, 2-fold higher than Iy

measured undesteady state condition. In any case, the rate imgistep of the reaction hi
changed and the ketimine does not exhibit satunabiehavior. The comparison Oca/Km
under steady state conditions for v-type and V79Y showed that the catalytic efficiens)
decreased by-fold for the V79Y varian

Considering the other hereaction, it is noteworthy that the rate constaatues, s,

measured upon addition a-KG to V79Y-PMP follow a hyperboli behavior and were fitte
to equatior(4) (Figure 15and inset), suggesting that the 416 nm speciesddmeilattributed t
the external aldimine with -glutamate, as thenax value exceeds -fold the k. value, the
latter probably reflecting aldimine hydrolysis/product eate (Table 3). The coincidence
KPP and Ky, explains the reason for ina/Kn PP value 1«~fold higher than ./Kn (Table 3).
It could be inferred that the mutation has lowek«-glutamate aldimine fdrolysis more thai
external aldimine formation. Moreover, comparisonkma/Km>"" for wild-type and V79Y
showed that V79Y increased the efficiency c-glutamate external aldimine formation

nearly 2fold.

0.06 ~

0.04 +

Absorbance

0.02 -

Wavelength (nm)

Figure 1t Rapic-scanning stoppeflow analysis of V79Y TgOAT at 12°C. Rapid scanni
stopperflow spectra upon addition of 1 mM-KG to 10 uM TgOA™-PMP. Ten spectra al
displayed at 0, 0.029, 0.057, 0.085, 0.23, 0.57901.07, 2.35, 3.75, and 5.15 s. Inset:
constants for the 416 nm increase as a function-KG concentratior

48



3.8 Molecular modelling

In the attempt to rationalize from a structuralnstoint the unique substrate preference of
TgOAT, we modelled the external aldimine of wildeyand the V79Y variant of TQOAT in
complex with L-orn, AcOrn and GABA by docking mearssarting from the crystal structure
of TgOAT in its internal aldimine form (PDB ID cod&LV).

The predicted binding modes of L-orn in wild-typedaV79Y TgOAT are shown in Figures
16A and 16B, respectively. With tleeamino group of the substrate covalently bound t& P
the carboxylate group is predicted to form an i@wpwith Argl74, similarly to what
observed in the crystal structure of human OAT amplex with the substrate analogue 5-
FMOrn (PDB ID code 20AT) [43]. Another interactionvolving the carboxylate moiety is
represented by a hydrogen bond with the hydroxgugrof Tyrl71. Finally, the carboxylate
Is bridged to the phosphate group of PLP throughlT¥ and a water molecule. Another Tyr
residue of the active site, namely Tyr49, is presticto interact with the amino group of L-
orn. The presence of a third Tyr in the active ,sée observed in the V79Y, is predicted to
further stabilize L-orn in the active site, through van der Walls interactions between the
aliphatic tail of L-orn and the aromatic ring of yi) a hydrogen bond between theamino
group of L-orn and the hydroxyl group of Tyr.

Modelling of AcOrn in wild-type and V79Y forms ofgOAT suggests that the N-acetyl group
of ornithine could be well accommodated in the paasf the wild-type, but not as well in the
variant, due to the potential steric hindrance wité Tyr residue (Figures 16C and 16D).
GABA is predicted to bind to wild-type TgOAT in twequally stable conformations, in which
its carboxylic group can be oriented toward ArgDf4Arg409, respectively (Figure 16E). In
the latter case, the presence of the less bulky%al place of a Tyr residue, as observed in
mammalian OATs (e.g., Tyr85 in human OAT) permite formation of an additional ion-pair
interaction between Arg409 and GABA, in additiontb@ GABA-Argl74 interaction. This is
also possible thanks to the “switching” of Arg408tween Glu229 and GABA. On the other
hand, the steric occupancy of a Tyr residue, asmiesl in V79Y (Figure 16F), greatly limits
the conformational freedom of GABA and Arg409, putally resulting in an unfavourable
entropy loss upon binding. Therefore, as alreadynted out [44], Val79 is a major
determinant of specificity toward GABA versus L-orn
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Figure 16. Modelling of the external aldimine ofldvtype and the V79Y variant of TQOAT in
complex with L-orn (A-B), AcOrn (C-D) and GABA (E)FThe external aldimines are shown as
pink sticks. Residues described in text are laldeilfesingle-letter code. Potential favourable and
unfavourable interactions are depicted as pinkragddashes, respectively.
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3.9 Regulation of TgOAT activity by reduced TgTrx

Recently, OAT fromP. falciparum(PfOAT) has been shown to be positive regulatedr by
which is able to drastically enhance the activifytlve parasitic enzyme. In particular, site-
directed mutagenesis and functional analysis rexe#iat the interaction between PfOAT and
Trx is mediated by two cysteine residues, Cysl5d &@ys163, that are localized in the
substrate binding loop [48].

Sequence alignment and structural comparison betWwd®AT and TgOAT revealed that
TgOAT also possesses two cysteine residues (Cyahd9Cys187) that are closed enough to
form a disulfide bond and that are located in tbepl involved in the substrate binding
(Figure 17).

Figure 17. Dimeric structure of TQOAT. PLP is shownorange, while Cys179 and Cys187 are
labeled in blue. The substrate binding loop is shdw blue. Molecular graphics images were
produced using VMD (Visual Molecular Dynamics).

Therefore, we decided to study whether also TgOAflvay could be regulated by TgTrx.
Recombinant TgTrx was purified as a His-tagged qirotto greater than 98% purity as
confirmed by SDS-PAGE; the size of the protein,caited with a molecular size marker,
was about 13 kDa that corresponds well to the modé&cmass elucidated from the sequence
information (12858 Da).

The effect of different concentration of reducedl'bgwas tested on the transaminase activity
of TgJOAT in the presence of saturating L-orn anl{G as substrates. Five-min incubation of

TgOAT with TgTrx in the assay buffer was necessafe reduced TgTrx and oxidized

51



TgOAT as described in the experimental section.drtgntly, oxidation treatment did not
affect TQOAT activity.

Interestingly, reduced TgTrx increased the activufyTgOAT in a concentration-dependent
manner (Figure 18). However, the increase was Bagmtly lower compared to that observed
in PFOAT for which a 10-fold increase in enzymeiaity in the presence of reduced Trx was
found. Notably, Trx did not cause any change in AgOactivity when GABA or AcOrn

where used as substrates (Figure 18).
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Figure 18. Representative curve of oxidized TgOATthe presence of reduced TgTrx. Different
concentrations of reduced Trx were added to thayasgstem under substrates saturation.

To analyze the specificity of this putative Trx végtion, we next tested the effect of oxidized
TgTrx on TgOAT. As shown in figure 19, oxidized TikTwas able to increase TgOAT
activity even if to a lesser extent (~ 8 %) compiate reduced TgTrx (~ 25 %). The finding
that the activity of TQOAT increased in the preseio¢ TgTrx, independently from the redox
state of the redoxin, raises the question if ihevitro observed Trx regulation of TgOAT
might be relevant undem vivo physiological condition and if this regulation ddube

independent of the Trx redox state.
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Figure19. Activity of oxidized TgOAT in theabsence anpresence creduced or oxidazie

TgTrx (5uM).
It is known that Trx reduces protein disulfidvia a disulfide-exchang mechanism throug
their active-site motif Cys-X-X-Cys. The Mterminal cysteineresidueof the motif performs
nucleophilic attck towards the disulfide of thtarget protei, resulting in the formation of
mixed disulfide intermedia. Then the intermolecular disulfide bond icleaved by th C-

terminal resolvingcysteine of the acte-site motif, resulting in @educed substrate and

oxidized redoxii (Figura20)[73, 74].

NADP NADPH +H*
Trx
reductase @
S-S
H
3 g
C C Er G
Disulfide ~ Mixed Dithiol
form disulfide form

Figure20. Mechanism for general disulfide reduction catalyby Try [75].

Therefore we created TgOAT mutar, with selected cysteines mutated to se (C179S,
C187Sand C179-C187S) in order toevaluat the role of this residues in the regulation
enzymatic activity by TgTrxWe measured the activity of the variants in thespree o
different concentration of reduced Tg". Notably, all mutant proteil were no activated by
Trx, suggesting a possible r of Cys1l79 and Cys187 in mediating the reversibl®l-
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disulfide reaction, i.e., the typical mechanismtloé control exerted by Trx over the activity

of its target proteins (Figura 21).
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Figure 21. Representative curve of the activity T@fOAT cysteine mutant in the presence of
TgTrx. Different concentrations of reduced TgTrxree@added to the assay system under saturating

condition of L-orn andv-KG.

Despite its importance in cellular redox homeostasie precise mechanism by which Trx
recognizes target proteins, especially in the abseaf any apparent signature binding
sequence or motif, remains unknown. Recent studigsaled that the binding of Trx to its
target does not depend on the redox-state of TrXrasrecognizes the oxidized form of its
target proteins with exquisite selectivity, commhreith their reduced counterparts [45].
Therefore to gain deeper insight into Trx-TgOAT agnition modulating factors, the
interaction between reduced and oxidized TgTrx amddized TgOAT variants was
investigated also by ITC. Nevertheless, we did aetiermine the thermodynamic parameters
of this putative binding because ITC measuremersidt show a binding trend.

