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Chapter 1

1. INTRODUCTION

1.1 Schistosomiasis: a water-born disease

Schistosomiasis, also known as “Bilharziasis” from the nameeof3#rman
pharmacist Theodor Bilharz who described the iliness in 1851, isnarhparasitic
disease still affecting more than 200 million people especiallyropical and
subtropical countries [1]. The control programmes adopted in thénesty years
have changed to some extent the worldwide distribution of the diskbase,
Schistosomiasis still remains a real scourge in more thamddmic countries (Fig.
1, [2]). Asia, South-America and sub-saharian Africa count about 200,000 deaths per
year, 85% of them belonging to the African continent [2, 3].

almost eliminated
ongoing large-scale control
limited or no control

Fig. 1: Geographical distribution of Schistosomiasis (aeidgrom[2]).
A flatworm parasite of the genus Schistosoma (see section 1.2thg is

causing agent of the disease (Fig. 2). The worm spends part|dé lugcle in the
freshwaters using a snail as intermediate host before beaaly to infect humans.
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Thus it is not surprising that the earliest infection from thegte was detected in
1914 in Egypt in people working for the construction of the first greiat aleross
the Blue Nile river. The project, the so-called “Gezira Schenwds a real
commercial success but the rapid growth of artificial watals created soon an
ideal habitat for the snails and provided the basis for the aiffuof
Schistosomiasis. The infected people were treated with tan@tieebut the spread
of the disease was unavoidable. During thi @éntury lots of projects resembling
the “Gezira Scheme” caused the dramatic spread of the disets® developing
countries [4].

Fig. 2: A couple of paired wormsSthistosoma mansoni). The male is holding the female in the
gynecophoral canal, a longitudinal groove downbaidy.

Nowadays Schistosomiasis is second only to malaria for prevakende
number of deaths. The reasons for the difficulty of eradication okt®slimiasis
are various but we can say that, besides the difficultiesnolinfy an effective
pharmacological solution and the extremely easy transmissioheopdrasite in
endemic areas, poverty itself is certainly both a cause amhseqguence of the
disease spreading. The access to clean water is stilhrdre poorest countries, this
increases the probability for local people to be affected his®somiasis and other
water-born diseases. Moreover, being these infections often chaodicreally
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disabilitating, they augment undernutrition and reduce people productivitythe
final result of ever-increasing poverty [5].

1.2 Infection and progression of the disease

1.2.1 The parasite

As mentioned above human Schistosomiasis results from the infectian by
bloodfluke worm, a platyhelminth of the genus Schistosoma. The adulttparase
white, approximately 1 cm long and 0.11 cm wide and, differently fronother
trematode species, schistosomes have separate sexes. Heswales cylindrical
body, they are longer and thinner than males and can be hosted in a gneove
gynaecophoric channel, present in the body of the male worm. Oncd {teréwo
partners live permanently coupled within the venous system of the hbosin
feeding themselves with erythrocytes. The localization of thet adhistosomes
inside the human body depends on the infecting spegibistosoma mansoni and
S japonicum, cause hepato-intestinal Schistosomiasis as they migrate hato t
mesenteric circulation once matured to the adult stage, Bhilbaematobium is
responsible for the genito-urinary form of the disease, being ledalizthe venous
system which surrounds the human bladder. Minor species with limited geographical
distribution areS. intercalatumandS. mekongi (Fig. 3).

The parasites can remain in the human host for a period that franeshree
to thirty years, and in the meantime the adult females aestalggroduce 100-300
eggs per day. Some of the eggs are able to reach the lumen oteine &
mansoni andsS. japonicum) or of the bladderS haematobium) and are then excreted
through feces or urines (Fig. 4). Once in contact with the fratdnthe eggs hatch
releasing miracidia, which represent the first larval stafjghe parasite. Each
miracidium searches for its intermediate host, a snail ojehesBiomphalaria (for
S mansoni), Bulinus (for S haematobium) or Oncomelania (for S. japonicum), and
penetrates it. The snail is required by the parasite to mateeugh a series of
asexual reproductions. A single snail can release in the fremhthatusands of




Introduction

swimming larvae, the cercariae, which finally recognize pedetrate the human
skin using their bifurcated tails.

‘Worms mature and mate Larvae mature into adults .
for life (life-span 3-30yr) in the liver Larvae then migrate
- to the left heart and

into circulation

Chronic
schistosomiasis

Larvae first migrate
to the lungs through

Eggs retained in tissue the venous circulation

leading to portal
hypertension

S. haematobium S. japonicum and Cercariae lose tails during
migrate to venous S. mansoni migrate to penetration and become
plexus of bladder, mesenteric vessels | schistosomila
where females lay of bowel or rectum, ( ; 1
eggs that are shed where females lay ) r

in urine eggs that are shed @ 3 ‘
in stool \
\ \
\ ( Cercariae penetrate skin
A
|
e Eggs excreted
water : 2
in stool or urine 6 !
% t
<
Eggs hatch,
Ova releasing

miracidia

Miracidia develop into
sporocysts within the
snail in two successive
generations and produce

cercariae

S species
TN — -
=

Biomphalaria species

S. japonicum

Oncomelania species

Fig. 3: The life cycle of the three most infective speadschistosomaS mansoni, S. haematobium and S
japonicum) [1].
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Fig. 4: S mansoni egg. The schistosofne eggjs héve terminal or‘laﬁp'raés trough which they can penetrate the
host tissues.

The head of the cercaria transforms into an endoparasitic |dnea,
schistosomula, which lives for a few days under the skin before ey to enter
the lymphatic and venous circulation. The larvae migrate ttutigs and from here
to the heart reaching finally the hepatoportal circulation, wisetestosomulae
develop into sexually mature worms within 4-6 weeks. Schistosome coeples
their definitive district in the human body according to the paragiecies, females
begin to produce eggs and the parasite life cycle starts again (Fig. 4).

1.2.2 Immunopathogenesis

A number of eggs produced during the schistosome permanence inside his
definitive host are not released outside the human body, but are neetiga
entrapped in the host tissues. Thus it is not surprising that thesyraptoms of
chronic schistosomiasis develop at the sites of major accumutdtieggs, i.e. the
intestine and the livelS( mansoni andS. japonicum) or the genitourinary apparatus
(S haematobium). Many studies have been carried out in animal models of
Schistosomiasis in order to clarify the involvement of the immpnggstem in the
pathogenesis of the disease. Independently from the parasite spstigeam the
infected organism, it is now clear that the eggs’ antigens indisteong CD2 T-
cell mediated response that directs a granulomatous reaction.offhatibn of
granulomas proceeds from the early accumulation of macrophages, takechp
the secreted eggs’ antigens. These mononuclear cells both presemtigens on
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their surface and secrete limphokines that attract differemiuime cells around the
deposited egg: especially CDZ-cells, B-cells, neutrophils and eosinophils. In the
latest stages of the granuloma formation epitheloid cells &nocfites accumulate
at the periphery of the lesion, finally becoming predominant overother cell
types. As the granuloma matures the egg is disintegrated and beedoiiied,
while the fibrocytes mediate the massive deposition of collageichwinally leads

to fibrosis and to a progressive decay of functionality of the ongémested by the
granulomatous reactions (Fig. 5).

Colagen === cp4*Tcell (@
Eosnopni @ otmer el ©®

Macrophage

granulomaPanel B representation of an hepatic granuloma showmgatlular composition (adapted from

[6)).

It is clear that the severity of the disease correlateserbavith the
alteration/modulation of the host immune response, rather than with thsitpa
burden inside the host. Results obtained from the study of the murimeofathe
disease have demonstrated that a T helper-1 (Thl) mediated imnaponse
dominates the earlier stages of the disease. When the @asassixually mature and
starts to produce eggs the T helper-2 (Th2) response becomes dominaet on t
former. The Th2 prolonged action seems to be directly involved in Hraligma
formation. Some cytokines released during this secondary resporsey gram IL-
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4 and IL-13, have been demonstrated to have a fibrogenic role, aslepiceed of
IL-13 do not develop fibrosis as a consequence of Schistosoma infectise The
molecules should induce the expression of the enzyme arginasenaidaphage
and should activate the biosynthetic pathway that leads to the sgntiethe
aminoacid proline, an essential precursor for the production of collggen).
Unfortunately the specific pattern of immune cells and chemigalls that are
activated as a consequence of the Schistosoma infection in humatsasnpletely
elucidated yet. However the progression of the infection is accontgpaige in
humans by a change from Thl to Th2 mediated immune response, andder8
to be the main fibrogenic cytokine in humans too, while IL-4, IL-10 andiéuld
play an important role in controlling morbidity [6, 8].

1.2.3 Clinical features

The clinical symptoms of Schistosomiasis are different deperelthgr on
the number of exposures of the patient to the parasite or on thailpartitecting
species. A distinction between acute and chronic disease maysibe drawn.
Usually travellers, who are subjected to a single contact iélwbrm, present the
typical manifestations of acute Schistosomiasis: cercaeahatitis and katayama
fever. The former is characterized by a pruritic rash whesdults from the IgE-
mediated immune response to the cercaria penetration; thenatefests 14-84
days after the infection and determines fever, headache, myetgigh, general
malaise, sometimes accompanied by abdominal pain as a retudt migration of
juvenile worms through the human body [6]. The chronic form of Schistasani
involving mainly the endemic populations, is more dependent on the infecting
species which localize, as above mentioned, in typical anatomicctdistf the
mammalian host. Abdominal pain, loss of appetite and rapid weightliasd)oea,
vomit, together with portal hypertension, splenomegaly, ascitegrogaestinal
bleeding and periportal fibrosis in the late stages are ususdlyciated with the
development of granulomatous lesions consequentyr@nsoni andS. japonicum
migration to the hepatic and intestinal districts. Anaemia @@gompany these
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symptoms causing wasting in adults and growth retardation in ehildfhe
infection with S. haematobium instead involves the genitourinary apparatus and has
as major symptoms renal colics, fibrosis and calcification obthéder and ureters
where the parasite eggs are accumulated, leading to a gradchidiarkire. A series

of co-infections sometimes may complicate the clinical prospfegatients affected

by Schistosomiasis. It has been pointed out that hepatitis C (lHGY/)B (HBV)
viruses have a crucial role in increasing morbidity du&. toansoni infection, as
they accelerate progression of the disease towards liveri§ilznod cirrhosis. On the
other hand it is not so uncommon that women affected by genitourinary
Schistosomiasis are subjected to infertility if the parasiéehes the uterus, tubes or
ovaries, and usually they have a higher tendency to the transmisssaxully
transmitted infections such as HIV, because of the developmenteohtive lesions

in the genital tract as a consequence of the egg deposition indtinistdin addition

to the above-described variants of Schistosomiasis, the lung dastdcthe CNS
may be also damaged by the parasite infection although witkr fewcidence.
Neuroschistosomiasis, mainly caused 8ymansoni, has not been extensively
studied yet but preliminary evidences suggest a pathogenesiargdiomihe hepatic-
intestinal and genitourinary form of the disease. Eggs trappéteiltNS tissues
should evoke an immune response probably Th2-mediated, with the consequent
development of granulomatous lesions and serious damaging of theemests
tissues [6, 9].

1.3 Prevention and morbidity control

1.3.1 Prevention strategies

Schistosomiasis morbidity and mortality have been underestimatgedos
and the spreading of the disease has made urgent the finding eff¢ative and
preventive control measures.

The water-based diffusion of Schistosomiasis suggested thatgudare
provision and use of safe water and an appropriate health educatiohetogih
specific environmental management programs aimed at reducirgrbtemination
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of water resources, might represent a good strategy to pronygiend and
sanitation and eventually to reduce the morbidity in some areas. iEvkese
initiatives have had only limited success till now, it is indeedegs opinion that,
given the high rate of reinfection in endemic areas such inteowsntaimed to
break the parasite transmission routes, could be extremely usefight far from
representing the final solution for Schistosomiasis [5, 10].

A vaccine applicable to humans could represent a key step towards the
definitive eradication of the disease, but a vaccine production has proved to be rathe
tricky. The main reason for that can be found in the abilitysafistosomes to
survive for decades in the human bloodstream, evading the host immunessiefens
through different highly effective mechanisms: (i) they maskriselves through the
absorption of some host serum proteins; (i) they evade the immtack dty
producing antigens with epitopes similar to those of the hostth@y modulate the
human immune response in order to reduce the parasite-specifignitpnand
assure their life-maintenance into the host [11, 12].

In spite of the ability of the parasite to elude the human defessese
experimental evidences demonstrate that the development of asfulceascine is
a realistic prospective: (i) the immunization of mice withadiated cercariae
conferred them 50-70% protection, and (ii) the repetitive exposition of @é&viplg
in endemic areas to schistosome infection finally results imahéral development
of a partial protection [13]. Based on these premises in the laatelevarious
molecular candidates for the design of a vaccine against Schistes®imave been
proposed; glutathione-S-transferase [14], paramyosin [15], triose phesphat
isomerase [16], fatty acid binding protein (FABH17]), Sm23 ([18]),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, [19]) are artiang.
Recent evidences suggest also that DNA-mediated vaccination withxidauht
enzyme, such as superoxide dismutase (SOD) confers a certae dégrotection
against schistosome infection [20, 21]. According to the WHO dires;tianich
established that an effective vaccine should induce at least 4f1¢¢tpyn in mice
infected, some of the discovered antigens, SOD among them, ayetoeaater the
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human clinical trial phase. However most of the current schistosaaneine
candidates do not confer more than 50% protection in animal models, tthes fur
efforts are needed either to develop adjuvant molecules, which camcenha
protection levels, or to find out new more effective parasite antigens [13].

1.3.2 Chemotherapeutic approaches and current therapy

Because of the unavailability of an effective human vaccimega amount of
schistosomicidal compounds have been employed in the last century toraciunte
the spread of the disease [2Zhe main compounds proposed as drugs against
Schistosomiasis are listed in Fig. 6.

In the early 1900s the first schistosome contagions were tredatedaw
antymonial saJthamelytartar emetic (or potassium antymonium tartrate). The drug
unfortunately proved to be toxic, as the excretion of the metal fnaman tissues
could take several weeks and in the meantime a number of sensueficts
appeared. Several years lateltipraz and artemether were proposed as valid
chemotherapeutic alternatives. Oltipraz, a dithiole thione derejaits no longer
employed in the clinic of schistosome infections because sertsus dose-related
side effects, such as paresthesiasis and loosening or detachment oétfis §23h

Still rather promising antischistosomal drugs seem to be repeesdy
metrifonate, oxamniquine and artemether Metrifonate, an organophosphorous
compound, was demonstrated to be an acetylcholinesterase inhibitor, stitng
activity againstS. haematobium species. Today it is still one of the WHO
recommended drugs for the treatment of urinary SchistosonizZ3isOn the other
hand the therapy db mansoni infections has been based for many years on the
employment of oxamniquine, a tetrahydroquinoline derivative, whichagslye
administered orally to patients and has no relevant side .dffech is known about
its mechanism of action: the drug is activated by a schistosoip@otransferase
enzyme, the active metabolite is able to alkylate DNA, ingusellular damage and
finally leading to the death of the worm [23, 24]. Artemether, d@enasinin
derivative, is a very well tolerated compound, demonstrated to ive against the

10
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juvenile stages of all three main species of schistosome ingebtimans [25].
Artemisinins are at the moment widely used in the treatmentaddiria, thus their
employment as antischistosomal agents is forbidden especiaiyeas where the
two parasitic diseases are co-endemic, in order to avoid thdogment of
Plasmodium strains resistant to the drug.

Unfortunately the species- and stage-specificity of these thangs limited till
now their employment in the large scale treatment of Schistas@nithus the
current chemotherapy is mostly basedpraziquantel, a drug discovered in the
mid-1970s and administered to several millions people for more than ) (if&a
6). Praziquantel is a pyrazino-isoquinoline derivative, commercaagilable as a
very low cost drug, easily administered through a single dwak. It is effective
against all species of schistosomes infecting humans, though thdgustagies are
less susceptible then the adults to the drug, and lacks both shodstd long-term
relevant side effects [23]. At the moment the drug is comnigr@sailable as a
racemic mixture of L- and D-praziquantel, but only the L-opticainisr is active,
and its mechanism of action is actually still puzzling. It is kmothat the
administration of praziquantel causes the disruption of the woromtegt and
enhances the muscular contraction, but it is neither clear ifldkts effect is
mediated by an increase of the intracellular concentration ©f @eolving the
action of the drug on the parasite voltage-gatetf €annels, nor if praziquantel
induced tegumental damaging may lead to the exposure of the schistastgens,
which finally elicit the host's immune responses against thasppai22]. Recently a
new study suggested that the drug might act as an inhibitor ofosiddeuptake by
the parasite, a relevant effect since the schistosome is uoagymthesize purine
nucleosidesde novo [26]. Besides its uncertain molecular target praziquantel has
been administered to several millions people, giving a large botitm to reduce
the worm burden in endemic areas and to limit the disease sprebidiwgver it
must be pointed out that the massive use of this unique drug is resaoltthg
emergence of schistosome strains resistant or less susceptibletogh27], which
makes urgent the search for valid therapeutic alternatives.