Altogether, our findings afford new insight into XFTgOAT recognition, which could be
critical to understanding the enzyme function immal metabolism. However, further studies

will be necessary to verify the vitro andin vivo interaction of the two proteins.
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4. DISCUSSION

UV-Vis absorbance, fluorescence, and CD analygilécate that TgOAT is largely similar to
OATs from other species in term of spectral proesrtof PLP and mechanism of
transamination in which the cofactor shuttles betwdMP and PLP forms through two
coupled half-reactions [76, 77].

However, the present work shows that TgOAT does possess a specific ornithine
aminotransferase activity, as suggested by the ighulbd genome of T.gondii
(http://toxodb.org/toxo/) [78] but exhibits both @cn and GABA transaminase activity.
Indeed, first of all GABA serves as a better sudistithan L-orn for TQOAT. This property is
peculiar to OAT fromT. gondiias GABA is an ineffective amino group donor in GAffom
other organisms such & sapiens[44], P. sativum[65], P. falciparum[79], and Bacillus
brevis[80]. Furthermore, in addition to GABA, TgOAT utiks AcOrn with higher efficiency
than L-orn. This is another characteristic featofeTQOAT as no activity is detected for
human, rat [81], oB. brevisOAT towards AcOrn [80], while?. falciparumOAT [79] and
pea OAT [65] have a relative conversion rate folOlg that is significantly lower than that
for L-orn. Modeling of L-orn, AcOrn, and GABA in amplex with TQOAT provides a clear
rationale for these unique features. The presericéat’9 of TQOAT in place of Tyr, as
observed in mammalian homologs, provides the necgs®om to accommodate AcOrn, and
GABA in two equally stable conformations, resemblithe active site arrangement of other
GABA transaminases [23]. Interestingly, a recentrkyavhich identifies a set of 13 amino
acids in the active site within the ornithine tramsnase-like family that could define
substrate or reaction specificity [82], showed thBgJOAT possesses higher sequence
similarity, with respect to these “active site fargrints”, to ACOAT than to OAT. OAT is
highly specific to L-orn, while AcCOAT accepts bdthorn and AcOrn [83, 84]T. gondiiOAT
accepts both L-orn and AcOrn, with even highercadincy towards AcOrn.

In light of our findings, TQOAT should more propgrbe considered as an enzyme with
potential AcOrn and GABA transaminase functionhe parasite cell, rather than an ornithine
aminotransferase as annotated. The identificatfomnounanticipated functional GABA shunt
in T. gondii tachyzoites by metabolite profiling studies [8%jpported the possibility that
TgOAT could have a role as GABA-transaminase in @Aghunt. Notably, MacRaet al
[85] suggests the presence Tn gondii of all the genes of GABA shunt, even a gene of
glutamate transaminase, the second enzyme in th&AGAhunt, which has putatively
annotated as ornithine transaminase. Thus it iglfikthat TQOAT has a dual AcOrn
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aminotransferase/GABA aminotransferase activityitno playing a role in both arginine and
GABA metabolism in vivo. In line with this, the geme database for the genus Toxoplasma
[78] results in both GABA-AT and AcOAT as missinqzymes. Broad specificity is a
common property of aminotransferases and the exdénhese enzymes promiscuity is not
completely understood in any organism. In this ee¢p TQOAT resembles thE.coli ArgD
enzyme, which has dual N-acetylornithine aminotfarese/N-succinyldiaminopimelate
aminotransferase activity, with a function in battginine and lysine biosynthesis [83].

Due to the possible involvement of TQOAT into twoucial amino acid metabolisms, the
enzyme could represent a strong candidate for itdridesign.

In this regard, we assessed the role of the addite residue Val79 of TgOAT, which is
replaced by Tyr85 in human OAT, as structural ddfeces between the two enzymes could
account for inhibitor binding. Tyr85 of human OAT ipresumed to be an essential
determinant in distinguishing OAT from GABA-AT c#yais [44]. Change of Tyr85 to lle72,
as found in GABA-AT, converted the human enzymeiclhhas a 3200-fold preference for L-
orn, to an enzyme with a 5-fold preference for GABM]. Exchange toward the human
residue in TJOAT was accompanied with a generalrebse of catalytic efficiency of.
gondii enzyme towards all substrates. Nevertheless, # passible to notice an inversion in
the substrate preference with L-orn becoming thefggred substrate. The effect of the V79Y
mutation occurs mainly via & showing a clear impact on substrate affinity bg mutation,
especially towards AcOrn. The presence of Tyr79thHa substituted enzyme provides an
additional anchor site of L-orn, while partiallyrhpering, by steric hindrance, the binding of
AcOrn (Figure 16B-D).

Determination of the pre-steady state kinetic pagtmwrs of the half-transamination reactions
of wild-type and V79Y and their comparison to stgatate values measured at the same
temperature allowed us to reach some interestimgiderations. First, while for the wild-type
protein ketimine formation should be suggesteda&s limiting in the L-orn half-reaction, for
V79Y the rate of ketamine formation does not exhikaturation and, therefore, the rate
limiting step of the reaction has changed. On thet@ary, the mutation does not affect the
other half-reaction, fromu-KG to L-glutamate, suggesting that for both protejariants
external aldimine hydrolysis is rate limiting rathdan its formation. Thus, pre-steady state
and steady state kinetic data confirm the hypothetiat mutation impacts L-orn
binding/processing more thanKG half transamination.

In conclusion, our in vitro data demonstrate th@ORT shows both AcOrn and GABA

transaminase activities, highlighting its possibleernative role both in arginine and GABA
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metabolism in vivo. The findings that TgOAT is ligeinvolved into two important amino
acid metabolisms and is significantly distinct frane well-characterized human enzyme with
respect to substrate specificity could be considesis a first step towards exploring the

possible use of TQOAT as an anti-toxoplasmosis daunget.
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Chapter 3
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The transsulfuration enzyme cystathioniney-lyase is functional

in Toxoplasma gondii

Abstract

Sulfur-containing amino acids play a central ratea variety of cellular functions in many
organisms, therefore investigation of the enzynm®lved in their metabolic pathways is of
great interest. The protozoan paraditegondiiincludes the genes encoding enzymes of the
reverse transsulfuration pathway, cystathiorjrgynthase and CGL (previously annotated as
cystathioninep-lyase) as well as the gene for the cysteine s\wa&havolved in the de novo
synthesis of L-cys. However, the functionality obrme of these enzymes has so far been
investigated.

Herein, TgCGL has been cloned, expressed and ptiysioically and enzymatically
characterized. We showed that TgCGL is a functia@rayme, which specifically catalyzes
the cleavage at theyS bond of cystathionine. This finding likely impdighat the reverse
transsulfuration pathway is operative in the pdaeasThe enzyme displays only marginal
reactivity toward L-cysteine, which is also a mixggbe inhibitor of TgCGL activity,
therefore indicating a tight regulation of cysteimetracellular levels in the parasite.
Moreover, by employing structure-guided homology daeting we identified two main
differences between the active sites of human aarégite enzymes: Glu59 and Ser340 in
human to Ser77 and Asn360 in toxoplasma. MutatiénAen360 to Ser revealed the
importance of this residue in modulating the sgettyf of the parasitic enzyme for the
catalysis ofu,y- versusa,p-elimination, suggesting a role in enforcing theagpriate binding
conformation of the pseudo-symmetric L-cth substnaithin the active site. Replacement of
Ser77 by Glu completely abolished activity towarecth. Due to the presence of Tyr71,
which is missing in human CGL, the side-chain otiTal is forced to occupy the same cleft of
L-cth, likely interfering with its binding.

Our data, indicating that TQCGL exhibits notabldfetiences with the human counterpart,

might have far-reaching implications for the uselgCGL as anti-toxoplasmosis drug target.
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1. INTRODUCTION

1.1 Sulfur-containing amino acids metabolism

Sulfur-containing amino acids cysteine and metmerand their metabolic intermediates play
essential roles in virtually all living organism®in bacteria to higher eukaryotes.

Due to the unique properties of sulfur and thiolsteine plays a relevant role in stability,
structure, catalytic activity, and regulation ofrmerous proteins. Cysteine also takes part in
the synthesis of glutathione, which plays a keyeral protection from oxidative stress.
Methionine is also a significance constituent obteins and its oxidation and reduction in a
protein are involved in the regulation of enzymadictivities. Moreover, methionine plays
various roles through its activated intermediatadgénosylmethionine (AdoMet) [86]. Despite
the biological significance of the ubiquitous sutzontaining amino acids, the distribution of
their metabolic pathways is extremely diverse amonganisms. Indeed, genome-wide and
functional analyses of enzymes involved in the wulmetabolic pathways have showed
notable heterogeneity among protozoan parasitesbatwleen parasites and their mammalian
hosts. Thus, the enzymes involved in sulfur-contejramino acids metabolic pathways are
interesting drug targets.

Bacteria, fungi and plants possess the forwardssalfuration pathway, which is involved in
the formation of methionine from cysteine. The emeg implicated in these reactions are the
cystathionine y-synthase (CGS, EC 2.5.1.48), which converts cgsteiand O-
succinylhnomoserine in cystathionine and succinaed cystathionine-lyase (CBL EC
4.4.1.8), which catalyzes amp-elimination of cystathionine to produce homocyséiand
pyruvate. These organisms are also capable&leofnovoproduction of cysteine by sulfur
assimilation. This pathway is catalyzed by two stemitiated by serine acetyltransferase
(SAT, EC 2.3.1.30) to form O-acetylserine (OAS) nrd_-serine and acetyl-coenzyme A.
Subsequently, OAS reacts with sulfide to producsteye in an alanyl-transfer reaction
catalyzed by cysteine synthase (CS, OAS thiolyg§e2.5.1.47) (Figure 22).

In mammals, cysteine is synthesized from methionimee cystathionine by the so-called
reverse transsulfuration pathway. This pathway osistdered to be the unique route for
cysteine synthesis in vertebrates and involves Rk®-dependent enzymes, cystathionfine
synthase (CBS, EC 4.2.1.22), which synthesizesatlyginine from homocysteine and serine
via a B-replacement reaction, and CGL (EC 4.4.1.1), whaaialyzes the hydrolysis of
cystathionine via am,y- elimination reaction, to yield cysteinesketobutyrate, and ammonia
(Figure 22) [87].
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Figure 22. Sulfur-containing amino acid metabolis@BS, cystathioninep-synthase; CBL,
cystathioninep-lyase; CGS, cystathioning-synthase; CGL, cystathioninglyase; CS, cysteine
synthase; SAT, serine acetyltransferase; OSHS, d@isylhomoserine.

Parasitic protozoa are characterized by remarkabféerences in the above described
transsulfuration pathways. For example, it has bdemonstrated thd&ntamoeba histolytica
lacks genes encoding enzymes of the transsulfurgathway in both directions [88Giardia
duodenalis Trichomonas vaginalisP. falciparumandC. parvumlack both CBS and CGL of
the reverse transsulfuration pathway [86, 89, ®]T. cruzithe enzymes CBS, CS and CGL
have been identified and characterized [91, 923]stimdicating that in this pathogen cysteine
could be produced by the de novo synthesis prosesse well as by the reverse
transsulfuration pathway.

The presence of genes for the enzymes CBS (TGMEZ®LED), CGL (TGME49_112930),
and CS (TGME49 _078910) in the genome of the inftalee protozoan parasit@. gondii
raises the possibility that this parasite possess#b the reverse transsulfuration and the
assimilatory cysteine biosynthetic pathways. Howevathough sequence analysis is an
invaluable tool for unraveling the function of a nge product, further enzymatic and
biochemical characterization of the encoded proiginecessary to unequivocally identify its
function and properties. Moreover, since the maangsulfuration enzymes belong to the
same so-called fold-type | of PLP-dependent enzyj88fF gene function prediction and gene
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nomenclature assignment based only on phylogenetinck sequence alignment are often

complicated [94].

1.2 Cystathionine y-lyase

CGL catalyzes they-cleavage of cystathionine to yield cysteinesketobutyrate, and
ammonia. This enzyme is present in actinobactefimgi, and mammals. CGLs are
homotetramers and carry one PLP cofactor per monamoealently bound through a Schiff
base to an active-site lysine.

A molecular mechanism was deduced on the basiwiefstructural similarity to th&. coli
CBL active site (Scheme 3n the first step, substrate binds to the active-BiLP cofactor by
formation of a Schiff baseai-Proton abstraction by the active-site lysine rasidfollowed by
reprotonation at C4’ leads to the reversible foriorabf a ketamine intermediate. This species
subsequently undergo@sproton abstraction by the same lysine which ipoesible for the
proton transfer from &€ to C4’ of the cofactor and the subsequent depation of B to

initiate they-cleavage [95].
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Scheme 3. Reaction scheme for CGL up to the pditherelease of cysteine [95].

Human CGL displays an interesting substrate spatifivith clear preference of C-S over S—
S bond breakage: L-cys and L-cystine are conveotelérs of magnitudes more slowly than
the natural substrate L-cth. The yeast enzyme legtdoe C$—S bond of L-cystine or L-cys.
In humans, L-cth is split almost exclusively in &IGspecific manner, whereas the yeast
enzyme harbors pronounced CBL activity. A CGL eneyifnom Lactococcus lactiswas
reported to consist of at least six identical sutsuand have a broad substrate specificity and

relatively low specific activity toward L-cth compsd to bacterial CGL.The reaction

62



specificity seems context-dependent, such thatr¢laetion catalyzedh vivo depends on the
substrate supplied.

Despite the high degree of conservation of CGL agndifferent organisms, inspection of
human andrl. gondiiactive sites overlayBy structure-guided homology modelling identified
two striking amino acid differences (Glu59 and S¥r3dn human to Ser77 and Asn360 in
toxoplasma).

In particular, sequence alignment of CGL from diéfiet organisms resulted in the presence of
conserved acidic Glu or Asp residue at positionab@ Ser residue at position 340 in all
organisms except protozoa, e.g. trypanosomes iergéhehismania majgrandT. gondij in
which a serine and an asparagine residues respéctirere found (Figure 23).

Herein, we have cloned, expressedEncoli, and characterized the putative CGL frdm
gondii (TgCGL) with the aim to expand the very limited kviledge about the transsulfuration
and cysteine biosynthesis routes in this pathogehta explore the potential of TgCGL as
anti-toxoplasmosis drug target.

Furthermore, in order to in-depth understand tlmecstire—function relationships that control
substrate and reaction specificity, which is a ssaey step to develop novel therapeutics, we
substituted the non-conserved serine and asparagsidues of TgCGL to glutamate and
serine residues respectively, as found in humaryraez and we examined their influence on

enzyme function.
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T. gondi i MASKQNDKDGAVRRDASFECGVKAGDW. PGFTPREETVYVHGGVEPDP- LTGAI LPPI YQ 59
L. maj or MSSQ- -------- QHLVSDFTAGSGSW.PQSQ GFDTLQVHAGVRPDP- VTGAI LTPI YQ 49
T. cruzi MSSQ@ -------- KHLVSDFTEGSGSWQDQT Y- GFDTVLVHGGVKPDP- VTGAVLTPVYQ 49
T. grayi MSGA- - - ------ QHLFADFSEGSGSWQPQAQ GFETLLVHGGVKPDP- VTGAI LTPVYQ 49
H. Sapiens @ ---------------- MQEKDASSQGFL PHFQ- HFATQAI HVGQDPEQW SRAVVPPI SL 43
S. Cerevisiae ~  ---------------- MIL--------- QESD- KFATKAI HAGEHVD- - VHGSVI EPI SL 32
C. albicans = ---------------- Ml ------- ESSTNY- SFGT KAI HAGAPLDP- STGAVI EPI SL 35
EEE
T.gondi i NTTFVQESVENYL SKGFSYSRTSNPTVLSLEKKI AEI EGGFGACCFATGVAATVTI FSAF 119
L. maj or STTFVQESI NSYQAKGYSYTRSANPTVAVLEQKL CALENGSYCTVYNTGVAATTTAI SSF 109
T. cruzi STTFVQESI GKYQSKGYSYTRCANPTVSVLERKLCAI ENGDYATVYSTGVSATTTAI SSF 109
T. grayi STTFVQES| ERYQAKGYSYTRSANPTVSAL EEKL CAl EHGEYATVYSTGVSATTTAI SSF 109
H. Sapi ens STTFKQGAPGQ HSG- FEYSRSGNPTRNCL EKAVAAL DGAKYCLAFASGLAATVTI TH- L 100
S. Cerevi si ae STTFKQSSPAN- Pl GTYEYSRSQNPNRENL ERAVAALENAQYGLAFSSGSATTATI LQ- S 90
C. al bi cans STTFAQSEPSK- PLG YEYSRSSNPNRDNFEI AVAALESAKYAI ALSSGSATTALVI QS 93
* % % * . * * * *
T. gondi i LAPGDHCLVT GGTNRCARLHFSKYNI DFEFI DFRDPTNVEKAI RPQTKVWFSESPC 179
L. naj or MNAGDHAI LT GGTNRACRVFFSRLGVEFTFVDVRDPQNVI DSI KPNTKLVI SETPA 169
T. cruzi MSAGDHAI | T! GGTNRACRVFFPRFGVEFTFVDVRDLKNVEAAI KPNTKLVFSETPA 169
T. grayi MSAGDHAI VTECRGGTNRACRVFFTRL GVBFTFVDVRDVKNVEAAI KPNTKLVI SESPA 169
H. Sapi ens LKAGDQ | GGTNRYFRQVASEFGLKI SFVDCSKI KLLEAAI TPETKLVW ETPT 160
S. Cerevi si ae LPQGSHAVSI GGTHRYFTKVANAHGVETSFTNDLLN- DLPQLI KENTKLVW ETPT 149
C. al bi cans LPI NSHI VSS GGT HRYFTKVAN'I'I—KBVEAQ:VGI\ILVE- DLQGALREN'I’RLV\/\LETPS 152
. . * % % * * *
T.gondi i NPTLYLADI EAl SQ CKEK- - - - - - KVLHVCDSTFATPYMVRPLDLGADI WQSTTXYYD 233
L. maj or NPTLI LI DVAAVSKI CKER- - - - - - G VHVCDNTFATAY! MRPLDHGADVTLI STTNYVD 223
T. cruzi NPTLTLTDLTELSKLCKAK- - - - - - GLI HVCDNTFATAFI MRPLDLGADVTLI STTNFVD 223
T. grayi NPTLTLTDI DALSSLCKAK- - - - - - G | HVCDNTFATAFI MRPLDHGADVTLI STTNFVD 223
H. Sapi ens NPTQKVI DI EGCAHI VHKH- - - - - GDI | LVWDNTFMSPYFQRPLAL GADI SMYSAT[IYIMN 215
S. Cerevi si ae NPTLKVTDI QKVADLI KKHA- - AGQDVI LVVDNTFLSPYI SNPLNFGADI VWVHSATIZYI N 207
C. al bi cans NPTLQ/T DI AKVKSI LVDHEAKTGNKVLLAVDNTFLSPYLSNPLTHGADVWHS SYI'N 212
* * % . . * % *** . * ** .
T. gondi i GHNCTLGGAVI SSTKEI HDKVFFLRNVMGNI MSAQTAFYTLLTLKTLPI RVEKQSANAQK 293
L. maj or GHDMTVGGAL VTNSKEL DAKVRLTONI LGNVVSPQVAFL QL QTVKTMSL RVTKQSHNAQK 283
T. cruzi GHNMTVGGAL VTKRKDL DEKVRL TQNI LGNAMSPFVAYL QL QTVKTMSL RVAKQSENAQK 283
T. grayi GHNMTVGGALVTKSKEL DGKVRLTQNI LGNCVSPFVAFLQLQTVKTMSLRI SRQSENAQK 283
H. Sapi ens GHSDVWMGAELVSVNCESL HNRL RFLQNSL GAVPSPI DCYL CNRGL KTL HVRVEKHFKNGVA 275
S. Cerevi si ae GHSDVWVLGVLATNNKPL YERL QFLQNAI GAl PSPFDAW. THRGL KTL HL RVRQAAL SANK 267
C. al bi cans GI-ISD\NNGVLATNDSQ_HERFRFLQ\IAI GSI PSPFDSV\LAHRGLKTLHLR’VRQASNSAQ? 272
Cxxe
T. gondi i | AEFLSKH- HKVEHVI YPG PSFPQKEL ALKQHK- NVHGGVL AFEVKGGTEAG RMVNHV 351
L. maj or | AEFLETH RAVDRVVYPGL ASHPQKEL ADRQHRNNL HGGVL WFEVKGGTAAGRRLMDTV 342
T. cruzi VAEFLETH PAVEKVMYPGLKSFPQKAL ADRQHL NNNHGGML WFEVKGGT AAGRKLMDTV 342
T. grayi VAEFLETH PAVERVMYPGL KSFPQKAL ADRQHANNL HGGMLWFEVRGGTAAGRRLMDTV 342
H. Sapi ens VAQFLESN- PW/EKVI YPGLPSHPQHEL VKRQCTG - CTGWTFY!I KGTLQHAEI FL- KN 331
S. Cerevi si ae | AEFL AADKENVVAVNYPGLKTHPNYDVVLKQHRDAL GGGM SFRI KGGAEAASKFA- SS 326
C. al bi cans I AEYLSQ—l- SAVLKVNYPG_KSHRNHDVVLRQQ?DG_GGGM SFRI AGGAKGAAVFT SS 330
* * k% * . * % -
T. gondi i PRPWSL CENL GACESI | TCPAVFTHANMLREDRLKVG TDGFI RVSVG EDVNDLI DGLD 411
L. maj or PRPWSL CENL GASESI | TCPSVMIHANMTSEDRMVKVG TDGFVRVSCG EDVDDLI AALK 402
T. cruzi QRPWSL CENLGAAESI | TCPSVMIHANMIKEDRLKVG TDGFVRVSCG EEAKDLI TALK 402
T. grayi QRPWSLCENLGATESI | TCPSVMIHANMI TEDRVKVG TDGFVRVSCG EDAADLI SALK 402
H. Sapi ens LKLFTLAESL GGFESLAEL PAI MTHASVLKNDRDVLG SDTLI RLSVGLEDEEDLLEDLD 391
S. Cerevi si ae TRLFTLAESLGG ESLLEVPAVMIHGG PKEAREASGVFDDLVRI SVG EDTDDLLEDI K 386
C. al bi cans TKLFTLAESLGGl ESLI EVPAI MIHGG PKEEREANCNYDDLVRVSVG! EDTEDLLKDI E 390
.:**** ** ** . *‘ ::**** **