11
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1.4 Main tracks of current bio-medical research

1.4.1 Discover new drug combinations

The use of a single drug in the treatment of Schistosomiasls thédtactual
resulting problem of resistance, puts the current chemotherapy dadger and
shows how pressing the need for more effective drugs is. In thgelas interesting
chemical compounds have emerged for their schistosomicidial ¢Fert6). In
particular a high-throughput screening identified oxadiazole 2-sxidad
phosphinic amides as the more effective compounds, for their abilibhibit the
activity of thioredoxin glutathione reductase (TGR), an enzymengakéor the
parasite survival into the human host. The toxicity of these proposed
antischistosomal drugs is not very different from that of prazigyearid some of
these compoundfyroxan among them, are able to reduce the worm burden in mice
infected with the parasite by more than 80% [28]. Such values a&xbeeWHO
criteria for the selection of drugs to employ in the tresathof the disease, thus the
research work is still in progress to generate effective damvaompounds to be
used in the clinic of human Schistosomiasis.

12
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Potassium antimony(lll) | Arthemeter Metrifonate
tartrate hydrate
(e} OH
0 0 N
HZO /P\ Cl
0.0 0 _ oK' H,C—C O cl
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Auranofin Furoxan (4-phenil-3-furoxan carbonitrile)
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An alternative approach to the finding out of new chemotherapeutic ea@slid
relies in the attempt to employ old drugs already in clinise for other human
diseases. This is the caseaofanofin ([Aul(PEt3)(thioglucose)]), a gold-containing
compound used to cure rheumatoid arthritis for 25 years, and which Bas be
recently demonstrated to be highly effective as schistosonididig [29] (Fig. 6).
Finding new uses of clinically established drugs, which have a well-known agd qui
safe toxicity profile, represents a clever strategy afjditiscovery considering the
drastic reduction in times and costs [30]. These considerations befoemaeme
importance especially when we are dealing with researcleglected diseases such
as Schistosomiasis that have a limited financial market, beingtimattive for the
funding providing organizations.

1.4.2 ldentify drug targets and vaccine candidates
In the last decade a series of schistosome proteins hasdieeted for their
potential interest in the treatment of Schistosomiasis. Soméeof,tsuggested
either as potentially “druggable” proteins or as vaccine candidai® grouped
below:
- Enzymes required in the different stages of schistosome infection: (i)
proteolytic enzymes, involved both in the early stages of cerqaradtration
[31] and in the adult life of the parasites when, especiallyerystproteases,
seem to be involved in the suppression of the human Th1l-mediated response in
order to assure the parasite survival into its host [32]; (iinphexidases
(tyrosinase 1 and 2), copper-containing glycoenzymes, which ptay #ole
in the eggshell formation and production [33]. Their inhibition is likelye
crucial for the prevention of the egg-induced inflammatory reactiwhgch
open the road to the development of the chronic disease symptoms.
- Factors crucial for the parasite life-maintenance: (i) protein kinases, which
are involved in intracellular signaling pathways in adult wormse Of them,
cAMP-dependent protein kinase A (PKA) has recently proved tesbential
for the parasite viabilityin vitro [34]; (ii) cyclophillins, enzymes with a
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peptidyl prolyl isomerase activity, involved in protein folding ah@peroning
mechanisms. Their interest as potential drug target has increased wimthy rece
a cyclophillin from S. mansoni has been demonstrated to be efficiently
inhibited by cyclosporine [35], a compound with a proved antiparadftécte
[36]; (i) voltage-gated calcium channels [37], whose modulation may
determine an increase of the calcium influx into the worm ghresulting
muscle contraction and paralysis, one of the proposed and discussexi adffect
praziquantel; (iv) enzymes required for the parasite redox hoasepst
(discussed in detail in section 1.4.3).

. Proteins localized at the host-parasite interface: lots of surface-exposed
tegumental proteins have been recently identified, among themaptndn
proteins, heat shock proteins and tetraspanins. It is clear thag, thei worm
tegument directly involved in the mechanisms of evasion of the hostime
response, its protein components could be extremely useful in the fusige de
of a human vaccine [38].

1.4.3 The Schistosoma thiol-detoxification pathway: a promising target

Adult Schistosomes spend their entire life in the bloodstream ofiuh&an
host, where they are constantly subjected to oxidative stressndetd by the
reactive oxygen species (ROS) that come both from their own aematabolism
and from the immune response of the host phagocytes to the parasigomf
Macrophages as well as neutrophil, eosinophil or basophil granulocytes;t,in fa
contain several enzymes which produce free radicals in ordertatlfig infectious
agent [39, 40].All aerobic organisms require protection against ROS; reactive
species such as superoxide anion radicafs )(Qhydrogen peroxide (#D,), and
hydroxide radicals (OH, are able indeed to trigger radical reactions which may
result in severe cellular damage through the oxidation of proteids land nucleic
acids.

Mammals possess two main systems devoted to the detoxificatithress
highly damaging compounds: the thioredoxin (Trx) and the glutathiondi)GS
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systems (Fig. 7) [42]. Two redox cascades are headed by Thiordedurctase
(TR) and Glutathione Reductase (GR) enzymes respectivelyaiR GR are
homodimeric flavoenzymes, belonging to the family of pyridine raiice disulfide
oxidoreductases, involved in various cellular processes crucial lfducetion and
proliferation, besides their key role in redox homeostasis and al#mixdefense
[43]. Crystallographic evidences proved the high structural similaritydsn TR
and GR. The two proteins share the main structural fold and #wegament of the
binding sites for NADPH and FAD. Indeed the main difference betW&and GR
resides in the C-terminal segment of the polypeptidic chains,ewtier former
protein presents a selenocysteine (Sec) residue located ity-@y&Sec-Gly
tetrapeptide, essential for the full catalytic activity abdemt in GR (Fig. 8) [43,
44]. Both enzymes are able to shuttle reducing equivalents from NADPH
peroxidated substrates, by means of a series of thiol-/selat&imd redox
exchange reactions involving intermediate enzymatic and non-enzypatiters
(Fig. 7). Trx peroxidases (Tpx) in addition to Trxs are the otberponents of the
Trx system, while the GSH system involves GSH Peroxidase )(Gox
Glutaredoxin (Grx), an oxidoreductase acting on S-glutathionykubdtrates [45,
46].

All species of Schistosoma (e.pgaponicum, mansoni, haematobium) have
evolved an enzymatic mechanism quite different from their mammalian host in order
to protect themselves by oxidative damage. It is based on a smudfifunctional
oxidoreductase, namely Thioredoxin Glutathione Reductase (TGR), waigdfdrs
reducing equivalents to both GSH and Trx systems (Fig. 7) [39%cént analysis
of the platyhelminth genomes and transcriptomes has found out that, frelale
living Plathyhelminths (class Turbellaria) possess the thypestof antioxidant
enzymes (TR, GR and TGR), platyhelminth parasifehkigtosoma, E. granulosus,

T. solium, F. hepatica) have lost the genes coding for TR and GR as a resultiof the
adaptation to the endoparasitic life, and depend on the single TGR enzyme to control
redox homeostasis [47]. The peculiarity of the parasite detoxificatioansystlying
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on the unique TGR enzyme, explains why this pathway currently prosicedent
enzymatic targets in the search for new antischistosomal drugs.

The main components of Schistosoma linked thioredoxin-glutathione
detoxification system are represented in Fig. 7, though the c@usittoning and
relations betweens some of them inside the pathway have not blenldufied
yet. TGR is the hub enzyme, able to exploit the three enzymaaticities of
thioredoxin reductase, glutathione reductase and glutaredoxin, through goue uni
fusion of a TR with a glutaredoxin (Grx) domain. It is becausesgdeculiarity that
TGR has been recently proposed and partially validated as one of dbie m
promising drug targets against Schistosomiasis [29, 48]. A maadedietescription
of Schistosoma TGR and a review of the recent concerning Uiteratill be
provided in section 1.6.

The intermediate thiol-exchange reactions, that precede the ioeductd
detoxification of peroxides, involve Trx and GSH as direct substmaiteEGR.
Schistosoma thioredoxin is a 12 KDa monomeric protein, containiagax+active
site with the conservative motif CXXC [49]. When this cysteioapte is recycled
to its reduced state by TGR, Trx is able to provide reducing dguaigato its
substrates, such as ribonucleotide reductase and thioredoxin pergXiBageOn
the other hand TGR can supply electrons to the oxidized tripeptie®lutamyl-L-
cysteinylglycine (GSSG), which once reduced may act assubstrate of other
enzymes, e.g. Glutathione Peroxidase (Gpx), though it is stillaxesial if Gpx is
maintained in its reduced state by GSH or by an enzymatic partner. Thgp&iax
is classified as a phospholipid hydroperoxide glutathione peroxidgasene, being
able to reduce peroxides of phospholipids and cholesterol more efficiently {6an H
and other organic peroxides [50, 51]. Its direct role in the protectitmeqgbarasite
membranes from oxidation and its localization on the tegument ofidihe make
Gpx a potential target either for the development of drugs or fodésegn of
vaccine against Schistosomiaf26]. Further details about the parasite Gpx will be
provided in section 1.5.
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The detoxification pathway of the worm comprises also the parasi
Peroxiredoxins (Prx), which have been recently proved to be the faapidy of
antioxidant enzymes involved in the detoxification afOslin Schistosomes. This
result is compatible with the observation that parasites lackasat which usually
works as HO,-scavenger, and express high levels of superoxide dismutase (SOD),
whose G -detoxifying activity results in the release of hydrogeropiele. Taking
into account the fact that the parasite Gpx has a poor readtwityrds HO, if
compared with lipid peroxides, it is clear that the role of RBncrucial for the
parasite survival. It has been demonstrate®. imansoni the existence of at least
three Prx enzymes, belonging to the class of 2-Cys Prx%; Prx2, Prx3. The three
proteins are highly effective in the reduction ofG4d using reducing equivalents
provided by Trx, but Prx2 and Prx3 seem to be more efficient in aegegectrons
from the GSH system [52]n vitro experiments of RNA interference, performed
incubating schistosomulae with Prx1 double-stranded RNA, have provedldbat
this enzyme is essential for the parasite survival and cdhuseclassified among
the promising target of antischistosomal therapy [53].

A MAMMALS
=x=
GSH system
NAPDH GR » EGSH

NAPD* @ GSSG

HS SH Targets

Trx system

= N o oA
NAPDH 'zs' @—\
$ :
5-8 HS SH
NAPD* ’ig /

HS SH $-8

18



Chapter 1

PLATYHELMITHS

TGR system

NAPDH ﬁ

Targets

NAPD* q——/

Fig. 7: Antioxidant detoxification pathways in mammals gidtyhelminths (adapted frofd1]). The
electron flow in the Trx and GSH systems of mamnaald TGR system of platyhelminths is shown.
Panel A In mammals, NADPH donates electrons to both TarR GR; TrxR shuttles electrons to Tr,
which directly reduces TPX and various oxidizedyéas, such as ribonucleotide reductase. GR converts
oxidized glutathione (GSSG) to its reduced form {pSSSH donates electrons to Gpx, Grx and other
oxidized targets. Gpx and Grx are able to reducexides and GSH-mixed disulphides respectively.
Panel B Platyhelminths have a single hub enzyme, TGR,clwhexploits the functions of either
mammalian GR, TrxR and Grx. In both pathways the @dox site is shown in green, the FAD redox
site in yellow, and the C-terminal tetrapeptide GEld violet.
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Fig. 8 Primary structure of TGR, TR, GR, GRX and TRX ymes. The NADPH and FAD binding
domains on TGR, TR, and GR is shown, with the closteine couple contained in a CXXXXC motif.
The C-terminal GCUG tetrapeptide is present in TRl ZGR but absent in GR. The CXXC motif
containing the catalytic cysteine couple on the @main of TGR is shown [39].
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1.5 The Schistosoma Glutathione Peroxidase (Gpx)

1.5.1 The Gpx family: an overview

Glutathione peroxidase (Gpx) is the general name given to ayfawhil
antioxidant enzymes that catalyze the reduction of hydrogenigeraxd organic
hydroperoxides to water or the corresponding alcohols, usually usthgced
glutathione (GSH) as electron donor, according to the following reaction:

ROOH + 2GSH— ROH + HO + GSSG

where ROOH is an organic or inorganic peroxide (includip@-H

The variety of existing Gpx isozymes, showing various molecular
organizations, cellular localizations and substrate specificiefiected so far in the
difficult efforts to give a definitive classification to the Gfamily [54]. In spite of
this complexity, at the moment it is possible to identify astlesix classes of
enzymes: cytosolic or classical (Gpx1); gastrointestingdx@p plasma secreted
Gpx (Gpx3); Gpxs with specificity for phospholipid hydroperoxidedssrates
(PhGpx or Gpx4); Gpxs localized in the epididymal (Gpx5) and olfaepithelium
(Gpx6) [54-56]. Recently a philogenetic analysis has proved Gpx4 tel@ntestor
among Gpx isozymes. It seems likely that, by a first duptinagivent, the ancestral
gene of Gpx4 lead to the formation of two groups of genes: the &dihg for
intracellular Gpx1 and Gpx2 isozymes, and the second coding for the secreted Gpx3,
Gpx5 and Gpx§55].

All Gpx isozymes except Gpx5 and Gpx6 are selenium-containingipsot
having a selenocysteine residue (Sec) in their active site. The Sec resiered to
as the 2% amino acid, is encoded by a UGA codon, which is otherwise usually
recognized as a stop codon during protein synthesis. In the preseacstem loop
structure (SeCys element) in the transcribed mRNA, locatkdretownstream the
UGA codon or at the 3’-end of the gene in prokaryotes and eukargsigsctively,
accessory proteins may mediate the binding of the cellulatF3¢& to the UGA
codon and the incorporation of the selenocysteine residue in the naspedée [57-
59]. Bothin vivo andin vitro experiments have demonstrated that the Sec residue,
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when present in the active site of glutathione peroxidasesicidystequired for the
full catalytic activity of the enzymes [60, 61].

A few crystallographic data on Gpxs from different classes leucidated
some aspects of their macromolecular assembly and clarfeedhdture of their
catalytic sites. With the exception of Gpx4, the other isosygpeared in the
tetrameric form [62-64] and all of them share the same basibansm of action.
In this respect a detailed computational study recently stegg@smodel for the
catalytic mechanism of all selenium-containing enzymes belgntp the Gpx
family. It is based on a ping-pong mechanism, where the redudtioeraxides by
Gpx is coupled to the oxidation of the catalytically active formthef enzyme,
represented by the selenolate anion (B;$e selenenic acid (E-SeOH). Then, in a
second step two reducing equivalents, usually supplied by two glutathione
molecules, should recycle the enzyme to its active form passiraugh a
selenosulfide intermediate (E-Se-S{6%] (Fig. 9).

ROOH + H* ROH
E-Se E-SeOH
(selenolate) (selenenic acid)
GSSG GSH
+ H*
E-Se-S-G
GSH (selenosulfide) H,0

Fig. 9 Proposed mechanism for the catalytic cycle oftaghione peroxidase. The enzyme shuttles
between the reduced form E-eelenolate anion) and the oxidized one (selenaciit). The peroxide
reduction is accompanied by the oxidation of thiersglate to the selenenic acid. Then the oxidized
enzyme is recycled back to the active reduced fagacting with two molecules of GSH and passing
through an intermediate selenosulfide adduct (E5G6-
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The active site of Gpxs from all classes presents some hagngerved
aminoacidic residues, which may explain the similar mechanisactién. Apart
from the reactive Sec, a GIn and a Trp residues are also teghbkerved, and
recently it has been demonstrated that an additional Asn residigegnisessential
role in the catalytic reaction [66].