T. gondi i YALSKA- - - - - --- 417

L. maj or VAVDALV- - - - - - - 409

T. cruzi TALDAL- - ------ 408

T. grayi AALDALCK- - - - - - 410

H. Sapi ens QALKAAHPPSGSHS 405

S. Cerevi si ae QALKQATN- - - - - - 394

C. al bi cans QALQKAASV- - - - - 399

-

Figure 23. Sequence alignment of CGL from differerganisms. Black shading indicates the PLP-bindirsgne and the
tyrosine involved in aromatic stacking interactiavith PLP pyridine ring. Gray shading indicates G393 (hCGL
numbering) which is conserved in 100% CGLs. Thegearesidue for mutational analysis is highlighfadyellow. The
CGLs used in this alignment (NCBI accession numiage) XP_002364505.T,. gondiiME49; XP_003722717.1,. major,

EKG03141.1, T. cruzi XP_009313447.1,T. grayi NP_666065.1,Homo sapiens NP_009390.1,S. cerevisiap
XP_716241.1Candida albicansAll sequence alignments were carried out usirgg@hustal OMEGA program.
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2. EXPERIMENTAL PROCEDURES

2.1 Protein production

The complete cDNA of TgCGL (accession number: XM2384464) in pMA-T vector was
obtained from Invitrogen Corporation with a tagsix His at the N-terminal. The gene was
cloned into the vector pET21a for the expressiok.irtoli Rosetta (DE3) cells. Cell cultures
were grown at 37°C to an absorbance at 600 nm 6f Dhe expression of TgCGL was
induced with 0.5 mM IPTG at 24°C for 20 h. VitamB6 (0.1 g/L) was added to the cell
culture during induction in order to favour the peo protein folding and increase the protein
stability. Cells were isolated by centrifugatioesuspended in 20 mM sodium phosphate pH
8, 150 mM NaCl buffer containing 1X protease intobiEDTA free, and lysed by sonication.
Cell debris were removed by centrifugation (300@0far 15 min) and 1% streptomycin was
added to supernatant to remove nucleic acid comaton. After centrifugation the
supernatant was loaded onto an Ni-affinity colummevpously equilibrated with 20 mM
sodium phosphate at pH 8, 150 mM NaCl, 0.1 mM DTiAd a&l0 mM imidazole. The
concentration of imidazole was increased stepwisst, to 80 mM to remove no specifically
bound proteins, and then to 500 mM to elute theyer® Soluble TgCGL eluted between 200
and 250 mM imidazole. After addition of 1Q0M PLP, the fraction containing TgCGL were
concentrated and washed with 20 mM sodium phosphattger pH 8, 0.1 mM DTT using
Vivaspin concentrators (Sartorius) to remove immaznd unbound PLP.

The extinction coefficient was used to calculate thonomer concentration of the purified
protein €zgonm= 30745 M* cm%; http://web.expasy.org/protparam/). The PLP cont#rthe
holo-enzyme was determined by addition of 0.1 M MNa&hd usingaggnm= 6600 M* cm *as
described [96].

The S77E, S77A and N360S TgCGL variants was prodiume site specific mutagenesis on
the pET21a-TgCGL construct using the QuikChange®-directed mutagenesis kit (Agilent
Technologies). The mutated sequences were confirrogd DNA sequence analysis.
Expression and purification of the S77E, S77A an8605 variants were performed as
described for wild-type TgCGL. The yield from a eler purification was approximately 20

mg for all enzyme variants.

2.2 Size exclusion chromatography (SEC)
Gel filtration chromatography (Superdex 200 HR/3DD GL) was used to analyze the
oligomeric state of TQCGL. Chromatography was penfed using 50 mM sodium phosphate
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buffer pH 8.5, 150 mM NacCl, 0.1 mM DTT. The calibom curve was obtained as described
[46]. In order to investigate the quaternary stawetstability, the protein was incubated with
increased concentration of urea (0 - 5.5 M) for,lahd loaded on the gel filtration column
previously equilibrated with the specific urea centration. The percentage of tetrameric
protein was measured by integration of the areautite curve (absorbance at 280 nm) using
the Evaluation module of Unicorn 7.0.2 softwareeTdata were fit by sigmoidal curves and

the concentration of urea at which 50% of TgCGleisameric (G) was determined.

2.3 Apo-proteins preparation

Apo-proteins were obtained following the protocol[B4, 97]. The apo-proteins showed no
absorption peak at 421 nm and no residual activitye equilibrium dissociation constant for
PLP (Ko"'F) was obtained by measuring the fluorescence earisai 330 nm upon excitation
at 280 nm in the presence of PLP ranging from Q@80 uM at 25 °C in 50 mM Bis-Tris
propane pH 8 at apo-proteins concentration @iVl The values of fluorescence intensity at
330 nm were plotted as a function of PLP concemnatind fit to a non-linear binding

equation to obtain the dissociation constapt K

2.4 Limited proteolysis

Fifty micrograms of holo- and apo-TgCGL were digastvith trypsin (1:200 w/w) in 50 mM
Tris-HCI pH 7.5 at 25 °C. At various time intervg®, 1, 5, 10, 20, 40, 60 and 120 minyl 8
aliquots were taken for electrophoretic analysise Higestion reaction was ended by boiling
the sample for 5 min and adding reducing Laemmlifdru After staining the gel with

Coomassie blue, the bands intensities analysispgdg®rmed as described [98].

2.5 Differential scanning calorimetry

Differential scanning calorimetry (DSC) experimemtere conducted using a TA Instrument
Nano-DSC (New Castle, Delaware, USA). TgCGL sample50-100uM were dissolved in
in 20 mM sodium phosphate pH 8, and were heatenoh ft@ °C to 120 °C at a scan rate of
1°C/min. All the samples were degassed prior tdysms

2.6 Enzyme activity assays

Enzyme activity was determined using a Jasco-V560Mis spectrophotometer (Easton,
Maryland, USA) via two spectrophotometric assaybe treaction of 5/&dithiobis-(2-
nitrobenzoic acid) (DTNB) with the free thiol ofahproduct £, = 13600 M* s), and by
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monitoring the pyruvate formation with the couplirepzyme NADH-dependent lactate
dehydrogenase (LDH)440 = 6200 M* cm™), as described [49]. All enzymatic assays were
carried out at 37°C in 5DMIOPS, bicine, proline (MBPbuffer pH 9 in the presence of 201
PLP. Reactions were initiated by the addition & &mzyme at a final concentration &f 5 or
10 uM, depending on the activity of the enzyme variahtackground reading was recorded
before initiation of the reaction by the additiohTgCGL.
Data were fitted to the Michaelis—Menten equatiorobtain values of J; and K, . For site-
directed variants for which saturation was not obsd, k./Kn values were obtained by
linear regression, based on the assumption that>K[substrate]. The L-cys hydrolysis data
were fitted to equation (5), which modifies the Mazlis-Menten equation taking into account
the K term for substrate inhibition by L-cysteine [99]:

v_ Kcat (5)

E 14+% ., 5

S K;

whereE is the total enzyme concentratidq,: the rate constan§the substrate concentration,

Km the apparent Michaelis-Menten constant andhi€ dissociation constant.
To evaluate the effect of temperature gp-lyase activity, the enzyme was incubated for 10
min at temperatures between 20 °C and 90 °C, cooledce for 5 min, and the residual

enzymatic activity was determined as described abov

2.7 Inhibition assays

The inhibitory activity of L-cys was evaluated thigh LDH assay and was expressed as the
inhibitor concentration required for 50% inhibitiari the a,B-eliminase activity (1Gg). The
ICsp value was measured by a plot of percent activéssus log of L-cys concentration.

The kinetic parameters ofi,p-eliminase inhibition by L-cys were evaluated byeth
Lineweaver—Burk plots and its secondary plots. @bable-reciprocal plots were constructed
with enzyme reaction initial velocity (V) versusbstrate (S) concentration in the absence
(control) or presence of L-cys at different concatibns. The type of inhibitiork,, andVmax
values were determined from the plots. Slopes andtarcepts of these reciprocal plots were
also replotted against the inhibitor concentratioaspectively [100]. Data analysis was
performed by OriginLab software.

Inactivation of TgCGL by DL-proparglyglycine (PAGJas evaluated by reacting 5 mM L-cth
with TgCGL (2 uM), pre-incubated with different coantration of the inhibitor for 15 min at
room temperature. Reactions were monitor througiNBRssay. Residual activity, remaining
after 15 min incubation, was plotted against tHatree concentration of PAG.
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2.8 Spectroscopic measurement

Absorption measurements were performed on a Ja&&®VUV-Vis spectrophotometer
(Easton, Maryland, USA) in a buffer solution comiag 50 MBP buffer pH 9, at protein
concentration of 12M.

In order to evaluate the the equilibrium disso@aticonstant for TgCGL-L-cys complex
formation (Kapp), absorption spectra of TJCGL were recorded updditeon of different L-
cysteine concentrations: 0, 0.04, 0.1, 0.15, 0aLg, 0.3, 0.4, 0.5, 0.8, 1, 2, and 3 mM. The
plots of the absorbance changes at 335 and 421gammst the L-cys concentration could be

fitted to a hyperbolic relationship such as equaii®) :

max*[cysteine]

AA:AA

Kappt[cysteine] (6)
where AA and AAnax are the absorption changes at given and infinHeysé concentrations
respectively, and kK, the equilibrium dissociation constant for TgCGLeis complex

formation.

2.9 Statistical analysis

Each experiment was performed at least in tripbcatd reported values are representative of
two or more independent determinations using défférbatches of protein that were purified
separately. Data were analyzed using Origin 8.0gi@kab Corporation, Northampton, MA)

and expressed as mean + standard error.

2.10 Thin layer chromatography

Amino acid standards (1 mg/mL) were prepared im0 sodium phosphate buffer, pH 8.0.
These solutions were spottedull at a time, on chromatographic plates, comprised 6.1-
mm thick layer of silica gel on an aluminum suppamnd developed with a mobile phase of n-
propanol/water (70:30, v/v), for a distance of 18.cTLC plates were subsequently dried,
sprayed with a solution of 2 mg/mL ninhydrin in attol and dried, prior to heating for 5 min
at 100°C.

2.11 Molecular modelling studies

The crystal structure of Methioninelyase fromCitrobacter Freundiiin its internal aldimine
form (PDB ID code 5E4Z) and human cystathionases{@yioniney-lyase) in complex with
PAG (PDB ID code 3COG) were used as a starting tpmingenerate the model of the wt,
N360S and S77E TgCGL enzyme, using the “homologydetiag” tool of PyMod 2.0,
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followed by energy minimization with the BIOPOLYMERackage from Insightll (V.2000,
MSI, Los Angeles), as already described [53, 101].

The Dundee PRODRG2 Server [54] was used to build #&mergy minimized three-
dimensional structures of the PLP-Cystathionine Bh®-PAG external aldimines complexes,
which were then docked into the active site of i of TgCGL, using the template-based
molecular docking approach of Molegro Virtual DockéMVD) software (CLCbio®).
Flexible torsions of the external aldimines weretomatically detected by MVD, and
manually checked for consistency. A search spacksoh radius, centered on the active site
cavity, was used for docking. The PLP in its in@draldimine form, as found in 3COG, was
taken as pharmacophoric group for template-baseaxkidg. In the latter, if an atom of the
ligand matches a group definition, it is rewardgdusing a weighted score that depends on its
distance to the group centers. The grid-based MokDsrore with a grid resolution of 0.30 A
was used as scoring function and MolDock SE wasl @asedocking algorithm [55]. For each
ligand, ten runs were defined. Similar poses (RMSR.0 A) were clustered, and the best
scoring one was taken as representative. Otheridggarameters were fixed at their default

values. After docking, energy optimization of hygem bonds was performed.
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3. RESULTS

3.1 Expression and purification of recombinant TgCGL

The recombinant TQCGL was expressedE. coli cells with a 6xHis-Tag fused to the -
terminus and purified using **-affinity chromatograph' The vyield from a standar
purification was approximatel20 mgof recombinant protein per er of bacterial cultur.

The purity of enzymewas confirmed bySDSPAGE and the band size of the recombir
proten, calculated with a moleculesize marker, wa46 kDa that well corresponds to tl
protein molecular ma calculated from the sequence information (4592¢) (Figure24A).
Determination of enzyn-bound PLP indicated that the TgCGL binds ~1 moPaP/mol of
monomer

In its native form, TgQCGL displayed a tetramericatgrnary structure both in a- and hole

state as demonstrated by analytical size exclushromatagraphy (Figure24B).
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Figure 24. Production of recombinant TgCGL. (A) S-PAGE of TgCGL wt expression a
purification. Lane MW, molecular mass standardsield, uninduced control celllane 2, tota
E.coli proteins from cell lysate after overnightubation at 24°C; lane 3, flow through fractic
lane 4, fraction of purified TgCGL. (B) SEC profitd TgCGL wt. Chromatogranrecorded in50
mM sodium phosphate buffer pH 8.5, 150 mM Na(.1 mM DTT

3.2 Properties of recombinant TgCGL

Recombinant native TgCGL exhibited an absorptioacsfum with a major peak at 421 r
and a 28121 nm ratio of about 4.6 (FigL 25A). The band in the 420 nm region is typical
protonated internal aldimine sgies that PLP formwith Lys230 in the active sit

The fluorescence emission spectrum of TgCGL upogitation at 280 nm showed
pronounced peak at 336 nm, ascribable to the eomssf Trp residues, and a much lov
intensity and broader peak around 500 nm, whidimésresult of energy transfer from “s to

the ketoenamine tautomer of the internal Schiffet[63, 64] (Figure 5B). Excitation at 42
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nm led to a single emission peak with a maximum-3@0 nm, thus further confirming the
assignment of the 421 absorbance band to the katoi@e tautomer (data not shown).

The emission spectrum of the apo-TgCGL followingieation at 280 nm had an emission
band at 331 nm with an intensity approximately foft greater than that of holoenzyme, as a
consequence of the quenching of the emission feamece due to the bound PLP in the holo-
form (Figure 25B). The dissociation constantp]Kor the binding of PLP to TgCGL was
measured by titrating apo-TgCGL with increasing amts of PLP and following the
fluorescence signal upon excitation at 280 nm. Tdmalysis yielded a K value for the
TgCGL-PLP complex of 0.17 £ 0.04 uM.
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Figure 25. Spectral properties of TgJCGL. (A) Abstimp spectrum of purified TgCGL recorded
on a solution containing 12 uM protein in 50 mM MBRffer pH 9. (B) Fluorescence spectra
(excitation was at 280 nm) of holo-TgCGL (dottedd) and apo-TgCGL (solid line) in 20 mM
Bis-Tris-propane pH 8.3, at a concentration of 1.uM

Limited trypsin proteolysis experiments on the hobnd apo-forms of TgCGL provided
evidence for a protective effect of PLP. After 1ihates of reaction, the 70% of apo-protein
was already digested by protease; by contrastr #itee same time, a 40% decrease in the 46
kDa-band intensity of holo-protein was observed.tle holo-state TQCGL was stable to
proteolysis for more than 120 min. (Figures 26A 26@).