1.5.2 The parasite Gpx and its interest for antischistosomal therapy

The first gene coding for a monomeric Sec containing Gpx (SmGmas)
cloned inS mansoni more then ten years ago [67, 68], but a recent analysis of the
parasite genome lead to the identification of an additional Gpx geneding a 178
aminoacid protein (SmGpx-2). It shares with the previously discover€ap&-1 an
in-frame UGA codon, coding for the active site Sec residue, &&CAS element in
the 3’-non-coding region of the corresponding mMRNA, essential fondegtion of
the Sec residue by the cellular translation apparatus [53]. BotBp$th and
SmGpx-2 belong to the class-4 of Gpxs, as proved by theHatthe predicted
aminoacid sequence of SmGpx-2 has 55% and 48% identity with SmGpa-1 a
HsGpx-4, but less then 36% identity with other classes of human Gypbezd the
main difference between the two Schistosoma enzymes seemgy to réheir
cellular localization. Slight modifications in the sequenceshef tivo proteins,
related both to aminoacidic substitutions in the C-terminal segmedtto the
presence of an additional N-terminal cleavable peptide in theseguwf SmGpx-2,
could explain the different cellular targeting of SmGpx previpdseimonstrated by
immunolocalization experimenf67, 69]. Thus, though extremely similar, SmGpx-1
could be directed mainly to the egg vitelline cells of femalenvgo while SmGpx-2
should be a secreted enzyme directed to the tegument and gut epithelium [53].

Apart from this still questionable difference in the cellulacalization, a
functional characterization of the Schistosoma Gpx has clatifegdthe enzyme has
a great similarity with the human Gpx-4 (HsGpx-4), a 20 KDa mamanenzyme
highly reactive towards phospholipids and cholesterol hydroperoxides thtre
towards inorganic peroxides, such as hydrogen and cumene hydrope[b8idsH.
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Its substrate specificity and the evidence of an associatiddn@px with the
tegument in adult worms [69], have proved the exclusive role of thetS8sbima
enzyme in the protection of biological membranes from oxidative danmagking
on the one side this enzyme a potential druggable target, and othérehand a
promising candidate for the design of a vaccine against Schisassmbeing
localized at the host-parasite interface. In this respectnprelry vaccination of
mice with DNA constructs coding for SmGpx resulted in a worm budéerease of
more than 40% if compared with a control group [20], but further sfiare still
needed in order to localize SmGpx epitopes and/ or to find out fispeci
chemotherapeutic drugs.

1.6 The Schistosoma Thioredoxin Glutathione Reductase (TGR)

1.6.1 Different roles of mammalian and parasite TGRs

As mentioned above, Thioredoxin Glutathione Reductase (TGR) is a
flavoprotein belonging to the TR family of pyridine nucleotide oxidargases.
Both mammalian and Schistosoma TGR are homodimeric enzymes)gsiiaei
same domain organization but having a very different physiological fhe
protein results from the fusion of different domains: a big pyridisalfide
oxidoreductase domain, containing both binding sites for FAD and NADPH
cofactors and a thiol-redox active couple; a small glutaredoxin idoatathe N-
terminal end; a dimerization domain in the C-terminal portion ofpilgpeptide
chain, at the end of which is located the Gly-Cys-Sec-Gly terminal tattapé0].

The mammalian TGR has a tissue-specific localization, beingexmesssed
only in testis after puberty, though low levels of the enzyme eafolnd also in
other tissues. The main activity of TGR in mammals seembet@ disulfide
isomerase/reductase: the enzyme catalyzes the isonmrizdtidisulfide bonds in
proteins, promoting the formation of structural components of sperm [i@0]. |
parasites, on the contrary, TGR acts above all as antioxidayrmenexploiting a
key role in redox homeostasis and parasite life-maintenance intoolie A few
TGR isoforms have been identified in different human parasites) &S T.
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crassiceps andE. granulosus, all sharing a similar domain organization if compared
with the mammalian enzyme: a Grx domain fused with a TR domdiithwcan
work either coupled or independently from each other. It has been profad,ifor

E. granulosus, that the Grx domain can accept reducing equivalents directligeoy
TR domain or by GSH, while the TR domain can shuttle electroneraitternally

to the Grx domain or externally to Trx [71, 72]

The first functional characterization of a TGR fr@dnmansoni (SmMTGR)
definitively demonstrated that the enzyme completely replacesntRGR enzymes
in the parasite, thus stating the peculiarity of the worm deétaxibn pathway
relying on a unigue multifunctional oxidoreductase and its divergé&ore the
human counterpart [48]. The catalytic mechanism of SmMTGR has eat fay
elucidated yet, though a hypothesis already exists for the ni@aReThe NADPH-
dependent activities of the enzyme seem to be dependent on the peauignat
residue located at the C-terminal segment of the proteis.diear in fact that the
depletion of selenium from diet has a negative effect on the axpnesf TGR in
mice and mutations in the C-terminal Sec residues cause a significeedsiein the
catalytic efficiency of the enzyme [73]. A comparative modehgly on SmTGR
has recently localized the putative binding sites of substratesaadtors to the
enzyme, suggesting a catalytic mechanism that implies samérmational
transitions during the electron transfer which follows the binding oDRHA to the
enzyme [74]. In this respect the crystallographic analysisnof &R, in both its
unligated form and in complex with its physiological substratege lprovided a
pattern of more specific information about the active sites ofetimyme and its
catalytic mechanism, as will be discussed in detail in chapter 3 [75, 76].

1.6.2 Inhibitors of SMTGR as antischistosomal drugs

TGR is an essential enzyme for Schistosoma, as highlighted pparticular
role in the redox homeostasis. There is evidence that its suppressinhibition
highly compromises the parasite survival. In fact RNA interfexea@eriments, in
which a dsRNA was added to schistosomula in vitro in order to sil&iR
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expression, resulted in the death of 90% of the cultured wormswiitdays and a
decrease by more than 60% of SmTGR activity after 3 dayseafntent. The
existence of a strict connection between the parasite survinhltiee catalytic
activity of TGR enzyme was confirmed by further inhibitiosaas. Auranofin, a
potent TGR inhibitor, besides being able to increase the effdeiNéi on worm
viability, caused unpairing of female and male Schistosomes aft and up to
100% of worm mortality within 9h if added to a concentration gfMQ@o cultured
worms. It is necessary to point out that mammalian cells olayate up to 1M
of AF for 5 days, while worm death was obtained in 24h at a condentaftSuM
of AF. It was also demonstrated that, besides auranofin, SmT@&Ryaist strongly
affected by oltipraz and antimonium potassium tartrate, two sahiigtlial drugs
used in the past to fight the infection, suggesting that the enzythe main target
of these compounds [29].

Taken together these observations have contributed to raisaténest in
TGR as a potential target of antischistosomal drugs and reeeqtlgintitative high-
throughput screening of ~71000 compounds was performed to isolate new lead
compound with schistosomicidal activity. Among them phosphinic amides and
oxadiazoles 2-oxides were demonstrated to be active agamahsoni antioxidant
pathway. The activity of several derivatives of these lead compous@stested for
their effect on Schistosoma TGR, on live cultured worms, iandvo on mice
infected with the parasite. The most active compound, which even sedptse
criteria stated by the WHO for potential lead compound for Sidostiasis, was
represented by 4-phenyl-1,2,5-oxadiazole-3-carbonitrile-2-oxide, abiéitotiboth
the TR and GR activity of TGR in the low nanomolar range. More8vemansoni
parasites cultured in the presence ofubd of the inhibitor resulted in 100% worm
death after 24 h, while the administration of the compound by intrapeitone
injection to infected mice resulted in a substantial reductioh lmotvorm burden
and in hepato- and splenomegaly. Because of its protective effeatytotoxicity
in mice, and high effect on the three major species of Schistosdetting humans
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and on the different parasite life cycle stages, furoxanttseanoment considered a
promising lead compound for the development of antischistosomal drugs [28, 77].
Besides the huge number of chemical compounds discovered for their
schistosomicidal activity, for most of them further researcteexdled in order clarify
their mechanism of action and to assess their possible safeyemepioin the
treatment of human Schistosomiasis. A few steps towards a betterstanding of
the drug action have been made in the case of furoxan. It has lpehdsjzed that
the release of NO by this compound plays a crucial role métshanism of action
Furoxan acts as a NO donor in the presence of TGR, NO maywitla¢he active
thiols of the enzyme and thus the consequent inhibition could be the oésé
covalent S-nitrosilation of the active site cysteines and/omseysteines. The
release of NO by furoxan has been also directly related twah@ killing as the
employment of NO scavengers decreased the activity of thg2BligMore detailed
information has been presented for auranofin, at the moment one ohdabie
promising antischistosomal drugs vitro experiments demonstrated that different
cultured parasitesTéenia, Echinococcus and Schistosoma) are killed by auranofin
[29, 78], which has been suggested to be a selective inhibitor of Semountai
oxidoreductases. Indeed the gold-compound has a strong effect on TR and TGR
activities if used at stoichiometric amounts, whereas 1000-fold higher cratosrg
are required to inhibit GR, which lacks the C-terminal Sec residver the same
time regime of TR [79]. These observations suggested thatsSaaaial for the
inhibition of reductases by AF, as it has been recently proved ubyrexent
structural and kinetic analyses. The C-terminal Sec regiflii&R should facilitate
the undressing of gold from its ligands in AF (the thioglucose and the
triethylphosphine) given its higher nucleophilic power than sulphur.gbiek atom
(Au*!) binds at first to the final Sec-Cys redox center of the eezgndl then it is
transferred to the other couples of reactive cysteines leadifogni@ation of gold-
protein thiols adducts, which finally inhibit the catalytic actastiof the enzyme
[80].
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2. AIM OF THE WORK

Targeting the Schistosoma antioxidant detoxification pathweagmeng the
topics of current researches for new antischistosomal theraphes.pathway is
responsible for the detoxification of reactive oxygen species produyct inost in
response to the parasite invasion, and it is thus essential fosuthial of
Schistosomes into the human host. This work is aimed to characterize two eazymati
components of the worm detoxification pathway, i.e.: Glutathione Pesmida
(SmGpx) and Thioredoxin Glutathione Reductase (SmMTGR).

Glutathione peroxidases (Gpx) are a family of sulfur or selemiependent
isozymes sharing the ability to reduce peroxides using the ingdecuivalents
provided by glutathione or possibly by small proteins such as thiored®miGpx is
one of the frontline antioxidant defenses of the parasite, betagized in the worm
tegument, the outermost defense layer. A few structures of @igoi@pxs already
exist from different organism but less is known about the class 4 nesito@pxs,
whom the Schistosoma enzyme belongs to. In this work the fystatistructure of
two recombinant SmGpxs, carrying the active site mutations U48C L3S
respectively, will be presented. The geometry of the actieen$ithe U43C SmGpx
and the organization of residues surrounding the catalytic cystdinee explored,
based on the details provided by an atomic resolution crystatige of the U43C
mutant. Moreover a comparison with the human Gpx4 (HsGpx4) recently
characterized will allow to investigate the peculiar reastiof the parasite enzyme,
whose active site Cys undergoes spontaneous oxidation to sulfonic acid, not reported
for the same Sec/Cys mutant of HsGpx4. To test whether the ioxiddtCys43 to
the bulkier sulphonic acid altered the structure of SmGpx, thesteuaf the U43S
mutant will be solved as well. Indeed the U43S mutant of SmGpx aanthe
same 3D structure of the U43C mutant, thus strongly suggestinthéhakidation
of Cys43 does not perturb significantly the native structure oélzgme. Given the
absence of any structure of Gpx in its ligated form, a comkaneadysis of the static
and dynamic clefts close to the catalytic C43 in the U43C mutidirite performed,
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by mean of the CASTp algorithm and the molecular dynamic stiong&
respectively. The functional relevance of the identified ckefis the conformational
changes relevant to catalysis will be discussed in order tosgive hints about the
putative binding site for glutathione and phospholipid hydroperoxides, theatabstr
of choice for SmGpx, being the enzyme membrane-associated andethvolthe
detoxification of lipid peroxides more than®h and inorganic peroxides.
Thioredoxin glutathione reductase (SmMTGR) is a key flavoenzympressed
by Schistosomes and derived from gezuliar fusion of a glutaredoxin domain with
a thioredoxin selenocysteine (Sec)-containing reductase domairsidalbalinks
two detoxification pathways (the glutathione and the thioredoxin pa#g)whagth
essential for the protection of the worm from oxidative stress.sil&ecing of the
gene coding for SMTGR has been demonstrated to seriously comgrdmis
parasite life-maintenance inside the mammalian host, hencenttysne has become
one of the most appealing drug targets against Schistosomiadisrdcterization of
SMTGR by mean of X-ray crystallography will be here @n¢sdhighlighting the
structural basis for the multienzymatic function of this enzymieich is able to
exploit either thioredoxin reductase, glutathione reductase and eglotan-like
activities, thus fully replacing TR, GR and Grx mammalian eres,Two mutants
have been employed in this work, the former lacking the two last residues (U597 and
G598), belonging to the C-terminal G-C-U-G tetrapeptide, and ttee &atrrying the
U597C mutation in the C-terminal segment. The C-terminus of Sma&Rlready
pointed out for TR enzymes from different organisms, has a keynrthe catalytic
activity of the enzyme, thus the comparison between the functiooadnpies of the
two recombinant enzymes will give some hints in this respe.diready known
that, similarly to mammalian TR, SmTGR is able to accegucmg equivalents
from NADPH, and electrons then will flow through the enzyme and ®aith either
the GSH reducing site, the glutaredoxin domain or the SmTrx redudangTsie
U597 mutant has been crystallized in different redox statestfieeoxidized form;
the NADPH- and GSH-bound forms; and a species showing the enti@deréd
C-terminus of one subunit fully reduced) order to obtain insights into the
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structural changes associated with the progression of the enthmegh the
catalytic cycle. These structural observations combined withniwdels showing
SMTGR in the act of transferring electrons to SmTrx and tdGtlxedomain, will

assign a critical role to the C-terminus of the protein, whichdiates the
interdomain communication in SmMTGR and seems to act as a flexinleble to
switch between different positions while transferring electremiser to the Grx
domain of SMTGR or to the external SmTrx substrate. The possiidgdn of this

peculiar parasitic enzyme, which is absent in the free-living ntdreganic species
of the same platyhelminth phylum, will be finally discussed.

30



Chapter 3

3. MATERIALS AND METHODS

| part: Glutathione peroxidase from S. mansoni (SmGpx)

3.1 Mutagenesis

The U43C SmGpx gene, with codons optimized Eorcoli expression
(GeneArt AG, Germany), was cloned between BamHI and Xhalatsh sites of a
pGex4T-1 expression vector (GE Healthcare) to obtain a GST-fysmein. In
order to obtain the second recombinant mutated protein U43S, a mutagenesis
experiment was carried out using the QuickChange Site-Directédgenesis Kit
(Stratagene). The U43C SmGpx expression vector was used asiteempd the
following oligonucleotides containing the mutated serine codon AGC were
synthesized (Primm srl, Ml-Italy) and used as primers:

For: 5-CGTGGCGTGCAAAAGCGGCGCGACCG-3

Rev: 5-GCACCGCACGTTTTCGCCGCGCTGGC-3’

3.2 Protein expression

The plasmids containing the genes coding for both the GST-fused U#BC a
U43S mutant of SmGpx were used to transf@soherichia coli BL21(DE3) cells
(Novagen), which were then plated onto LB/Agar plates containingigli®0
ampicillin (Amp). One colony was used to inoculate 5ml LB/Amp, growarnight
at 37 °C with shaking. This culture was used to further inoculateBi&rhp, which
was incubated at 37 °C with shaking until an optical density of 0.5 A68Cahm
was reached. The expression of the soluble protein was obtainetth@féeidition of
0.5 mM IPTG and overnight incubation at 25 °C with shaking.

3.3 Protein purification

Two methods were used for the purification of recombinant U43C SmGpx, so
after centrifugation the cells were divided into two stocks. Liyaféer composed of
20mM Tris/HCI, 0.2M NacCl, 5mM TCEP, 0.1% TrytonX-100, DNase, 1ImM PMSF,
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1mM EDTA, pH 7.4 was added to one of the two samples before sonicati@. U
SmGpx was purified from the soluble fraction through affinity chronrajugy
using a GSH-Sepharose column (GE-Healthcare), and GST wasctle@dh bovine
thrombin (Sigma). The second protein sample was purified by ionibaage
chromatographyThe purification was performed adding 10mM GSH to the lysis
buffer to assure the maintenance of a reduced environment both celfilygis and
protein purification. To purify the protein, after sonication, the soltralgtion was
applied on a HiTrap SP FF column (GE-Healthcare) equilibrated tvé starting
buffer 20mM Tris/HCI, 20mM NaCl, 5mM TCEP, 5mM GSH, 1mM EDTA, pH
7.4. U43C protein was eluted by continuous salt gradient using a secornavwbtiffe

a higher ionic strength (100mM Tris/HCI, 0.5M NaCl, 5mM TCEP, 5rG&H,
1mM EDTA, pH 7.4) The eluted protein was then cleaved with bovine thrombin.
Recombinant U43S protein was purified through GST-affinity chromapby, as
described previously for U43C SmGpx. For each purification the pufitthe
protein was assessed through overloaded SDS-PAGE, showing a kamgle
corresponding to 19.4 KDa. The purified protein was then dialyzed inM20m
Tris/HCI, 0.1M NaCl, 1mM DTT, 0.5mM EDTA, pH 7.4, concentrated by
ultrafiltration (Amicon) and stored at -20°C.