Moreover, the holo-enzyme exhibited a higher thdrstability (T, of about 71°C at pH 8.0)
compared to the apo-proteiii,{ value at about 55 °C) as observed by DSC (Fig6£3 and
26D).
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Figure 26. Properties of ap-TgCGL. (A) and (B) Trypsin digestion profile of ha- (A) and ap«
TgCGL (B) after incubation of TgCGL with trypsin200 (w/w) for 0, 1, 5, 10, 20, 40, 60 ¢ 120
min, respectively. The intensity of the untreatedhwtrypsin TgCGL band (lane 0 min) w:
assumed as 100%. The arrow indicates the untreiddda band. Lane M represents a molec
mass marker. (C) and (D) Representative DSC theramg of ap- (C) and hol-TgCGL (D),
respectively after baseli-correction

3.3 Steady Sate Kinetic Parameters of TgCGL

To verify the appropriate reaction conditions fbetenzyme, we firstly determined the eff
of pH (MBP buffel in the pH range -10) and temperatu (between 2-70 °C) on theL-cth
hydrolysis of TJCGL. The purified enzyme revealed an optimum activitypbit 9 and 37°C
(Figures27A and ZB). Moreover, the enzyme exhibits a relatively hitglermal stability witr
a Tso value of ~ 64 °CFigure27C).
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Figure 27. Activity of TgCGL: pH and temperure optima with Icth substrate. (A
Representative profile of theffect of pH on purified TgCGL in MBP buffer in theH range -10
at 37 °C. (B)Representative curve of thffect of temperature on thactivity of purified TgCGL

at pH 9. (C) Representative thermal stability cufeepurified TgCGL, held at temperature rar
from 20 to 90 °C for 15 mil
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The L-cth hydrolysis activity of the TQCGL was maesd with both the DTNB and LDH
assays. Indeed, the DTNB-based assay does nonhglissh between the products of L-cth
hydrolysis, which are L-homocysteine (L-hcys) anecyts for the B- and y-elimination
reactions, respectively. Therefore, we employeo &® LDH assay to monitor the formation
of L-pyruvate product by specific L-ctl,p-elimination. Determination of L-cth hydrolysis
via DTNB assay at pH 9 resulted igzkand K, values of 2.0 + 0.15and 0.9 + 0.1 mM,
respectively, whereas a negligible activity wasedétd via LDH-coupled assay (the enzyme
specific activity was < 0.4% compared to that meaduby DTNB assay). Thus, TgCGL
resulted highly specific foa,y-elimination of L-cth, like inT. cruzi[92] and in human [102],
[103], where L-cth is split almost exclusively inGGL-specific manner, whereas the yeast
enzyme harbors pronounced CBL activity [104].

Besides its role in the conversion of L-cth intacys, we found that TgCGL can also utilize
djenkolic acid (Appendix, Figure A3), and amino-dth-cysteine, to a lesser extent.{k
0.037 + 0.001 $§ and Ky, 1.3 + 0.1 mM), via aru,B-elimination reaction (Table 4). L-cys
served as a very poor substrate with a maximumowgioonly 1 % of the value with the
natural substrate L-cth. Substrate inhibition wis® abserved (& 0.024 + 0.0018, K,,0.7 +
0.2 mM and K0.17 £ 0.02 mM).

Table 4.Steady-state kinetic parameters of TgCGL varidtspH 9 and 37°C

Assay a(s) KM e S,
Hydrolysis of L-cystathionine
wt DTNB 2.0+0.1 09+0.1 22+0.4
N360S DTNB 0.24 £ 0.02 6.1+1.2 0.04 £0.01
LDH 0.08 +0.01 1.1+0.1 0.07 £0.02
S77A DTNB 0.7+0.1 2.4 +0.3 0.29 +0.08
S77E LDH/DTNB  n.d? n.d.’ -
Hydrolysis of djenkolic acid
wit LDH 0.24+0.01 0.5% 0.01 0.47 £0.03
N360S LDH 0.19+0.01 0.86t 0.03 0.22 £0.02
S7T7E LDH n.s’ n.s.’ 0.0022 + 0.0006
S77A LDH 0.22 +0.02 15+0.2 0.15+0.03

®TgCGL at 1, 5 or 1M was used, depending on the activity of the spe@hzyme variant.
®not detected.

° The notation n.s. indicates that S77E does not layssaturation kinetics within the
solubility limit of the djenkolic acid substrateuych thatk../Km was determined via linear
regression with the assumption that ¥ [djenkolic acid].
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Moreover, L-cys showed an inhibitory effect whesessed via LDH assay on djenkolic acid
B-elimination by TgCGL. Plot of percentage inhibrioversus log of L-cys concentration
resulted in an Igy value of 0.27 £ 0.05 mM (Figure 28A). We next psied the Kfor L-cys

by measuring the dependence of the initial velooitydjenkolic acid concentration (from 0.1
to 12 mM). (Appendix, Figure A4). The data were Ignad in double reciprocal (Lineweaver-
Burk) plot and were interpolated by four straightels resulting in a common intersection
point in the second quadrant characteristic of mhige inhibition (Figure 28B). &; value
decreases from 0.24 (no-inhibitor) to 0.12 and K, value increases from 0.53 to 1.19 mM
with increasing concentration of L-cys. Secondalytp of the slope and Y-intercept values,
obtained from each line in the primary LineweaverB plot versus L-cys concentrations
(Figure 28C), allowed extrapolation of enzyme intdb dissociation constants jK(the
enzyme inhibitor (El) constant) and;'K(the enzyme substrate complex (ESI) constant),
respectively. The smaller value of KL60 £ 30uM) than K’ (370 + 50uM) indicates that L-
cys binds with higher affinity to the free enzynre domparison with the enzyme-substrate
complex.

The availability of large amounts of the recombinanotein allowed us to analyze directly
the interaction between TgCGL and L-cys by collegtabsorption spectra. Upon addition of
L-cys to TgCGL we observed an immediate decreasthénabsorption at 421 nm (Figure
28D). Such decrease was concomitant with the ajppearof a new maximum at 335 nm,
which is characteristic of a thiazolidine adductvibeen L-cys and the PLP cofactor [105].
Indeed, it is well known that L-cys, in addition tlee general ability to work as substrate for
most CGL enzymes [102, 104], may bind to the aldiehygroup PLP cofactor to form
thiazolidine [106]. The recording of the spectraasbed for increasing concentrations of L-
cys (Figure 28D) showed an isosbestic point at 8#0) indicating the presence of only two
species in the mixture, free TgCGL and L-cys-compte enzyme.The plots of the
absorbance changes at 335 and 421 nm against tys lconcentration (Figure 28D inset),
fitted to equation (6), yieldeRapp values of 306 + 41 uM and 273 + 52 uM, respectiv@he
average value foKspp (290 puM) is consistent with those determined frome enzyme-

inactivation data.
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Figure 28. Inhibition of TgCGLB-eliminase activity by L-cys. (A) Representativeofile of 1Cs,
determination. The enzymatic activity of TJCGL wedated to the activity in the absence of
inhibitor (100%). Then vitro inhibition of enzyme by L-cys was performed in theesence of 6
mM djenkolic acid substrate via LDH assay. (B) Lweaver-Burk plot analysis of the kinetics of
TgCGL inhibition exerted by L-cys. (C) Slope andintercept values from primary Lineweaver-
Burk plot (panel B) versus L-cys concentrations, &d K’ were obtained as the absolute values
of the concentration-axis intercepts of slope anthtércept plots, respectively. (D) Absorption
spectra of 12 uM TgCGL upon addition of the follogilL-cys concentrations: 0, 0.04, 0.1, 0.15,
0.16, 0.2, 0.3, 0.4, 0.5, 0.8, 1, 2, and 3 niNket. Absorbance changes at 335 (solid circle) and
421 nm (open square) plotted against L-cys conegiotr.
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We also analyzed the behavior of TQCGL in the pneseof PAG as it is the most widely used
in vivo inhibitor of H,S production by human CGL. The irreversible inaation of human
CGL by PAG has been well described [102, 103, 10V found that PAG inhibited also
TgCGL. Because of the rapidity of the inactivatid®AG inactivated the enzyme faster than
the manual mixing time for the samples), we measuhe residual activity after a 15-min
incubation of TgCGL with increasing concentratioos PAG (Figure 29). The very fast
inactivation of TgCGL by PAG was not surprisingnse the same behaviour was observed
for human CGL [102, 103]. Notably, enzymatic adyvof TQCGL could not be recovered by
extensive dialysis, therefore confirming the irresible inhibition.
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Figure 29. Residual activity of TQCGL after incuioat with PAG. The inhibition of enzyme by
PAG was measured in the presence of saturatingesdrations of L-cth (5 mM) via the DTNB
assay following pre-incubation with different conteation of the inhibitor for 15 min at room
temperature.
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3.4 Molecular modelling

We modelled the external aldimine of the wt enzymeomplex with L-cth and PAG, starting
from the homology-modelled tetramer structure ofCGJL. (residues 35-417) in its internal
aldimine state. To this end, we used the crystalicsires of methionine-lyase from
Citrobacter Freundii (PDB ID code 5E4Z; % identity44.2) and human CGL in complex
with PAG (PDB ID code 3COG; % identity41.3) as structural templates.

The predicted binding mode of L-cth in wt TgOATsBown in Figure 30A. With the-amino
group of the substrate covalently bound to PLP, theboxylate group of L-cth is well
positioned to form an ion-pair with Arg395 and hgden-bonds with Asn180 and the N main-
chain atom of Asn360. These interactions are alsth wonserved in the crystal structure of
human CGL (residues Arg375, Asnl61, Ser340; PDBctdde 3COG), where a nitrate ion
occupies approximately the same position of thdaeylate group of L-cth in the predicted
docked model. Moreover, and similarly to what obselr in the crystal structure of human
CGL, thel-amino and.-carboxyl groups of L-cth are predicted to sharéhwihe carboxyl and
amino moieties of PAG the same interactions witlo targinine residues (i.e., Arg80 and
Arg138 of TgCGL and Arg62 and Argl19 in human CGnd a glutamic acid (i.e., Glu359
of TgCGL and Glu339 in human CGL). Another interaatinvolving the{-amino moiety is
represented by a water-bridged hydrogen bond wviighhtydroxyl group of Tyr71. The latter
residue has no homologous counterpart in the hu@@h, and its water-bridged hydrogen
bond interaction with L-cth is replaced by the aa group of human CGL Glu59.

When comparing the modelled position of PLP- L-atid its interacting residues into the
active site of TgCGL with the corresponding resislule human and yeast CGL, one striking
differences is the replacement of the conservedlues of Ser334/Ser340 and Glu48/Glu59
(numbering refers to the yeast and human CGL, mdspdy) with Asn360 and Ser77 in
TgCGL (Figure 30A). Therefore, we decided to examthese two positions in TgCGL with
the corresponding residues of human and yeast emzymtest their effect on substrate and
reaction specificity.

We also modelled wt form of TQCGL in complex witiA® and the modelling reveals that
this covalent inhibitor could act as already obsérvn the human enzyme (covalent bond
with Tyr133), since the residues interacting witle inhibitor are all well conserved between
human CGL and TgCGL (Figure 30B).
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Figure 30. Modelling of the external aldimine of \TgCGL in complex witrL-cth (A) and PAG (B. (A)
TgCGL is shown as green sticks, esuperposed to human CGL (PDB:3COG; transparent gfielys)
The external aldimine is shown as pink sticks. Ressddescribed in text are labeled in si-letter code
Potential favorable interactions are depicted dkwe (B) The covalent bond betwe PAG (purple
sticks) and Tyrl33 of TgCGL (cyan sticks) is shosuperposed with the corresponding residue
human CGL (PDB: 3COG; gray stick
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3.5 N360S variant

The absorbance spectrum of N360S showed a majd qe421 nm, as the wt protein, and a
minor peak at ~500 nm, which is not present in mayane but it has been already seen in the
human CGL protein preparations [102, 103, 108].sT500 nm absorption band disappeared
by reconstitution of TgCGL N360S with PLP followirige generation of apo-protein (Figure

31), therefore it is tentative to speculate thatould be ascribed to a quinonoid species
formed by a bound amino acid that co-purifies withCGL. As for wt enzyme, the N360S

variant binds ~1 mol of PLP/mol of monomer.

native N360S protein
- = - apo-N360S protein
we r@constituted N360S protein

Absorbance

600

wavelength (nm)

Figure 31. UV-visible absorption spectra of TgCGB@9S variant. Spectra are for native enzyme
after purification (solid line), apo-protein (dashdéine), and reconstituted holoenzyme (dotted
line).

Substitution of N360 with Ser led to a ~56-fold o=se in catalytic efficiency for L-cth
hydrolysis when analyzed via DTNB assay comparethéowt enzyme, and the change was
influenced by matched ~10-fold decrease 5 &nd ~7-fold increase in Most importantly,
a,B-cleavage of L-cth estimated via LDH-based assay wmgnificantly increased (from
negligible activity < 0.4% of that detected by DTNBsay in the wt enzyme to ~ 33% in
N360S variant), and the Kfor B-elimination of L-cth was reduced by ~ 6-fold comga to
the one obtained by DTNB analysis (Table 4), sutggsthat the binding of L-cth in a
conformation suitable foun,B-elimination is favored. The,p-hydrolysis of L-cth was also
assayed at different pH and the optimum was a@®a(dot shown)

Qualitative comparison of the reaction productshwlitcth, L-hcys and L-cys standards via
thin layer chromatography (TLC) analysis confirmteé production of both L-hcys and L-cys
when L-cth was used as substrate for the N360Smeazyhus confirming the ability of this

variant to catalyze boté, anda,y-elimination toward L-cth (Figure 32).
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L-homocysteine

L-cysteine

L-cystathionine

Figure 32. Product analysis of the amino acid potsiwof L-cth hydrolysis by wt and N360S
variants TgCGL. Reaction products and amino acidndards were separated by TLC and
derivatized with ninhydrin. Lane 1-3, amino acidarslards. Lane 1. 1 mg/mL L-cth; lane 2: 1
mg/mL L-cys; lane 3: 1 mg/mL L-hcys; lane 4. 5 mMcth + 100 uM wt TgCGL; lane 5: 5 mM
L-cth + 100 uM N360S TgCGL; lane 6: 5 mM L-cth + 1M cystathioninep-lyase from
Corynebacterium diphtheriagrhich catalyzes th@-elimination of L-cth to generate ammonia,
pyruvate, and homocysteine.

The replacement of Asn360 by Ser had no significaffect on a,B-elimination activity
towards L-cys and djenkolic acid, since for theabsirates the enzyme variant showed near
wt kinetic parameters (Table 4). L-cys also inhelkitTgCGL N360S with an I§g of 0.43 +
0.02 mM (Figure 33A). Accordingly, the averagp, for TQCGL N360S-L-cys complex
formation determined from spectral analyses was |38B(Kapp 0f 335 + 15 pM at 335 nm,
KappOf 331 + 20 pM at 421 nm) (Figure 33B).
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Figure 33. Inhibition profiles of TJCGL N360S vamiaby L-cys. (A) Representative curve for
ICsodetermination. The enzymatic activity of TQCGL N¥0ariant was related to the activity in
the absence of inhibitor (100%). The in vitro initikon of enzyme by L-cys was performed in the
presence of djenkolic acid substrate via LDH as¢BY.Absorbance changes at 335 (solid circle)
and 421 nm (open square) plotted against L-cys eotnation.
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The modelled N360S enzyme in its external aldimfoem in complex with the L-cth
substrate bound in opposite orientation (in agregmeith the distincta,f versusa,y-
elimination reaction specificity requirements) alled us to rationalize the TgCGL N360S
behavior. Notably, in the presence of N360, thedlyig of L-cth in a conformation suitable
for a,B-elimination is partially hindered (see Figure 34Ad compare with the orientation of
L-cth shown in Figure 30A), due to the slight steclash with the bulky S atom in positign
of L-cth. On the contrary, the N360S mutant is jceztl to accommodate well both binding
modes of L-cth (Figure 34B). Accordingly, the sulfatom of the L-cth substrate was
proposed to be an important determinant of thendaitton of substrate binding and, therefore,

reaction specificity in yeast CGL [95].

Figure 34. Modelling of the external aldimine of PIL-cth in complex with wild-type TgCGL (A)
and N360S mutant TgCGL (B). The external aldimiriePtP-L-cth is shown as pink sticks, and
the surrounding residues as green sticks. Residessribed in text are labeled in single-letter
code. The Van der Waals radius of the &8om of L-cth is shown as yellow dots. The Van der
Waals radii of N N360 and @ S360 are shown as blue and red dots, respectively.
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3.6 S77E variant

We found no difference in the absorption spectrdn®67E and in the stoichiometry of PLP-
bound (~1 mol of PLP per monomer) compared to velyere.

Notably, replacement of Ser77 by glutamate compjeadolished activity toward L-cth. We
made different attempts to determine enzymaticvégtiincluding long incubation times, and
increased substrate and enzyme concentrationsndng o,y and a,p-elimination activities
were detected.

Also the a,B-elimination activity of S77E variant was also sersly compromised. Only by
increasing enzyme concentration in the assay weevedrle to determine the steady-state
kinetic parameters of S77E towards djenkolic aciid aamino-ethyl-L-cysteine, which
however showed a net decrease of S77E enzyme tiatafficiency (by 214- and 90-fold for
djenkolic acid and amino-ethyl-L-cysteine, respeely) compared to wt enzyme.