3.4 Size exclusion chromatography

U43C SmGpx assembly was assayed by gel filtration in HRUt a
Superdex7B* column (GE Healthcare). The protein was concentrated up to 5mg/ml
and a sample volume of 1@0was applied to the column, which was run at 0.4
ml/min flow. The following buffer was used 20mM Tris/HCI, 0.1M NaCmM
DTT, 0.5mM EDTA, pH 7.4.

3.5 Enzymatic assays
The activity of U43C and U43S SmGpx was assayed in a coupledoreacti
with yeast glutathione reductase (GR; Sigma), measuringdbeease of £ as a
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consequence of the reduction of the hydroperoxide by U43C protein. SEhg a
mixture, composed of 1uM U43C SmGpx, 0.2mM NADPH, 3mM GSH, 1 unit of
GR, in 20mM Tris/HCI, 0.1M NaCl, pH 7.4vas incubated for 5 minutes at 25 °C.
The reaction started with the addition of 100ptstt-butyl-hydroperoxide or
hydrogen peroxide.

3.6 Protein crystallization

3.6.1 Basic procedure

Vapor diffusion is the most frequently used technique for protein
crystallization and basically consists in allowing a slow amutrolled precipitation
of the protein in order to obtain ordered crystals instead of amorphauipitate.

An equal volume of protein solution and crystallization solution (resérvoir
containing the appropriate precipitant at a concentration just liblivmecessary to
precipitate the protein, are mixed to form a drop (Fig. 10). The dropinotg the
protein/reservoir mix is allowed to equilibrate in a closed coatamith a large
volume of reservoir solution (Fig. 10). Being the [precipitant] indh@p equal to
50% of the [precipitant] in the reservoir solution vapor diffusion (e\atpor and
condensation) results in the net transfer of water molecules tirendrop to the
reservoir, until the equilibrium is reached. At this point both the [prptnd the
[precipitant] in the drop have increased and the first nuclei of crystallzaioom in
the drop (nucleation region in Fig. 11). In a perfect system asryiséal grow the
[protein] gradually decreases and the conditions move towards thdse“gfdwth”
region (growth region in Fig. 11) allowing the formation of a big crystal.

Vapor diffusion can be obtained through two different methods depending on
the position of the protein/precipitant drop with respect to theveisesolution: the
hanging drop and the sitting drop. In hanging drop, the drop is suspendedar a ¢
slip over a sealed reservoir, containing the crystallization sotuin sitting drop,
the drop is held in a microbridge in the centre of the reserizay (0). In both
cases vapor diffusion occurs between the drop and the reservoir salotiban
equilibrium is reached, during which one hopes to bring the protein to
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supersaturation and hence crystallization conditions (Fig. 11). Prptgiy,
[protein] and [precipitant], as well as pH of the protein/resergoiution and
temperature are among the variables that determine the soufécessystallization

experiment.

Fig. 10: Vapor diffusion by: (a) hanging drop and; (b) sittidrop crystallization. The reservoir contains
the crystallization buffer and the precipitant; thep hanging from the cover slip or sitting on the
microbridge contains the protein/reservoir solution

—— supersaturated

' *.. precipitation

Y. nucleation
~

~

[PROTEIN]

~

= -
growth -

unsaturated

[PRECIPITANT]
Fig. 11: Phase diagram for crystallization mediated by eipi@nt. In the undersaturated zone the
solution is not saturated with the protein so rezitinucleation nor growth may occur. Inside the
supersaturated zone the regions in which the [protnd [precipitant] are optimal for nucleationdan
growth of protein crystals are shown. Conditionside the precipitation zone lead to the formatién o
amorphous precipitate rather than ordered protgstals.
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3.6.2 Crystallization of U43C and U43S SmGpx

Crystals of SmGpx were grown by vapor diffusion according tmgidrop
methods. A solution of 15 mg/ml U43C or U43S SmGpx was used to sitreen
crystallization conditions by mean of an automated robotic sygRmenix, Art
Robbins). Refinement of the crystallization conditions was done by Imasitting
drop vapor diffusion 24-well plates, with symmetric drops qfl ach of protein
solution and reservoir After 4 days crystals of U43C mutant wer@naat in the
drops with the following well solution: 0.2M LiS00.2M Na Acetate, 24% PEG
8000, pH 4.5A longer time of 7 days was required to obtain good crystals of U43S
SmGpx using a well solution of 0.2M NaPO,, 0.1M MES, 32% PEG-MME 5000,
pH 6.0.

3.7 Data collection, processing and refinement

X-ray data collection was performed at the synchrotron beaniD28 at
ESRF (Grenoble, France) with an ADSC Q315R detector for U43C Sm@pbe
data collections of U43S crystals were performed at the symohr beamline
ID14.2 at BESSY (Berlin, Germany) with a MARCCD detectorl éta were
indexed with Mosflm and processed with programs of the CCP4 [BuileU43C
mutant crystallized in a R2,2; space group with cell dimension of a= 41.40 A,
b=60.62 A, c=62.54 Aq=B=y=90°, and 1 molecule in the asymmetric unit.

The structure was solved by molecular replacement using human #HsSpx
model (PDB code: 20BI[63]). U43S mutant showed the same space group but
slightly different cell dimensions of a=39.91 A, b=51.17 A, ¢=90.62#3=y=90°.

In this case the structure of U43C SmGpx was used as mod#iefanolecular
replacement. Molrep and Refmac programs were used respetbivehe molecular
replacement and the successive refinements [81]; the stsicige built using
COOQOT [82]. Figures were produced with CCP4mg [83]. The quality ofrtbdels
was assessed with MolProbity [84] and ProCheck [85]. Data dolecnd
refinement statistics are summarized in tab. 1. The structuees deposited at
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RCSB Protein Data Bank (U43C SmGpx PDBcode: 2vim; U43S SmGpxdeleBc
2wagr).

3.8 Sequence alignment

The ClustalW2 [86] server was used to obtain a multiple alignmewneba
SmGpx1-2, HsGpx1l-4 and BtGpxl sequences, extracted from NCBI protein
sequence database. The alignment files obtained with ClustalW raveibealized
with ESPript [87].

3.9 Surface analysis

In order to look for static cleft and/or cavities to detect GSH and phospholipids
binding sites the deposited coordinates were analyzed with the onbgeamr
CASTp (http://sts-fw.bioengr.uic.edu/castp/index.php), using the servewultdefa
value of 1.4 A as probe radius.

3.11 Docking

Molecular docking was performed using the PatchDock algorifith Two
files of coordinates, for SmGpx (2vim) and for the phosphatidylch@(@il),
enriched with hydrogen atoms, were used as input for the prograen.séfting the
RMSD to 9, PatchDock output was a list of potential protein-ligandpteras,
among which we choose the solution with the highest geometric shape
complementarity score.

3.10 Molecular Dynamic (MD) simulations

The MD simulations, included in this thesis for sake of compleseres/e
been performed by Dr M. Anselmi and Prof. A. Di Nola of the De|Cle#mistry of
the University of Rome “Sapienza”.

The starting coordinates employed for the simulations w&entaom the x-
ray structure at 1.0 A resolution of the U43C mutan®.afansoni Gpx, replacing
the sulfonic S@ group with the Seor SeOH group. Thus the selenocysteine (Sec)
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in reduced wild type Gpx was modeled as deprotonated, while seleterniative
(SeOH) in oxidized Gpx was considered as protonated. In order tondetethe
partial charges of Sec and its selenenic derivative (SeOH)pevrmed the
guantum chemical calculations on the isolated ethyl selenoldeC{&:S€e) and
methyl selenenic acid (G8eOH), respectively. Density functional calculations,
Becke's three parameters exchange [92], and Lee, YangcdPeetation (B3LYP)
[93] were performed using the Ahlrichs VTZ basis set [94].cqdlantum chemical
calculations were carried out using the Gamess US package [96& Bharges
were obtained from the CHELPG algorithm [96]. The same caicoktwere
performed on analogues, as ethanol or ethanthiol, in order to test the relialthigy of
procedure, obtaining partial charges in agreement with the faickused. The
following set of partial charges were chosen: for selenolate gio8pc, -0.8% for
the Se atom and -0.1& for the G atom, while for selenenic group of the Sec
derivative, 0.2 for the Se atom, -0.6&for the O atom and 0.4&for the H atom.
Non-bonded parameters for selenium were set+d.458 nm and = 1.154 kJ/mol
[97]. The force constants of bonded interactions for selenium wken ttw be
identical to those for sulfur while the equilibrium values were ghdnin particular
we set the C-Se bond to 1.95 A, the Se-O bond to 1.82 A, the C-Qy®e@n08°,
the C-Se-O angle to 97° and Se-O-H angle to 116°.

Each protein was solvated in a box with explicit SPC water mi@dses;.
Three Clfor Gpx(Sé) and four Clfor Gpx(SeOH) were added, in order to provide
a neutral simulation box. For all systems, the solvent was cklayeenergy
minimization followed by 50 ps of MD at 293 K, while restraining pro@omic
positions. The systems were then minimized without restramnct$heeir temperature
brought to 293 K in a step-wise manner, before starting the productionfr@ss.
MD simulations were performed with the Gromacs software mgcka using
GROMOS96 force field [100]. Simulations were carried out at congtamperature
of 293 K. The Lincs algorithm [101] to constrain bond lengths and the
rototranslational constraint algorithm [102] were used. The temperatas held
constant by the isothermal algorithm [103]. The Particle MesHE(PME) method
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[104] was used for the calculation of the long-range interactions. Adtegeof 2 fs
was used. We used the essential dynamics technique [102] to teliaeache
dynamical behaviour of the protein. The package SURFNET [105] wak fase
detecting the clefts on the protein surfaces and estimatimgublemes. Cavity
volumes were evaluated without taking into account the presence tef wa
molecules.

Il part: Thioredoxin Glutathione Reductase from S. mansoni (SmMTGR)

3.12 Mutagenesis

The gene for the full-lenght SmTGR with the mutation U597C (U597C
SmTGR), was obtained starting from the gene of truncated SmMBAER GRtr)
lacking the last two amino acids Sec597-Gly598 optimized=faroli expression
(GeneArt AG), with appropriate DNA primers.

For: 5-GATCGGATCCCCGATGCCGCCGGCAGATGGC-3

Rev: 5-ACTCGCCGACGACGCCGATTATTGAGCTCGCC-3

Both genes were cloned in a pGEX4T-1 commercial vector (GHitaat)
between BamHI and Xhol restriction sites.

3.13 Protein expression and purification

Both the SmTGRtr and the U597C SmTGR mutant were expressed in
BL21(DE3) E. cali cells (Novagen). The best results, in terms of solubility and
protein yield, were obtained upon induction at 22°C with 1 mM IPTG in the
presence of 1 mM FAD for SmTGRtr, while the soluble full-len§thTGR was
obtained at 20°C overnight with BBl FAD, without IPTG induction. In both cases
successfukexpression was confirmed by SDS-PAGE, highlighting a bandbh@ita
90 kDa. The protein was purified by standard affinity chromatograpky(GST tag
was cleaved by thrombin (Sigma) and removed according to manefastur
instructions. Protein purity was >98% as assessed by SDS-R@Eoncentration
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was determined from the FAD absorption pea#68 = 11.3 mM cmi?). Both
proteins were dialyzed in 20 mM Tris-HCI pH 7.4, 50 mM NacCl, MdAD (to
saturate the enzyme), concentrated up to 10 mg/mL using an Amicoea Ult
centrifuge filter device (Millipore) and stored at -80°C.

3.14 Protein crystallization

3.14.1 Truncated SmMTGR

Crystallization conditions were initially screened by Phoeninolitie
dispensing robot (ArtRobbins, USA) and then refined according to sthhdaging
drop methods. Crystals of SMTGR grew over 2 days in a drop composeld. of 1
protein (15 mg/mL) and 1 IL well solution (22% (w/v) PEG 3350, 0.1M Hepes pH
7.2,0.2M NaNO3, 5 mM DTT, or b2ME).

3.14.2 Oxidized U597C SMTGR (Structure 1)

A crystal of U597C SmTGR, grown in Hepes 0.1M pH7.4, 20% PEG 3350,
Kl 0.2M and B-mercaptoethanol 5mM, was picked up and incubated in the same
well solution with 2M CuSO4 and withoup-mercaptoethanol. After 48h, the
crystal was freezed under liquid nitrogen, after adding 30% PEG 200 a
cryoprotectant.

3.14.3 U597C SmTGR-NADPH complex (Structure 2)

120uM of purified U597C SMTGR in 20 mM Tris, pH 7.4, 100 mM NaCl was
initially incubated for 24 hours with 3 plumbagin (SIGMA), 400M NADPH,
in anaerobiosis condition. The mixture was then concentrated to 10mgfore be
crystallization trials set up. The protein solution was mixeth an equal amount of
the reservoir solution containing 0.1 M Hepes at pH 7.0, 20% PEG 3350, 0.2M
KSCN, and 5 mM GSH. Crystal grew in 1 month in standard sittiog drethod
and were cryoprotected with the same reservoir solution adding 30% PEG 200.
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3.14.4 U597C SmTGR with reduced C-terminal end (Structure 3)

Crystallization conditions were initially screened by the Phoeraroliter
dispensing robot (ArtRobbins) and then manually refined. Crystafiizatvas
achieved at 293 K by the sitting drop vapor diffusion technique. 10 mgfotkin
sample were equilibrated in 1mM NADPH in 20 mM Tris-HCI, 100mMCNa
pH7.4. Drops of gL were mixed with an equal amount of the reservoir solution
containing 0.2M Mg-formiate, 20% PEG 6000, 0.1M Hepes at pH 7.0-7.5 plus 5mM
B-mercaptoethanol. Crystals grew in 1-2 weeks and were cryof@dtedth the
same reservoir solution adding 30% PEG 200.

3.14.4 U597C SmMTGR-GSH complex (Structure 4)

Crystals were grown by sitting drop vapor diffusion. Crystals giaw
conditions similar to those of oxidized U597C SmTGR (See above). 58 G
replaced3- mercaptoethanol. Crystals grew in 1 week and were cryopedt@dth
the same reservoir solution containing 30% PEG 200.

3.15 Data Collection, Processing and Refinement

3.15.1 Structure 1, Structure 2 and Structure 4

The best data sets for the oxidized and for the NADPH-bound fornoatiaef
of SmMTGR(U597C) have been collected at BESSY (Berlin, GeretahOK at 1.9
and 2.3A resolution, respectively; while for the GSH-bound form the bésseaia
was collected at ESRF at 1.9A resolution. Data analysis ea®rmed with
HKL2000 suite [106] indicating that all crystals belonged to the @fte group.
Difference Fourier method was used to solve all structuresrgfimements were
performed using REFMACS [81]. When present, NADPH and GSH werieiged
from the first rounds of refinement and added only after convergeriReantl Ree
factors. COOT [82] was used to build all the models of proteinligadds. The
quality of the model was assessed with ProCheck [85]. Data tmtieand
refinement statistics are summarized in tab. 4. The structuees deposited at
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RCSB protein data bank (PDB codes: 2X8G for the oxidized form; Z&©¢he
NADPH complex; and 2X8H for the GSH complex).

3.15.2 Structure 3

Diffraction data were collected at 3.1A resolution at BessylifBesermany)
and analyzed using the HKL2000 suite [106]. The 3D structure was sbived
molecular replacement [81] using as a search model one protontarnoéted
SMTGR structure (PDB code: 2v60) [75]. The structure was refinedg usi
REFMACS5 and fit to the generated electron density maps using (8@t
Refinement was performed until a final R{Rof 22.0% and 29.3% respectively was
reached. The final model showed one dimer in the asymmetriomthita FAD
molecule bound to each subunit. The quality of the model was assested wit
ProCheck [85]. The statistics of crystallographic data collectiod &odel
refinement are shown in tab. 4. The structure was deposited at RO&# data
bank (PDB code: 2X8C).