The potential of the active-site residue S77 tduefce L-cth hydrolysis was also explored
via characterization of the S77A substitution. Howevie near wt kinetic parameters for
S77A variant did not support a direct and key ffolethis residue in catalysis (Table 4).
When testing the L-cys inhibitory effect on djeniko&cid -elimination by TgCGL S77E, we
found a 1Go value of 0.55 + 0.09 mM (Figure 35A). MoreoverKg,, of 797 uM for TgCGL
S77E-L-cys complex formation was determined froracdpal analyses (p of 677 + 180 pM
at 335 nm, Kppof 874 £ 87 uM at 421 nm) (Figure 35B).
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Figure 35. Inhibition profiles of TQCGL S77E vartany L-cys. (A) Representative curve forsiC
determination. The enzymatic activity of TQCGL S7vV&riant was related to the activity in the
absence of inhibitor (100%). The in vitro inhibtioof enzyme by L-cys was performed in the
presence of djenkolic acid substrate via LDH as¢BY.Absorbance changes at 335 (solid circle)
and 421 nm (open square) plotted against L-cys eotmation.
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Due to the presence of Tyr71, which is missing iimian CGL, in the modelled S77E mutant
the side-chain of Glu77 is unable to occupy the esgosition of the homologous Glu59 of
human CGL, since this would cause a steric clagh Wyr71 (Figure 36). Instead, the side-
chain of Glu77 is forced to occupy the same cldftLecth, possibly interfering with its
binding. The overall effect of the S77E mutationulb affect also the stability of the
guaternary structure of the enzyme, since thisdiesiis placed on a loop making close

contacts with two other monomers of TgCGL (Figufe iset window).

Figure 36. Modelling of the external aldimine ofldvtype (A) and the S77E mutant (B) of
TgCGL in complex with L-cystathionine. The externaldimines are shown as pink sticks.
Residues described in text are labelled in singtéel code. Potential favourable and unfavourable
interactions are depicted as yellow (A) and red §Bshes, respectively. The position of the loop
hosting E77 relatively to the other chains (A=yalldBB=pink; C=cyan; D=blue) of the quaternary
structure is shown in the inset of panel (B).
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The effect of mutation on structure stability ofd@L was probed by analyzing the thermal
stability of the protein both in apo- and holo-stéty DSC. The holo-S77E variant showed a
Tm value of about 66°C at pH 8.0, therefore indicgtihat the single amino acid substitution
Is associated with a 5 °C decrease in the proteemmal stability (Figure 37A). In contrast,
the thermogram of apo-S77E variant displayed ailgeraflentical to that of apo-wt protein
with T, value of about 55 °C (data not shown). Moreovee @waluated the quaternary
structure stability of wt and S77E enzyme varialoyschemical denaturation with urea. The
loss of TgJCGL quaternary structure was measurethbgitoring changes in protein size on a
gel filtration column as a function of changes e ttoncentration of urea. Figure 37B shows
representative unfolding curves for the wt and S¥&tEorms in urea. The data were fitted by
sigmoidal dose-response curves with variable slopee midpoint transition values &

between tetramer/nontetramer were 2.9 + 0.1 M addtD.2 M for the wt and S77E variants,

respectively.
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Figure 37. Effect of S77E mutation on thermal digbiand quaternary structure of TgCGL. (A)
Representative DSC thermograms of holo-S77E (sdiike) and holo-wt (dashed line),
respectively after baseline-correction. (B) Plot mdrcent tetrameric (% T) TgCGL wt (open
square) and S77E (solid circle) as a function @& tinea concentration. Inset: chromatograms of
wt (solid line) and S77E (dotted line) TgCGL at M5urea.
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4. DISCUSSION

The present work shows thdt. gondii possesses a functional CGL which specifically
catalyzes the cleavage at thegSCbond of L-cth, producing L-cysq-ketobutyrate and
ammonia. This finding likely implies that the resertranssulfuration pathway is operative in
the parasite. Furthermore, TQCGL was shown to cdnkecys orders of magnitudes more
slowly than the natural substrate L-cth. Cysteisean inhibitor of TgCGL, which likely
suggests that, at a physiological cysteine:cystaine ratio, the parasitic enzyme might be
inhibited. This would permit tight regulation of stgine intracellular levels, preventing its
intracellular accumulation.

The enzymes of the-subfamily of fold-type I, especially CGS, CBL a@fL, represent and
ideal model for the investigation of the structduection relationship in terms of substrate
and reaction specificity [109]. Some residues theg proposed to participate in substrate
binding and catalysis are well conserved amongehlsgwymes, even though these enzymes
catalyze mechanistically distinct reactions.

Due to the high degree of similarity between TgC&td human CGL (e.g. 40% sequence
identity) it constitutes a tremendous task to desithibitors that can distinguish between the
nearly superimposable active sites of CGL. Howevby, structure-guided homology
modelling and mutational analysis, we identifiee tiesidues Asn360 and Ser77 of TgCGL as
important for the reaction and substrate specifioiftthe parasitic enzyme.

Mutation N360 to the corresponding residue in hunfi&er) was found to influence the
reaction preference of the parasitic enzyme, sthah the N360S mutant harbors a significant
L-cth B-lyase activity. It is an intriguing question whagtermines the reaction specificity for
the catalysis o#,y- versusa,B-elimination of the same substrate L-cth.

It is known that both CBL and CGL catalyze the tofgsis of L-cth, but split the substrate at
B- and y- positions, producing homocysteine and cysteinespectively. The pseudo-
symmetric L-cth substrate, containing the equivalehtwo Ca atoms, binds in opposite
orientations in the active sites of CBL and CGL abow B- versusy-elimination [87].
Messerschmidet al [95] suggested that the orientation of the L-athyCGL is partially due
to its sulfur atom. Indeed, as demonstrated by malecular modelling analysis, the
substituted Ser allows a better accommodation eth_for thep-cleavage than wt, in which
the Asn residue create steric obstruction.

Furthermore, Messerschmidtt al [95, 110] predicted that the reaction specificdf the

enzyme for theu,y- elimination versusy,p- elimination would depend on a pair of residues
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located in the substrate entrance region. Thesdues are very conserved among CGLs and
corresponds to a pair of glutamate residues (E4&3EB yeast CGL and E59-E339 in human
CGL). CBL enzymes generally possess aromatic residin those positions, that lead to more
hydrophobicity in the active site. Replacement ote@n Glu in yeast and human CGL
indicated that this residue plays a unique roleghe reaction specificity. In particular, the
replacement of Glu333 in yeast CGL indicated thas$ tresidue interacts with distal amino
moiety of L-cth and plays a unique role in the qudte binding [104]. Moreover, in human
CGL, substitution of Glu339 with a hydrophobic s¢ increased the,f elimination
reaction toward L-cys [111]. On the other hand, atwinal analysis of Glu48 in yeast CGL
suggested a role into active site architectureutasiate positioning, therefore subtly and not
directly influencing reaction specificity. Replacent of the corresponding D45 of CGS from
E.coli with alanine or asparagine also results in onl9-#83ld changes in kinetic parameters,
but enables a minor transamination activity, sugggsa subtle role into active site
architecture or substrate positioning [112]. Noyalbhe mutation S77E in TgCGL completely
abolished the activity toward L-cth, probably dwea complete rearrangement of the active
site that prevents the binding of L-cth. Howevdre tanalysis on S77A mutant showed that
this is not a catalytic residue. Molecular modajliresults demonstrated that the presence of
Tyr71, which has no homolog in human CGL, forces &lu77 of the S77E variant to occupy
the same cleft of L-cth This finding reinforces theportance of the structural contest of
parasitic and human enzymes in defining the arctute of the active sites. Moreover, the
mutation has a significant impact on the structwgtability of TQCGL, as demonstrated by
DSC and SEC analysis, according to the fact thet tésidue is placed on a loop in close
contact with two other monomers.

These results provide support for the theory, pseglo by Clausen [113], that the
conformation and orientation of substrate(s) withive active site as well as the degree of
freedom of rotation about thea€C bond of the substrate covalently bound to the ciofa
are determinants of reaction specificity amongeheymes of thg-subfamily.

Moreover, despite the high similarity of CGL enzysm@mong different organisms, there are
subtle differences in active site architecture Wahiave important implications for enzyme
functionality. We must await data on the three-disienal structure of TgCGL for a

thorough interpretation of these differences..
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General conclusions

In this work we investigated the possible use oDAJ and TgCGL as anti-toxoplasmosis
drug targets and we contributed to gain knowledgeuatwo metabolic pathways that are still
poorly explored inT. gondii However, ouiin vitro andin silico analysis could be considered
only a first step toward the structure-based salealrug design development. First of all, the
respective PLP-dependent host enzymes as well aslikely broad specificity of target

inhibition have to be taken into account. In thegard, the effect of known inhibitors has to
be investigated in order to provide new insight® ithe inhibition mechanism of the enzyme.
Moreover, a virtual screening approach will leadthe@ rational design of more selective
inhibitors that, subsequently, can be chemicallytbgsized anéh vitro tested. Finally, future

in vivo studies will be necessary to examine in depthettective roles of these enzymes in

the parasitic cell processes and infection.
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Appendix

Figure Al
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Figure Al. GOX-coupled assay calibration curve. Trmight line obtained is y = -0.0874 +
0.00588x, in presence of L-glutamate, ranging frinto 500uM, a-KG 5 mM, PLP 0.05 mM and

phosphoric acid 14 mM.
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Figure A2. Michaelis — Menten profiles of TQOAT. [Resentative curve of TgOAT activity

towards L-orn (A) and GABA (B) in the presence om®/ o-KG, 50uM PLP in 50 mM Hepes pH

8 at 37 °C.
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Figure A3
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Figure A3. Michaelis — Menten profiles of TJCGL wRepresentative curve of TgCGL activity
towards L-cth (A) and djencolic acid (B) at 37°C58 MBP buffer pH 9 in the presence of 201

PLP.
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Figure A4. Inhibitory effect of L-cys on TgCGL aeily. The initial velocity of enzymatic
reaction was measured as a function of djencolid asncentration at Ocf), 100 («), 300 @) and

500 (#) uM of L-cys.
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