3.16 Modeling

3.16.1 Model 1: the C-terminus of U597C SmTGR onto the Grx domain

The C-terminal residues, C597 and G598, visibleSiructure 3, were
superimposed to the Cys and Gly residues of the GSH bound to the Gaxndom
the GSH-bound form of the SmTGRtructure 4). The model was obtained mainly
by rotation of the C-terminal arm at the level of K586 psi arfggeall adjustments
of the main chain were performed in order to obtain the best sup@apadithe last
two residues of the protein with the analogue residues of the boundau8iding
clashes between amino acid side chains. Idealization of the maefetd€5, [81])
was done at the end to ensure the absence of unfavourable contaces lztmes.
The model, after optimization, was evaluated with PROCHECK [85].
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3.16.2 Model 2: the SMTGR-SmTrx complex

A model of a plausible complex between the structure of SmTrx (pdé: c
2XBl) and Structure 3 of U597C SMTGR (pdb code: 2X8C) was obtained using a
rigid body method with shape complementarity. The structures werk assinput
for the SUMMA server [107]. The server has calculated the tmsiplementary
surface and was told to freely perform energy minimization onySmTGR C-
terminal arm (residues 509-598) and on the active site stretcm®fxYresidues
33-38). Idealization of the model was automatically performetieaend to ensure
the absence of unfavourable contacts between atoms. A S-S bobdilvagtween
SmTrx C34 and SmMTGR C596 with rotamers compatible with the redbicdax
protein.

3.17 Kinetic measurements

3.17.1 TR activity

Both the 5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB) reduction assaythad
insulin reduction assay were performed. For the DTNB assay RO8]GR (0.5
uM) was added to a mixture of 100 mM potassium phosphate pH 7.0, 10 mM
EDTA, 0.2-5 mM DTNB and 30QM NADPH at 25°C. The increase in absorbance
at 412 nm was monitoredes{= 13.6 mM'cm™). For the insulin assay the
absorbance at 650 nm was measured after addition of U597C SmTGR (0.5 — 2.5
UM) to a reaction mixture composed by 50 mM K-phosphate pH 7.0,uR00
NADPH, 1 mg/ml insulin, and M of SmTrx. Stock solutions of insulin were
prepared as previously described [109]. Insulin precipitation aftkrction by Trx
was followed spectrophotometrically according to [109]. As contrble t
precipitation of insulin was performed using dithiothrefDITT) as the reducing
agent. The time for the start of precipitation, defined as an sei®a 0.02 at &
over a stable base-line recording, was determined. The seconcefaraaiculated
was the rate of precipitation at 650 nm, defined as the maximabge\Agso/min
in the interval between 0 and 1.0 in absorbance at 650 nm.
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3.17.2 GR activity

A classical assay was performed [110]. 1ml assay mixtureinedtd 50mM
potassium phosphate pH 7.0, 5 mM EDTA, 308 NADPH, and variable GSSG
(250 uM-5 mM). The reaction was initiated by addition of 8 U597C SmTGR
and the decrease in absorbance at 340 nm was followed at 37°C.

3.17.3 Grx activity

The assay was performed as described (by monitoring absorlia3#@ am,
at 25°C, [111]). The mixed disulfide formed by hydroxyethyl-disulfiH&ED) and
GSH was reduced by U597C SmTGR to produce GSSG, which in turn ideolyc
GR with consumption of NADPH. The reaction mix contained 1 mM GSH p300
NADPH, 5 mM EDTA, and variable HED with or without 6 U/ml of ye&R. The
same assay has been performed in the absence of yease@Gutte the ability of
the mutated C-terminus to internally transfer reducing equivalémtthe Grx
domain.

3.17.2 Reductive half-reaction of U597C SmTGR

Stopped-flow experiments were carried out using an Applied Photophysics
(Leathered, UK) in aerobic conditions at 25°C.

The stopped-flow apparatus allows the rapid mixing of two reactaunicsts
(Fig. 12). The mixed solution is then forced through an observation nellaa
stopping syringe. The flow fills the stop-syringe, until the plurtges the trigger-
switch. This simultaneously stops the flow and starts the dajaisetton. The
sample is illuminated by light at fixed wavelength, and the outopmadiation is
collected and amplified by a photomultiplier. The reaction may be moditmiag a
suitable spectroscopic probe, such as absorbance or fluorescencearife ichthe
spectroscopic signal as a function of time is recorded.
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Fig. 12 Schematic representation of a stopped-flow appsra

In the case of the reaction of reduction of SMTGR by NADPH, time dependent
spectra were followed using the diode array detector and singieemgth kinetic
traces were recorded with a photomultiplier. Solutions of SmMTGERgNd 7.5:M)
in 0.1 M NaCl, 0.1 M Tris pH7.4 and EDTA 1mM were mixed with several
NADPH solutions, ranging between 381 and 20uM.

3.17.3 Oxidative half-reaction of U597C SmTGR

SmMTGR (3.0uM, 5 uM and 10 uM) were anaerobically reduced with 2
equivalents of NADPH to produce the EH4 species, at 25C° in 0.1 M RdCM
Tris pH 7.4, EDTA 1 mM. The reduced enzymes were then mixetd @it
equivalents of SmTrx and the reactions were followed until completion.
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4. RESULTS AND DISCUSSION

| part: Glutathione peroxidase from S. mansoni (SmGpx)

4.1 Expression and purification of two mutants of SmGpx

SmGpx in its native form is a selenoenzyme, presenting a SeCys res#fi)e (U
in the active site. For this study two mutants of SmGpx have leploged, which
present a Sec/Cys (U43C) and a Sec/Ser (U43S) aminoacidic tigidosti
respectively. This strategy was mainly dictated by thet fhat the synthesis of
recombinant selenoproteins does not assure a good yield espéctadigals with
the expression of eukaryotic proteins in bacteria. A brief gasor of the
mechanism of selenoprotein synthesis will clarify this statémrhe insertion of a
Sec residue in a protein sequence during translation in eukargbsaequires the
presence of a stem-loop secondary structure (SE-CYS elenmetitei3’-UTR
region of the mMRNA, besides a pattern of accessory proteins anificspeNA
molecules, which are able to recognize the UGA codon as coding SeCys
residue. Differently from eukaryotes, in bacteria the SE-C¥#nent must be
located directly downstream the UGA codon for the Sec residue., Thas
heterologous expression of a eukaryotic gene in bacterial tet8ysrequires a
modification inside its coding sequence, which seriously comprortisegeld and
the purity of the protein product [58, 59, 70]. Therefore with the aim torolatage
amounts of recombinant protein for crystallization studies we éédinl synthesize
the U43C mutant. The gene of U43C SmGPX was inserted, betweeid| Beru
Xhol restriction sites, into a pGex4T-1 expression vector, whichwvalthe addition
of a thrombin-cleavable N-terminal GST tag. After the thrombmawhge the
protein contains two additional residues at the N-terminus (GlytBat constitute
part of the cleavage site (Fig. 13).

A point-mutagenesis on the U43C construct allowed us to obtain thee gen
coding for the U43S SmGpx (see Chapter 3). The expression of both moftants
SmGpx in E. coli BL21(DE3) strand was evaluated by SDS-pdgsyisg a clear
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band around 19.4 KDa (after the thrombin cleavage), which corresponds to the
expected molecular weight of the pure protein (Fig. 14).

Thrombine
Leu Val Pro Arg Cly Ser'Pro Glu Phe Pro Gly Arg Leu Glu Ag Pro His Arg Asp

CTG GTT CCG CGT|GGATCC|CCGGAA TTC|CCE GGT GGA CTC GAB GGG CCG AT CGLGAC 1GA
| Bam HI Eco Rl —ggT— ¥ho T 3 ot T Stop codons]

Fig. 13: Map of the pGex4T-1 expression vector. The thronaieavage site, placed downstream the GST
gene, is shown.

Fig. 14: SDS-Page showing the expression of U43C SmGpx #fie IPTG induction. Lanes 1:
supernatant after sonication of the cell extractpdlet after sonication; 3: flow through contaigithe
material unbound to the GST-affinity column; 4: @W3mGpx eluted by the GST-affinity column after
thrombin cleavage; 5: U43C SmGpx after the benzemmiccolumn, which is required to remove
thrombin; 6: elution from the GST-affinity columritv 10 mM GSH, the amount of the GST band around
26 KDa is comparable to the eluted SmGpx in lan€h eluted U43C SmGpx has a M.W. of 19.4 KDa
and is well purified from contaminants in the firép (lane 5). The molecular weights of the protei
markers (lane M) are shown on the right side ofgible
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4.2 Structural characterization of U43C and U43S SmGpx

The following sections will describe the overall structure 0d t&mGpx
mutants (U43C and U43S), with insights into the interaction siteabheoenzyme
with its substrates. A few structures of isozymes from the f@pily are available,
the most of them belonging to the class 1 and 3 of tetrameris (&2 64]. A
Sec/Cys mutant of the human Gpx4 (HsGpx4), the unique member of the Gpx4 class
to be structurally characterized [63], will be here used as gaasen model in
order to highlight and explain some special features of the parasite enzyme.

4.2.1 Analysis of the primary structure of SmGpx

The multiple sequence alignment between SmGpx and Gpxs fromuall f
main classes highlights some peculiarities of the schistosormygme. Though
SmGpx retains the catalytic residues known to be invariant inother Gpxs
(Sec43, GIn78, Trpl32, and Asnl3\6]), it lacks the conserved residues
apparently involved in GSH binding (Arg57, Arg185, and Metl47 in bovine Gpx,
[62]) and presents two large gaps corresponding to the intersubunitticiersites
of the tetrameric mammalian Gpx1-3 (i.e.: residues 94-98 and 136-H8Gpx1)
(Fig. 15). These features of the primary structure, consisterttiygel-filtration and
analytical ultracentrifugation measurements (data not shown), ro@di the
monomeric nature of the schistosoma enzyme, clearly assigrtimghié class 4 of
Gpx family. Sayeckt al. proposed thas mansoni has a second variant of SmGpx
enzyme, called SmGpx2 [53] (see section 1.5.2). The sequence alignrSenGpk
with SmGpx2 shows that the two proteins share the same above mestguedce
features, thus proving that the parasite finally possesses oyiye& Gpx isozyme
(Fig. 15).
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SmGpx 97
SmGpx2 116
HsGpx4 126
HsGpxl 108
HsGpx2 98
HsGpx3 131
BtGpxl 111

SmGpx 148
SmGpx2 167
HsGpx4 179
HsGpxl 178
HsGpx2 168
HsGpx3 197
BtGpxl 181
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Fig. 15: Sequence alignment of SmGpx with Gpx of all classésntical residues are boxed in red,
conserved residues are shown in red character.S8histosoma mansoni; Hs, Homo sapiens; Bt, Bos
taurus.

4.2.2 Overall 3D structure of U43C and U43S SmGpx mutants
The crystal structure of U43C SmGpx was solved by molecaf@acement
(see Chapter 3) using the structure of human Gpx4 (HsGpx4) as mbiet@ee:
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20BI; [63]). A summary of the crystallographic parameters is presentéab. 1.
The diffraction data, collected up to 1.0 A resolution, were refineldetdinal Ractor
and R..e values of 17.5% and 18.4%, respectively. The validation programs [84, 85]
showed a very good final geometry and density fit, with all resitiieg in the
preferred regions of the Ramachandran plot. The flexibility of tludeenle is
extremely limited and only nine side chains are placedt@mraltive conformations.
The average B-factor is 6.29°Awith slightly higher values restricted to the ill-
defined side chains of a few superficial Lys. The high resolutiade easier the
identification of the correct positioning of great part of the pgyipde chain, with
the exception of the N-terminal region, where a weak electronitgemap
prevented us from adding the first six residues to the model.

U43C SmGpx appears in a monomeric form and shows only a few difése
with the typical Trx fold, characterized byf4strands flanked by & helices [112].
U43C SmGpx presents, in fact, a N-terminal extension including tore fnstrands
and an insertion with one morg strand and onex helix. For the sake of
consistency, these secondary structure elements are fdadelp, f2a andala.
A comparison between the topological diagrams of a typicalafik SmGpx is
presented in Fig. 16. The centflakheet of U43C SmGpx contains fdhistrands:
two of them 33, 34) are antiparallel and connected to the C-terminal oeixo
form the typicalBpa Trx motif; the other two parallel strand@1( 32) flank helix
alto form aPap structural motif. Helixa2, perpendicular tarl anda3, connects
2 and 33 strands through a linking region containing the additioria andf2a
motifs. Far from the central core and closer to the N-termegabn, the topological
diagram shows the last structural motif of U43C SmGpx composedwby
antiparallelp strandsf§1a,1b) (Fig. 16 and 17A).
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Fig. 16: Topological diagrams for Trx fold (left) and GpxXd (right), redrawn from [112]. The blue lines
indicate the loops preceding and following heti®, related to the fluctuations of the putative GSH
binding site (see section 4.2.4); the orange bdicates the position of OCS43.

Data collection

U43C SmGpx

U43S SmGpx

Space group
Cell dimensions

R2:2,

P22:2,

a,b,c(A) 41.40, 60.62, 62.54 39.91, 51.17, 90.62
o, By () 90, 90, 90 90, 90, 90
Resolution (A) 41.38/1.00 (1.05/1.00)* 45.31/1.7079/1.70)*
Rsym OF Rmerge 0.098 (0.313)* 0.077 (0.159)*
I/ol 17.8 (2.4)* 17.3 (9.3)*
Completeness (%) 100 (95.32)* 99.7 (100)*
Redundancy 6.3 (4.9)* 5.3 (5.4)*
Refinement
Resolution (A) 41.38-1.00 90.54-1.70
No. reflections 100817 112663
Ruork / Reree 0.17/0.18 0.18/0.21
No. atoms 1616 1482
Protein 1387 1333
Ligand/ion 14 9
Water 215 140
B-wilson 413 12.7
B-overall 6.29 10.6
R.m.s deviations
Bond lengths (A) 0.022 0.015
Bond angles’f 1.958 1.406

Table 1: Crystallographic data collection and refinemdatistics for U43C and U43S SmGpx.
*Highest resolution shell is shown in parenthesis.

The structure of the U43C mutant evidences the presence ofladpsy one
of which, connectin@l toal, hosts the catalytic cysteine (Cys43), which was here
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found oxidized to sulphonic acid (Ocs43, 9Q@Fig. 17A). The possibility that the
oxidation of Cys43 could result in a local distortion of the active Situcture, in
order to accommodate the bulky sulphonic acid, seems unlikely, giverththat
superposition of the U43C SmGpx with the reduced U73C mutant of HsGpg4 doe
not show any macroscopic difference in the 3D structure of theptateins (Fig.

17B and section 4.2.3). However, to demonstrate this point, the U43S mutant was
purified and crystallized as well. The crystal structure walsed by molecular
replacement using the U43C SmGpx structure as the model (PDB code: 2vim). Data
were collected up to 1.7A resolution and refined to the finakbRand R values of
18.2% and 21.2%, respectively (Tab. 1). The validation programs [84, 85] showed
also for this second model a very good final geometry and densitwith all
residues lying in the preferred regions of the Ramachandran ploquEmitative
comparison of U43S with U43C SmGpx did not show any significant stalctur
difference neither in the stereochemistry of the residueghietactive site nor in the

3D structure of the protein at large (RMSER chair0.38 A; RMSDRige chaim1.21 A).

This finally leads to the conclusion that U43S SmGpx maintainssénee 3D
structure of the U43C mutant, strongly suggesting that the easi@tior of Cys43

does not perturb significantly the native structure of the enzyme. An additrooél p

in support of this statement came from the molecular dynamic @#bulations on
SmGpx, where the in silico replacement of the; Sfpoup with functional Seor
SeOH groups did not determine any significant perturbation of therengiructure

(see Chapter 3).
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Fig. 17 Panel A: Ribbon representation showing the overall 3D s$tmegc of U43C SmGpx. Colour
blending from N-terminus (blue) to C-terminus (redhe active site residues, including sulfonated
catalytic Cys (OCS43), GIn 78, Trp 132, are showtall and stick and contoured with 2Fo-Fc electron
density map atd. Panel B: Superposition of U43C SmGpx (blue) and HsGpx4 (gyrediew of the two
proteins from the top looking into the cleft sumdiing the catalytic triad; residues different amaheg
two are shown as ball and stick.

4.2.3 Insight into the catalytic site of SmGpx

The complexity of the Gpx superfamily, including different enzyméth
various substrate specificity and cellular localization, does rsufitren a similar
heterogeneity in the active site organization. It has beeady demonstrated, for
example, that bovine and human Gpiisplay a highly similar pattern of catalytic
residues, though classified as cytosolic (Gpx1) and extrace(@lax3) enzymes
respectively. Two conserved amino acids, GIn and Trp, are cfacidle enzymatic
activity of Gpx, being localized at hydrogen bonding distance from the catalytic
Sec; butrecent results suggest that also the conserved Asn residuetcldsemay
play a role during catalysis [62, 64, 66].

SmGpx does not differ significantly from this pattern of actite sesidues:
Q78, W132 and N133 are conserved in SmGpx (Fig. 15, 17A) and located at H-bond
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distance from Ocs43 (Tab. 2), consistently with their presumed imoléhe
stabilization of the reduced form of the native enzyme (RReeing catalysis.

SmGpx HsGpx4
Atom 1 Atom 2 Distance Atom1 Atom2 Distance
45 ALA/N 3.11 75 LYS/N 3.12
46 THR/OG1 3.03 76 THR/OG1 3.03
430CS/O 46 THRIN 3.04 73CYS/O 76 THRIN 3.01
61 HOH 3.12
30CS/ 41 CYS/O 3.78 3CYS) 71 SER/O 3.79
4 N 46 THR/OG1 3.03 73CYSIN 76 THR/OG1 3.12
44 GLY/IN 3.39 75 LYS/IN 3.48
430CS/SG 73CYS/SG
132 TRP/NE1 3.84 181 TRP/NE1 3.92
74 HOH 3.75 164 ASN/ND2 3.63
78 GLN/NE2 3.86
4 D1
s0cCs/o 132 TRP/NE1 3.49
44 GLY/IN 3.11
132 TRP/NE1 3.08
430CS/oD2 133 ASN/ND2 291
74 HOH 3.09
44 GLY/IN 3.22
430CS/0OD3 45 ALA/N 2.79
46 THR/N 3.89
74 HOH 3.27

Table 2 Inter residue contacts around the active Ocs48/78 in U43C and human HsGpx4 respectively. Disianc
shown are between each residue and the catalyt®d3DCys73.Putative H-bonds (in bold) have been identified
choosing a bond length cut-off of 3.10 A [136] alidwing for an experimental error of 0.05 A. Moveo, their bond
angles have been checked and demonstrated to hmatibla with the expected linear geometfyp describe how the
angles were determined, we schematically reprebenitH-bond as XD—H---A, where D is the donor atom and A is
the acceptor. In our maps the H atom is not dedetiers the linear arrangement of atomsHD-A cannot be checked
directly. However, linearity can be safely assurifetie D—A distance is below the threshold and-D—A angle is

compatible with the known hybridization of D.
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The structural superimposition of the U43C SmGpx with the U73C matan
the HsGpx4 leads to an overall rm.s.d of 0.68 A. In particular theuess
belonging to the SmGpx active site (C43, Q78, W132, N133) show an average
displacement of 0.17 A with respect the corresponding residues in then huma
enzyme. Hence the geometry of the active site is stradhserved, the most
obvious difference between the two enzymes being the redox sttite ofutated
catalytic cysteine, which is fully reduced in HsGpx4, while emadated in SmGpx
(Fig. 17B).

All attempts to obtain a reduced U43C SmGpx, through different puidiirca
protocols employing several reducing agents, including TCEP, DB,
Mercaptoethanol and GSH (see Chapter 3), were unsuccessful. Thexiolsed
state of the catalytic C43 unfortunately compromised all teasorements of the
enzymatic activity. Hence the enzyme was proved to be totakyivea as well as
the U43S mutant, at every stage of the purification and with tlexeht substrates
tested (see Chapter 3). The loss of activity was expected for the U43S mutaoit but
in the case of the U43C SmGpx, as the homologous HsGpx4 carrying the same point
mutation and the same structural features was proved to be active [63].

The reason for the major tendency to auto-oxidation of the schistosome
enzyme if compared with the human Gpx4 cannot be unequivocally assigned, but
more detailed comparison between the active site environmerits tid enzymes
gives some hints in this respect. Indeed superposition between SmGps@pr4
with SSM methods (secondary-structure matching) shows a few puitations
involving residues surrounding the catalytic Cys: A45, K48, T153 and A154 in
SmGpx are respectively mutated to K, V, E and E, in the human en{By;md.7B).

A specific role for these residues is not immediately appatieniigh the charge
distribution around the catalytic Cys might be changed by the fiolipw
substitutions: C41 of U43C SmGpx to S in HsGpx4 and A45 to K. The @&nalys
the surface charge distribution confirms that the active siteegpad U43C SmGpx

has a strong positive charge, while in HsGpx4 the pocket is leds/@asid more
hydrophobic (Fig. 18A-18B). Thus the most obvious difference between thenhuma
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and the schistosoma enzyme seems to lie in the greater pofakig3C SmGpx
active site, which could favour access to water and possibly metlthat could
exert a catalytic role and promote the oxidation of C43 to sulphonic acid.

4.2.4 Static and dynamic clefts on SmGpx and their functional relevance

With the aim to provide details about the catalytically relevagions of
SmGpx involved in the binding of specific substrates, such as glutathione
(GSH/GSSG) and phospholipid hydroperoxides, the CASTp algorithm has been
used to analyse the protein clefts (see Chapter 3). Two topolggazplivalent
cavities, close to the catalytic residue, have been identifi&#BC SmGpx and in
HsGpx4, having different areas and volumes: A®%A® for U43C SmGpx and
93A% 72A° for HsGpx4, respectively. A contribution to the greater extensif
SmGpx pocket may be attributed to the lack of the H-bond between E158&and Q
which in the human enzyme partially close the pocket shielding tag/toa C73
from direct access to the solvent.

The SmGpx cavity (yellow surface in Fig. 18C) is delimitechiggrophobic,
polar and aromatic residues, which are close to the cat@gsd3 and in some
cases form H-bonds with it (Tab. 2-3). Therefore, we refehi® ¢avity as the
active-site cleft. CASTp also identifies a secondary ceeinicSmGpx, centred on
K131, having area and volume of about 107ad 57 &, respectively (magenta
surface in Fig. 18C). This secondary cleft has limited acmes*3, it is smaller
than the active site one but has a greater density of poditarges (Fig. 18A and
Tab. 3). The two clefts are divided by a ridge that hosts C43,emmasme is
increased because of oxidation and which seems to act as laefleairrier in
between. Elimination of sulphonic acid by mutation of C43 to S or by catiodl
methods, does not change significantly this condition, except thaphysical
barrier between the two half-clefts is less prominent.
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Figure 18 Panel A and Panel BRepresentation of the electrostatic potentialSonGpx and HsGpx4,
respectively. The higher density of positive chargerrounding the catalytic C43 in the parasiteyerez

is evident. The two proteins are in the same aai@m of SmGpx in panel C. In both proteins theitms

of the catalytic cysteine is pointed by an arrobecEostatic-potential maps were calculated witrBSP
[88], using the PDB2PQR server [89] and visualizgth PyMOL [90]. Deep red corresponds to an
electrostatic potential of -7 kT/e; deep blue cepands to +7 kT/ePanel C Representation of the clefts
detected by CASTp and MD analysis in SmGpx. Yellagtive site cleft; magenta: secondary cleft
(putative GSH binding site). The catalytic Cys des placed between the two clefts is shown assstick
Panel D Docking of phosphatidylcholine (PDB code CPL)the active site cleft. The phosphorous atom
is located in the negative pocket hosting a suléati®n in the crystal structure, and the two faityd
chains lie on top of the hydrophobic surface jlshe OCS43.
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CASTp on U43C MD simulation on SmGpx
crystal structure

Residues in the active site 0Cs43 Sec43
cleft Ala45
Lys48 Lys48
Asn49 Asn49
GIn52 GIn52
Trpl32 Trpl32
Phel34
Lys 136 Lys136
Pro151
Thr152 Thr152
Thrl53 Thrl53
Alal54 Alal54
Pro155 Pro155
Tyrl56
Glul59
lle162
Residues in the secondary Gly124
cleft (putative GSH Thrl25
binding site) Asn129
1le130 1le130
Lys131 Lys131
Trpl32 Trpl32
Serl35 Serl35
Arg148 Arg148
Tyrl49
Serl50
Prol151

Table 3: Residues lining the clefts identified by the ist@ind dynamic analysis of
SmGpx. The active site cleft is delimited by hydropic, polar and aromatic
residues; the secondary cleft (smaller than thigeastte one) has a greater density
of positive charges. Residues detected in bothcstatd dynamic analysis are
shown in bold.

The results obtained from CASTp analysis are supported by thevatises
coming from MD simulations performed on SmGpx in different redotestésee
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Chapter 3). During the simulations, transiently formed cavitigth volumes
ranging from 10 to a few hundreds dre detected on the surface, close to residue
C43. The volume distributions of such cavities, reported in Fig. 19A (uzresl)

for reduced (S¢ and oxidized (SeOH) SmGpx, are by-and-large independent of the
oxidation state of Sec. Dynamic analysis identified also angkcy positively
charged cleft close to K131 which is detected for a fractiom bf 80-85% for
both reduced and oxidized SmGpx (Fig. 19A bottom panel). In reduceg6th&
volume distribution is characterized by a large single pedkawhaximum at about
200 A, while in oxidized SmGpx it is significantly broader and alnftet with
values ranging from 100 to 300%AThe motions of two loops, preceding and
following helix a2 (32a-a2 loop: residues 104-112, and ta2-33 loop: residues
122-134, Fig. 16), are specifically correlated to the fluctuationhefsecondary
cleft, as detected by essential dynamics (ED) analyd@2][and Chapter 3),
performed on the backbone of amino acids 104 to 140. In Fig. 19B the extrem
configurations corresponding to the opposite values of the projectidheofirst
eigenvector as determined from the simulations of SmGpPxdBé SmGpx(SeOH)
respectively, are reported. The approximate position of the dawiighlighted by a
sphere.The principal motions of the two loop2a-a2 anda2-33, are correlated in
both oxidation states. Therefore, MD simulation shows that in Sn8epX{{) the
displacement of the32a-a2 loop towards the active site is coupled with a
displacement of tha2-33 loop away from th@4 strand and thereby an increase of
the cleft volume. On the other hand, in SmGpX(8& coupling between the two
loops is anti-correlated, since, when f#a-02 loop moves towards the active site,
the distance between thee2-33 loop and the34 strand decreases and the cleft
volume shrinks (Fig. 19B). The list of the main residues lining baghsthtic and
dynamic clefts (Tab. 3) shows that the core of both the actvausd the secondary
cleft detected by CASTp is superimposable to the pattern afuessilining the
dynamic clefts. Therefore MD suggests that both clefts teteoy CASTp may
undergo transient expansion. This area/volume changes may be fuhctiona
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relevant, since the cleft's volume from the static crystaictire appears too small
to accommodate either substrate (i.e. the organic hydroperoxides or GSH).

A B

— S¢
ootf - SeOH

Relative Frequency (/A’)

=il | L
9 100 0 30 a0
Volume (A”)

Figure 19 Panel A Relative frequency of the volume distributionstioé active site cleft (upper
panel) and of the secondary positively charged ¢bfttom panel), shown for the reduced™(Se
solid lines) and the oxidized (SeOH, dashed lingsites of SmGpxPanel B Extreme
configurations from the most different eigenvaldes each simulation of reduced (pand
oxidized (SeOH) SmGpx. The directions of motiontled loops 2a-02, a2-B3 preceding and
following helix a2 are shown. The approximate position of the seagndeft limited by the two
loops is highlighted by a sphere.

Although it is difficult to assign a specific functional role tack cleft
identified in U43C SmGpx, mainly because the attempts to digstghe enzyme in
the presence of its substrates did not gave any positive rdselinformation
coming from the crystal structure here presented and from tli@csuanalysis
allowed to hypothesize a binding region for both phospholipid hydroperoxides a
GSH/GSSG on SmGpx.

Functional studies have proved that class 4 ;Gprefer phospholipid
hydroperoxides as substrates over-and-abg¥® dr other organic hydroperoxides
[50]. Moreover it is known that schistosomes, being unable to syn¢hdsinovo
fatty acids, upload these compounds from the host and that adult worrtlg usea
the host oleate (18:1) and elongate the chain to eicosenoate (R@ith is
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incorporated predominantly in the phosphatidylcholine molecule together with
palmitate (16:0)113]. An automated docking procedure (see Chapter 3, )

been here employed in the attempt to identify a possible binding faite
phosphatidylcholine (PC) in U43C SmGpx in the proximity of C43 (Fidp)1é

spite of the high flexibility of the substrate PC, under theurapsion that the
phosphate (P) of PC occupies the same site of the sulphateophpgphate anion
present in U43C SmGpx and U43S SmGpx respectively, a plausiddnBi@g site

was identified, comprising: (i) the residues surrounding the astigecysteine (43-

45 and 74-77) (the Cys residue should act on the peroxidatic double bond of the
phosphatidylcholine hydroperoxide fatty acid chains) and (ii) thosewding the
strongly positive pocket (57% next to the catalytic Cys hosting a
sulfate/pyrophosphate anion (residues 123-133 and 148-151). MD simulations had
already shown that such a pocket undergoes relevant expansions ionsoluti
enabling it to accommodate larger substrates (Fig. 19A). ThgrgmoPatchdock
optimized the position of the substrate, with the following constr&nto R148
distance=3.9 A. Although this procedure is somewhat arbitraris iiseful to
suggest a possible orientation of a highly flexible substrate.pgossible that when

the phosphate group of the phosphatidylcholine is located in the pocket cantaini
the sulfate or pyrophosphate anion, the two fatty acid hydrophohitsamay lodge

on top of a large hydrophobic surface located above the -catalytieingys
positioning C43 close to £C;0 double bond of the eicosenoic acid. This
observation may have a functional relevance as it is known thabriation of
unsaturated fatty acids occurs usually on a double bond located arguyididing
similar oxidation products for monoene-, diene- and triene- fattysgdil4] (Fig.

20). With respect to the GSH binding site on Gpx enzymes, the unifqusation
available in literature comes from the work of Epp et al., who prapasmodel
based on differences in the electron density maps between theedxahd GSH
reduced wild type bovine cellular enzyme (PDB code: 1¢621). They concluded

that three residues (R57, R184 and M147) are involved in GSH binding. Sequence
alignment and structural superposition allowed us to trace the esntiyalsitions in
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U43C SmGpx. This putative GSH binding site overlaps with the secooctdtyn

the schistosoma enzyme, even though the residues that should intér&esw are
different. In fact, while the putative role of R57 could be played43C SmGpx by
K48, R184 is mutated to P150 and an equivalent of M147 is absent. The latter
observation is consistent with the fact that SmGpx is a monoraerigme, while
bovine Gpxlis tetrameric: in the bovine enzyme M147 is localized in a loop of
residues involved in the dimerization of oligomeric Gpxs which is rabisethe
monomeric enzymes, such as SmGpx (Fig. 15). In view of theseediffes, the
hypothesis that the functional role of the secondary cleft is to ggavie actual
GSH binding site must be considered with caution, though the high coatcanof
positive charges in this cleft together with its dynamic volurhetdations,
occurring when the enzyme passes through the two redox stagecafatytic cycle
(from R-Séto R-Se-OH), makes it plausible.

HO

Fig. 20: Main steps of membrane lipid peroxidation: (A) iaibpn of the peroxidation process by an
oxidizing radical X, by abstraction of a hydrogen atom; (B) oxygematm form a peroxyl radical and a
conjugated diene; (C) peroxyl radical moiety pemis to the water-membrane interface; (D) peroxyl
radical is converted to a lipid hydroperoxide; @@g enzymes phospholipase A2 (PLA2), glutathione
peroxidase 4 (GPX4), glutathione peroxidase (G fatty acyl-coenzyme A (FA-CoA) cooperate to
detoxify and repair the oxidized fatty acid chafrihe phospholipid (adapted from [115]).
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Il part: Thioredoxin Glutathione Reductase from S. mansoni (SmMTGR)

4.3 Expression and purification of two mutants of SmTGR
The gene coding for a GST-fused SmTGR, lacking the last twooaauids
Sec597-Gly598, cloned into a pGEX-4T1 vector, was expressBidh(DE3) E.

coli cells upon induction with IPTG, in order to obtain the truncated form of the

enzyme (SmTGRIr) (see Mat. & Met.). The gene coding for SMiTG&s used as a
template to synthesize the U597C mutant gene for full-lenGiR (see Chapter 3).
The expression of this construct in BL21(DBE3)coli cells without IPTG induction
gave the best results in terms of protein yield. For both mutaatSDS-PAGE
analysis confirmed the presence of a band at about 90 kDa corresptmdiey
molecular weight of the GST fused with a monomer of SmTG#. protein purity
was >98%, after the thrombin cleavage and removal of the GST tadfibiy
chromatography.

The two SmTGR mutants showed the typical UV-VIS spectrum
flavoenzymes having an absorption peak at 280 (due to both the protéis BAD
cofactor) and another peak at 460 nm (representative of the FAD) Wwagbeen
used to estimate the protein concentration (see Chapter 3 and Fig. 21).

absorbance

T 1
500 600

x);velenght(nm)
Fig. 21: absorption spectra of SmMTGRr in different redt@ates.Spectrum 1: 15uM of oxidized SmTGR
(€460 = 11,300 M crmi®). Spectrum 2: SMTGR reduced with 4 equivalents of NADP#d,§ = 6220 M*
cm?), 1 min after the addition of reductaSpectrum 3: SMTGR reoxidized by 1 mM GSSG, 1 min after
the addition of oxidant.
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Both the truncated and U597C SmTGR have been employed in crgdtahi
experiments and their structures have been solved (PDB codes: 280,
2X8G, 2X8H, 2X99). However, given the absence of relevant structural changes
between the SmMTGRItr and the oxidized fornéB7C SmTGR, the former will be
excluded from the structural descripti@ported below.

4.4 Structural characterization of intermediates of the catalyticcycle of
SMTGR

As described in section 1.6, SmTGR is a homodimeric flavoprotein betpng
to the class of the pyridine nucleotide oxidoreductases, which irsclati
thioredoxin reductase (TR) and glutathione reductase ([@&) The structural
characterization here presented explains how the peculiar domain organiz#tien of
parasite's SMTGR makes it able to exploit the functions winamally compete to
both TR and GR in the mammalian hosts, being involved in the transfeduding
equivalents from NADPH to both the GSH and Trx antioxidant systenmsder to
finally permit the reduction/detoxification of hydrogen peroxide andanic
peroxides to B, and hydroxides respectively. The active cysteine couples tbcate
in different domains of the protein (i.e.: the C-terminal Gly-CGgs-Gly
tetrapeptide, the FAD binding site, and the N-terminal glutareddxmain) are at
the base of the reducing activity of SmTGR (Fig. 22).

Several structures of TR and GR from different organisms have dodezd
[44, 116-118], but the absence of details about the 3D organization of TGRs ha
prevent the elucidation of its catalytic mechanism. Furthermoreléh®nstration
that TGRs from different parasites (Schistosoma among thertaayets of choice
for the development of new drugs, because of their key role infeh@dintenance
of the parasites inside the human host, has made more and mordingfeies
elucidation of the macromolecular organization and of the mechanisictioh of
such enzymes [29, 71, 119].

In this respect the following sections will provide a detailedcdption of
TGR from Schistosoma mansoni, with insight into the main structtirahges
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which accompany the redox transformations occurring during théyteateycle.
The U597C mutant of SmMTGR has been crystallized in different re@des: (i) a
fully oxidized form Rructure 1 (1.9 A)]; (ii) a partially reduced form, obtained
either in the presence of NADPH and reduced glutathione (GSHicfure 2 (2.3
A)] or (i) with GSH alone &ructure 4 (1.9 A)]; (i) and a species having the fully
reduced C-terminal tetrapeptid&ructure 3 (3.1 A)], whose relevance for the
catalysis will be further explained below. The statistics e diffraction and
refinement data for each of the four structures are summarized in Tab. 4.

Structure 1

Structure 2

Structure 3

Structure 4

Data collection

Space group C2 Cc2 222, Cc2
Cell dimensions
a b, c(A) 141.6 102.8, 59.2 141.6, 102.6, 60.0 84.548785.5 141.6, 102.9, 59.1
a,By () 90, 112.4, 90 90, 112.8, 90 90, 90, 90 90, 1126, 9
Resolution (A) 40.0/1.9 (2.0/1.9)*  40.0/ 2.3 (243)* 30.00/3.1(3.2/3.1)*  40.0/ 1.9 (2.0/ 1.9)*
Rmerge 0.1 (0.3)* 0.1 (0.4)* 0.1 (0.5)* 0.1 (0.4)*
I/ol 12.2 (3.2)* 18.4 (3.8)* 11.8 (2.6)* 9.6 (5.4)*
Completeness (%) 90.1 (92.6)* 100 (99.9)* 99.3299. 100 (99.7)*
Redundancy 3.0 (2.8)* 8.1 (7.8)* 7.1 (7.0)* 5.778.
Refinement
Resolution (A) 40.0/1.9 40.0/2.3 30.0/3.1 400/ 1
No. reflections 52,728 33,294 24,221 58,385
Ruvork / Riree 0.19/0.21 0.19/0.23 0.22/0.29 0.18/0.19
No. atoms 4863 4936 9174 5008
Protein 4502 4502 9031 4504
Ligand/ion 106 249 143 139
Water 255 185 0 365
B-wilson 19.0 35.1 63.4 14.6

64



Chapter 4

Structure 1

Structure 2

Structure 3

Structure 4

B factors
Overall 18.6 225 43.5 14.6
Main chain 17.6 20.1 43.3 13.0
Side chains 19.6 24.7 43.7 16.1
R.m.s deviations
Bond lengths (A) 0.008 0.011 0.009 0.007
Bond angles?) 1.064 1.302 1.164 0.978
Model quality
Ramachandran plot
Most favoured 91.4% 91% 86.3 92.6
Additional allowed 8.4% 9.0% 135 7.2
Generously allowed 0.2% 0% 0.3 0.2

Table 4 Crystallographic data collection and refinemeatistics (* Values in parentheses refer to thénegg resolution shell)

65



Results and discussion
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Fig. 22: Electron transfer in and out of the TR domain pff&R. When NADPH binds to the oxidized
state of the enzymé&fucture 1), electrons are transferred from the nicotinamidg to the FAD; reduced
FADH, shuttles electrons to Cys154-Cys159 couple (in obmke to the isoalloxazine ring of FAD (as
observed iSructure 2), and finally electrons reach the Cys596-Sec5@dxeouple on the C-terminal
segment of the other subunit (in blue, as obsenve&ucture 3). The C-terminus acts as a flexible arm,
which might donate electrons either internally be tCys28-Cys31 active couple on the oxidized Grx
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domain (in green) or externally to various oxidizatbstrates such as SmTrx (in dark grey). SmTGR
redox species populated during the catalytic cgoteshown, from the fully oxidized enzyme,{Bo the
two-electrons reduced forms (B4 EH,®, EH,S), to the final four-electrons reduced species {EH
EH,?).

4.4.1 The oxidized form of SmTGRfucture 1)

Overall structure: fusion of thioredoxin reductase (TR) and glutaredoxin
(Grx) domains

In order to obtain the fully oxidized enzyme, crystals of the US90@&m of
SMTGR were incubated for 48h with a 2mM solution of copper sulphate (s
Math&Meth). The resulting oxidized SmMTGR represents the #isp of the
catalytic cycle and is able to accept reducing equivaleats the NADPH donor
(Structure 1, Fig. 22). The structure was solved at 1.9 A resolution and the map gave
the possibility to fit residues from 6 to 593. The refined model ctensisone
monomer per asymmetric unit.Since the enzyme in solution is a dimer as
demonstrated by high resolution gel-permeation (HPLC, result notnghdhe
crystallographic dimer generatéy reflection on the twofold symmetry axis is the
biologicalunit (Fig. 23A-23B).

The overall structure of the enzyme reveals that each mon@sdtsr from
the unusual fusion of two domains: a smaller Grx domain, ranging fromuesil
to 106 (green in Fig. 23), and a larger TR domain, including residues 10%e898 (
and blue in Fig. 23). The Grx domain shows a typical thioredoxin/gtidanefold.
The secondary structure of this region, in fact, comprises aatémir-strande-
sheet (the first twf-strands are parallel and the other two are antiparallel) wad fi
surroundinga-helices (Fig. 24)The same fold has been already detected in several
isoforms of Grx from eukaryotes, having either a monomeric or dimer
arrangement (PDBcodes: 1Z7R [120], 2HT9, 3C1R [121], 3CTF, 3L4N [122]). The
loop comprising residues 103-108 connects the Grx domain of SMTGR, latated
the N-terminal portion of the protein, to the large TR domain. The Ib¥elchof the
TR domain is typical of a member of the pyridine nucleotide-disdéhi
oxidoreductase family, thus very similar to the general foldhgflR and GR
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enzymes. As already discussed for the 3D organization of maami¥dR and GR
[117, 118], enzymes belonging to the above-mentioned family usually lalssam
functionalhomodimers, and in each monomer three sub-domains can be recognized:
(a) an N-terminal FAD binding domain, (b) a central domain for NAEfhding,
and (c) a C-terminal interface domain. A superposition betwaenTR (ITR,
PDBcode: 1H6V[117]) and the oxidized form of SmTGR(ucture 1) allowed the
identification in the TR portion of the worm enzyme of the corresponduiy
domains, comprised between the following residue ranges: (a) 105:@5®9a-466
(red in Fig. 25), (b) 260-396 (yellow in Fig. 25) (c) 467-593 (cyan in Fig. P22
first two sub-domains are variants of a Rossmann fold, being composelhrger
five-stranded parallgd-sheet flanked by a smaller three-stranflesheet on the one
side and a different number a@f-helices on the other side (Fig. 25-26). The
secondary structure of the third sub-domain shows a central faedst
antiparallelf3-sheet, with four flankingx-helices (Fig. 25-26). The binding site of
NADPH and its interaction with the residues surrounding the FADR wald be
discussed in section 4.4.2, while the monomer-monomer interface vaédwzibed

in details below.
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GRX domains
/ \

Fig. 23 Panel A: Structure 1, SmTGR in its oxidized state. Green: Grx domaBkie and red: TR
domains. The FAD cofactors, one for each monomer,baund in close proximity of the C-terminal
segment of the protein and are shown as spheres.r@@ox centers of SmTGR are shown, with the
sulphur groups of the reactive cysteine couples3{€P, C154-159) represented as orange sticks. The
third reactive cys couple (C596-C597) is not visilsl the electron density map, but the positiothefC-
terminal arm of monomer A is pointed by an arr®anel B same structure as in panel A but the view is
from the top, looking down the twofold dimerizatiaris, shown in black.
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HsGrx ..... MA[QEF VN CK|I Q[P|GIKN{V Vg T)dPpdeddelR RIAIOE IS O\L(P|IE4Q\G|L{LI F|V|D I T|A TNH TNERfe]D YOQ|L(T|G A
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HsGrx RESYS3R Vi T/G K[D ChlelG C[SD LIVS LQ|Q(S|GIAL TRILKQIIGALQ .
MmGrx REMSYR Vi3 TG KD CpselG C|SID LII SMQQTICIAM TRILKQIGALQL
RnGrx RESSHR VI3 T|G KD ChfelG CISID LIL SMQIQIN|GITARILKQIIGALQL

Fig. 24: Sequence alignment between the Grx domain of Sm{féstdues 1-104) and Grx proteins from
different organisms: Homo sapiens (Hs), Mus musc(idm), and Rattus norvegicus (Rn). The alignment
files obtained with ClustalW have been visualizeithvESPript. The secondary structure of the Grx
domain of SMTGR is shown in the top line. Identiedidues are boxed in red, similar residues in red
non-conserved residues in black.

interface
domain

FAD-binding
domain

NADPH-binding
domain
Fig. 25: Localization of the three sub-domains comprisedria monomer (A) of SmMTGR. Red: FAD
binding domain; yellow: NADPH-binding domain; cyainterface domain. The adjacent monomer of
SmMTGR is shown in light grey. The position of theée@minal segment of monomer A (close to the FAD
binding site of monomer B) is pointed with an arrow

70



Chapter 4

SmTGR

SmTGR
HSTGR
MmTGR
HsTR1
RnTR1
HsGR

MmGR

SmTGR

SmTGR
HSTGR
MmTGR
HsTR1
RnTR1
HsGR

MmGR

SmTGR

SmTGR
HSTGR
MmTGR
HsTR1
RnTR1
HsGR

MmGR

SmTGR

SmTGR
HSTGR
MmTGR
HsTR1
RnTR1
HsGR

MmGR

SmTGR

SmTGR
HSTGR
MmTGR
HsTR1
RnTR1
HsGR

MmGR

SmTGR

SmTGR
HSTGR
MmTGR
HsTR1
RnTR1
HsGR

MmGR

ol B1 02 B2 nl a3 a4 B3
00000000000 000000000000 =—>000 0000000 0000 —
1 10 20 *30% ) 50 60

70

.MPPADGTSQWLRKTVDSAAVILFSKTTCPYCKKVKDVLAEAKIKHATIELDQLSNGSAIQKCLASFSKIETV[PQMFV
a5 MAAMAVALRGLGGRFRWRTQAVAGGVRGAARGAAAG. . . .
MSSPPGRRARLASPGTSRPSSEAREELRRRLRDLIEGNRVMIFSKSYCPHSTRVKELFSSLGVVYNILELDQVDDGASVQEVLTEISNQKTV[PNIFV

-MNGPEDL[P|.
.MNDSKDAP. . . .
MACRQEP .« s wns s w5 smms o QPQGPPPAAG. . . .

MALLPRALGVGAAPSLRRAARALTCTMASPGEPQPPA]R

as ob o8 o9
000000000000000

[
G
H
Q
¢ s KOY] o
. .AVA E
i % 3 DTS SHK. . . E
al0 B9 B10 il B12 B13
— T =P TT —
200 210 220 230 240 250
MvE|e V[QsHT]c SEYWC[Y KV AFR DN OV T[¥LNA KIGR[L]I S PHIEVQ I TDKNQRV S TT TGN K I[T LESE RFKY] P
MAIEIA IN|H VK S| (WGHRVOMODR Y|FIN| I KIAIS[FIVDE[HTVCGVAKGGKEILLSADHIT ILSGNeG RIR|Y| E
MT|E[A T 0S| T|G SEBNWG|Y RV TR EKG|VIT[Y|V]N|S FIGIE[F[VD LIHK I KATNKKGIQE T F[Y T | o
M [E[A VIOINH T/G SEBNWG/Y RV AR E K K|V|V|Y|EINA YIGQIF| I G PHR IKATNNKGKEKI|Y S Al P
MTIE Nl 1/G SERYWiG)Y RVAMR EX vIENIA YIG[KIF|T G PHK IMATNNKGKEKV|Y S P
I/KIE[KR SR| ALY QNNMT KSH|I|E|L|I|RIGHAAFTSDPKPTIEVSGKK. . .[YTA P
|Z/xloKX RIDAlY viS REBNTIT|Y QN NPT K S H[Z|E[L|T[E|G YA|T|FADGIPR PTVEVNGKK . . . [F TAPHIL IESeG VigT P
oll B4 al2 B15 al3 Bl16 B17 p18
0000 —_— —_— —_—
270 280 290 300 310 350 360
BavENCHTERDLESEP ¥ FFGKTLV IR sFV A L CEXEFRA SLEGDVT [VKFAKLCVFDEIKQLKVVDTENN
[EALE| TERSD| IYWHIK E SidG K|T LV V[eFAS NV A LIACENel FMT G(T[& LD T|T T 2iMjd TR F|LIRIG CAP| s RRLPD.
[EDKEY| ETSDDLFSLPYCPGCTLVVGASYVGLECAGFLAGLGLDVTVMVR VK F|IQRIKF T|P| QQLEKG
(€D k E|v|c{sERIDLEgsHp ¥ cldc KT L v v[EENSF{v A L CENE rilla G Tl LD viT VSV IKF| EQIEAG
[EDKE(Y|CRISEND LIFSMP Y CRdGKIT LV V{ERNSFV A LA ChNe F A G| I [ LIDIV|T VIS Vil IKF| IEQIEAG
€A S . LIGMTEG FIJOMEE LIZGRIS V I V[EFAGH{ T A VjAMENE TS AlL[elS|KIT|S LI T)H D K VIR S )y S| VE KKTLSG
€A S . [LIGHMTEGFIJOMED LIZSRISV I VI[FNGH{T A VI TEXE TS LE ENEPN MEN R 1:000:QY I. RI F DEJ VE [VIKKTSSG
B19 B20 p21 B2 3 n4
k] — — - 000 Q00 TT==$ 000 TT
370 380 390 400 410 4
KPGLLVKGHYTDG . KKFEEEFETV I|FRVIERE POL SKVILCE T VEVIK LD . GK
. .GQLOQVTWEDSTTGKEDTGTF[D TV L{WE\T [}V P D|T R|S|LN|L E[KA{e VD T|S| IGR|
LPGKLKVVAKSTEGPETVEGIYNTVLLET[EID s CT RIKIT|GIL E[K T[EVIK T]N] e
TPGRRVVAQSTNSEEITEGE YN TVMLENT[ERIDA CIT RIKIIT(GIL BT VIEVIK Th] D
TPGR[LKVTAKSTNSEETIEDEFNTVLLENV[ERID s c|r RIT{1|G[L BT B KIN e
LEVSMVTAVPGRLPVMTMIPDVDCLLWENT{eddV P N|T K|D|LISIL N|K L[ T|Q T|D| . .G
LELQVVTSVPGRKPTTTVIPDVIDCLLWIATIED PN|s KGILINL MK vIg1/0TD) - fchid
p24 al? p27 28 al8
TT  — 0000 — —

469 479 52('7 53(? 54? 550
GATE . LTERSVARTRE T PIL| D| SN[F| A HE DNVISYMEL(V] RKsENﬁREEELHVLGPrAGEITQGYAVA
GSSD . LMpRDNIV PR TN T P|L| Q AH| IAGIIDAIS|O (K| RE|PP|QL TiFLGPIAGE ' T[oXei FIALG|
VSLE . KCpPRINT PRSTNSIT P|L| [EM Y KKIEN L E VR4H|T L[F| IAG)ID N| ID| (G} HuLGPIAGEITQGFAAA
GSTV. KCRMENV PR TNAY T FIL| E[KFGE[EN I EV){HS Y[F| PSEDN| I (ClENA G AENE = g 0 Gl AR
GSTV . KCpR{DIIV PR TN T P|L| E|KFGEIEN I EVH4HS F|F| P SIIDN| X L [CIE) L[elP|N A G V| T{ofel F IR
YKEDSKLsR4NRIT P VA#3S H P| HKYGI|ENVKT}S|T S|F| ITK)E . KIT IE] . [E| TEIMQIELIG C DjaiM Lofel FEAVIA|
CKQDSKLPERYDIT PRYVYAYS H P| H|KY GIKDN VK IPgS|TA[F] TTR.Kﬂ257 (K)YM C) ng.@?MyEIEMQGIGCDEMLQGFAVA

590
HVTKKSGVSPIVSGCUG
RISKRSGLDPTVTGCUG
[EITKSSGLDITQKGCUG
SVTKRSGASILQAGICUG
SVTKRSGGDILQSGCUG
R

Homo sapiens; Mm= Mus musculus; Rn= Rattus noruegithe alignment files obtained with ClustalW
have been visualized with ESPript. The secondaugtstre of SmMTGR is shown in the top line. Idertica
residues are boxed in red, similar residues inmed;conserved residues in black.
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A structural superposition between a monomer of U597C oxidized SmTGR
and those of both human GR (hGR, PDBcode: 3DJG) and the U498C mutant of
human TR (hTR, PDBcode: 2ZZ0) shows that some structural featuske m
SMTGR more similar tdRs than to GRs (Fig. 27). In common with TR, SmTGR
presents 16 extra residues (carrying the Gly-Cys-Sec@hlyensus sequence) at the
C-terminus, which is absent in GR. Moreover two insertions in thestssoma
enzyme (residues 139-149, and residues 238-245) can be exactly superimposed t
analogue sequences in hTR but do not have an equivalent portion in hGR7{Fig
The same features are evident from a superposition of SMTGRMRt{IHEV)
(results not shown). The two loops resulting form these insertions teeghield the
adenine of the FAD, which is more buried in TGR and TR if compatidd GR
enzymes [117]. A unique feature in the structure of SmTGR, abseather
members of the GR family, is an extended and solvent accessdilde loop
(residues 359-364), constituted by a group of polar residues (D-TNEKN-
positioned at the bottom of the structure under the FAD bindingTsite loop lies
below two B-strands (residues 347-356 and 367-375) belonging to the NADPH
binding domain (Fig. 27).

Y
loop 359-364
Fig. 27: Superposition of the 3D structure of monomer Bxtlized SmTGR with either one monomer of
hTR (Panel A) or hGR (Panel B). Green: SmMTGR,; oearigsR; cyan: hTR. In black are shown the
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regions of the worm enzyme which makes it morelaimd TR than to GR enzymes.

The dimer interface

Dimerization in SmTGR occurs through the larger TR domains and results in a
distorted “W’ structure, with the two Grx domains positioned e top of each
outer arm of th&V (Fig. 23A).The monomer—monomer contact area is composed of
an antiparallel five strande@-sheet, flanked on each side by twshelices
(a16-al7 on one side anal18-019 on the opposite side) and @ Belix (16 on one
side andh7 on the other). For the sake of clarity the nomenclature of the segonda
structure elements is the same shown in the sequence alignment in Fig 26.

The total surface area buried in the dimer interface (422@sAnostlydue to
complementarity of residues within the helice$8 of both monomers, with a
central role played by a network of Van der Waals interactioaslyninvolving
residues G550, Y551, V553, A554 and 1555 from each monomer. A series of
symmetric polar contacts participate also to the dimerizaifothe protein, and
engage the following couples of residuEs46-S575/N (2.9 A), Q549-E576/N (3.6
A), Q549-1570/N (2.8 A), where the former residue belongs to one monoméreand
latter comes from the adjacent monomer. Moreover E509 forms alslaracontact
with K163 of the FAD binding domain of the adjacent monomer (2.9 A). Most of
these residues are conserved s (Fig. 26).

Justat the bottom of the interface region carrying the above resolyges,
there is an dditional contact area between the monomers that worth to be
mentioned, because it has been demonstrated to be involved in the binding of
noncompetitive inhibitors in hGR (PDB code: 1XAN, [123]). It is a lacgeity,
leaned by couples of hydrophobic residues coming from both monomers (F78, V74,
L438, W70, Y407 in hGR). This cavity is present also in SmTGR, butdased by
more polar residues (A174, L170, P542, H166, E509) and these residues are highly
conserved between SmMTGR and hTR. Thus it can be summed up that theeseque
identity of the dimer-dimer interface of SmMTGR is higher wifR than with GR,
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even if the interface region is similar among the three enzymes, giveéhdhatgest
contact area is due tdl8 helices from each monomer.

The FAD binding site

Each TR domain of SmTGR contaias large cleft wich hosts the FAD
cofactor. The twaeymmetricFAD binding sites are both located at the interface and
each noncovalently bound cofactor interacts with residues from botHoiRins
(Fig. 23A-28), as typical of TRs and GRs [117, 118]. Like in other FAdDifide
oxidoreductases, the FAD is bound in an extended conformation and most of the
neighboring residues are conserved in the GR superfamily. Thenadsrbound in
a polar pocket closed on the top by a salt link between K399 and E14Q39@2
OE1/E140 = 2.7 A). The isoalloxazine ring is sandwiched between Y28€a¢e
OH-N10 distance of 3.4 A) and the couple C154-C159 (C159 SG-N1 distaBc of
A), which is oxidized in this structure (Fig. 28). Y296 and the Cyspke are
invariant in GR and TR enzymes (Fig. 26).

Y - 0 £l W NS
Fig. 28: FAD binding site in the oxidized SmTGR. The FADfator bound to monomer A (red) is here
shown. The surrounding residues mainly involvedha formation of H-bonds with the cofactor are
shown in sticks. The pink ball represents the watelecule which mediates the contact between O2 of
the flavin and the peptidyl N of H571/A.
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The FAD ring is firmly kept in place by a network of H-bondsthwiesidues
coming from both monomers. In particular, O4 of FAD/A is at 2.8 A destefrom
NZ of K162/A, on the same side of the S-S bridge formed by C154-C159/A. N3 is at
2.7 A from the mainchain O of H571 of the other monomer (B), and O2 cotiact
peptidyl N of H571/B via a water molecule (02-HOH71 = 2.6 A; HOH7H8V1 =
3.0 A); 02 is also at H-bond distance (3.0 A) from N of TA4@Fig. 28). This
architecture leaves atoms N1 and N5 of the FAD cofactertraeact respectively
with C159, on one side, and the nicotinamide ring on the other, the latteafterly
displacement of Y296 (see section 4.4.2). Furthermore, the side chab¥bfBHs
oriented between the carboxyl group of E576 of the same monomer agdSthe
bridge of the adjacent monomer (Fig. 28). H571 may be important for$heridge
reactivity, because its stereochemistry and the spherigaé sfats electromensity
suggest a torsion movement, which could bring ND1 alternatively towaré &nd
C154.

Theredox centers

The enzymatic activity of SmTGR, aimed to transfer reducingvatgnts
form NADPH through the enzyme and then to the SmMTGR oxidized ratédsst
basically involves a series of disulphide exchange reactions. Heusysteine
residues of the protein play a crucial role in the catalysig.(&contains 15 Cys
per monomer, three of them located in the Grx domain and 12 in the TR one,
including the C-terminal Sec597, which is mutated in Cys in the emzyene
described. At least six of these Cys are conserved in couplearankhown to
change their oxidation state during the catalytic cycleC{i%4 and C159 located
directly on top of the FAxofactor (Fig. 23A-28); (ii) C596 and Sec597 at the C-
terminal end of the polipeptidic chain; (iii) C28 and C31 placed irGhedomain
(Fig. 23A). In this structure of the U597C mutant the redox couple C28-C8i2 of
Grx domain and the C154-C159 couple of the TR domain are both fully oxidized,
the distances between the two sulphurs being 2.1 A in both cases. Ttren pufs
Y296 is also consistent with this state, the aromatic ring beémgendicular with
the isoalloxazine ring of FAD.
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4.4.2 The complex SmMTGR-NADP(fucture 2)

With the aim to determine the structural changes assoaciatldhe binding
of NADPH to SmTGR in the first step of the catalytic cyokhen a NADPH
molecule transfers reducing equivalents to the oxidized enzyme, theCUbAiant
of SMTGR has been crystallized in the presence of NADPH. fhetwe of the
complex has been determined at 2.3 A resolut®mndture 2, Fig. 22). Because of
the presence of reduced glutathione (GSH) in the crystadiredtuffer also this
reductant could be detected in the electron density maps, hence thergfimad
model consists of one monomer per asymmetric unit, plus one FAD, ADEM
and two GSH molecules.

By and largeStructure 2 differs fromSructure 1 mainly for the oxidation state
of the redox site onto the Grx domain and for slight side chain matemésome
residues in the FAD and NADPH binding pockets. The C28-C31 coupletimsfac
here reduced, probably as a consequence of an excess of GSH pret@nt i
crystallization buffer; while C154 and C159, the two active residues an-thee of
the isoalloxazine ring of FAD, are found in both redox states. Im¢l@ect Cys154
appears in a double conformation (each with 0.5 occupancy), while C15%imsint
the same position shown #ructure 1. Thus the distance between the two sulphur
groups is 3.1 A in the reduced state and 2.1 A in the oxidized one. Mor€a%er,
is at 3.2 A from C4 and C10 of the isoalloxazine ring of FAD andhtnize
implicated in a charge transfer complex, as already obseénvedman GR (pdb
code: 3djg,[118]). The reduced C154 forms a H-bond with a water molecule (2.7
A), kept in place by H571 of the adjacent monomer (Fig. 29A). H571 rhiaye a
role in the stabilization of the FAD-thiolate charge transtenglex, as it has been
already hypothesized for the corresponding Hys residue in TR Boossophila
melanogaster crystallized in the presence of excess NADPH [124].

The NADPH binding site is mainly composed by three loops involving
residues 292-297, 317-324, and 391-393. NADPH binds oretfaee of FAD (si-
face andre-face of FAD are assigned following the rules of Hanson K.R. [125]), and
is stabilized by the following electrostatic interactionscadionst bond between
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R317 and the adenine; a salt bridge between R322 and the phosphate on2jbose C
and two H-bonds between S295-NADPH(AO2) and S318- NADPH(AOP2). The
nicotinamide ring of NADPH is sandwiched between the isoalloxammgeof FAD
(at a distance of 3.8 A) and the aromatic ring of Y296 (3.6 A) (E9d\). Y296
swings upon NADPH binding, and is stabilized in this new position bydmhobic
contacts between the phenol ring and the side chains of P324 and V4TS8o(as a
reported for human TR, [117]).

GSH has been detected in two distinct sites of the structurdirstiene lies
in the Grx domain and will be described below Sinucture 4 (see section 4.4.4).
The second GSH is found in the TR domain, in a pocket formed by:-tweéx
(L397-T404), aB-strand (K227-L230) and the nucleotide moiety of the FAD. The
Cys of GSH is engaged in a disulfide bond with C402 (2.1 A). Theofette
molecule is stabilized by polar contacts with K227, G228, R229 and L230.
Moreover the carboxylate group of thyeglutaminyl end is at 2.9 A from FAD
adenine amine group (Fig. 29B). The binding of one GSH molecule iTRhe
domain is accompanied by a change in the conformation of the regiotwieebne
residues 397-404, if compared to the unliganded structure (PDB code: 2v§o, [75]
(Fig. 29B). The presence of GSH forces the loop 397-404 to turn around two pivot
residues (L397 and T404) and to acquire a 2-tdhelix structure. As a result, the
hydrophobic side chains of V400 and L401 are exposed to the solvent and GSH
takes the place previously occupied by the loop (Fig. 29B). Thkeepce of
NADPH/NADP® in its binding site might be somehow correlated with the
glutathionylation of C402, given that (i) attempts to co-crystaltte enzyme with
NADPH in the absence of GSH were always unsuccessful; h@)change in
conformation of the above mentioned loop is close to the gate of the NADP
binding site (Fig. 29B). At the moment we are unable to proposgoaake to the
concomitant presence of the two ligands, especially in view ofatttetiat C402 is
not a member of a redox cys couple.
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A

_
Fig. 29: NADPH and GSH binding sites i&ructure
NADPH and FAD are shown in green sticks, Y296, SX9854, C159 in red sticks, while H571 of the
partner subunit is shown in blue sticks. Upon NADBiHding, the loop 292-297 changes conformation
re-orienting the side chains of S295 and Y296 wétbpect tdtructure 1 in order to make room for the
reductant. The C159-C154 couple is partially redueed accordingly C154 is found in a double
conformation. In the reduced conformation (50% @eaicy) the sulphur of C154 points towards the
solvent and is in contact with a water molecul@ @, shown as red ball), which is kept in placeH571.
Panel B The GSH binding site on TR domain $&fucture 2. The GSH (in green sticks) is found in a
position that in other TGR structures is usuallgugied by the loop 397-404 (in cyan ribbon). Thyaufid
is found in a pocket formed by onrehelix (L397-T404), a-strand (K227-L230) and the nucleotide
moiety of the FAD. GSH makes a mixed disulphidehv@402 and forces the loop 397-404 to adogt a
helical secondary structure (in red ribbon) by tograround two pivot residues L397 and T404 (shagn
full black circles). One of the gates of the NADBIAding site (black square) is four residues upstref
L397.
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4.4.3 The C-terminal reduced form of SmTGR (cture 3)

The structure of the U597C mutant of SmTGR showing its C-terminal
segment in the fully reduced stagr(icture 3), solved at 3.1 A resolution, is unique
among the four structures here reported in that it present2g£P&pace group. The
main differences between this structure and the others reportied b codes:
2v60, 3h4k Sructure 1, andStructure 2) are the presence of the physiological dimer
in the asymmetric unit and the structuring of the C-terminal arhose density is
visible in one of the two monomers.

The low resolution did not permit an accurate estimate of the tdtexof the
cysteine couple at the FAD active site (C154-C159) and at theeGox site (C28-
C31), because (i) the slight configurational change of C154 wiffeceso C159
upon reduction (~ 1.0 A. s&®ructure 2) would be hard to detect , also in view of
the fact that the electron pair is shared between the FADhan@d1t54-C159 couple,
leading to the latter being only partially reduced, aStincture 2 (consistent with
the rapid kinetic experiments, see section 4.5.2); and (ii) both thel@nains are
characterized by high mobility indicated by the high B facttmsfact too weak
electron density did not permit the assignment of the first fegedues at the N-
terminus of both monomers, as well as of the last five residuése C-terminal
portion of monomer A. On the contrary a stronger electron densawed the
building of the entire C-terminal segment of monomer B, implyingtractural
asymmetry in the organization of the two monomers. A second eviagnites
asymmetry comes from the different thermal factors of the ®vx domains
(residues 7-104): the Grx portion of monomer A being rather lesden@erall
<B> = 57.0 K) than the Grx domain of monomer B (overall <B> = 88% A

The terminal tetrapeptide G-C-C-G, as it appears in théretedensity map,
is fully reduced, the two cysteine residues (C596-C597) being iana position
with respect to the main chain and pointing their sulphur atoms tdwarslolvent
(Fig. 30). The positioning of the C-terminus is permitted by a kinketed on
residue K586. This conformation is stabilized by several H-bonds antrghjes
(listed in Tab. 5), mostly with residues of the B monomer. Henc€#egminus of
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the B monomer lies in the central cavity of SmTGR W-shaped honsodivith the
terminal tetrapeptide, containing the catalytic cysteinestddcat only 13 A from
the C154-C159 redox couple of the FAD catalytic site of monomer distance
compatible with the reducing activity of the C-terminus (Fig. 30).

4.4.4 The complex SmMTGR-GSBt(ucture 4)

In the absence of NADPH, only one molecule of Gf# monomer was
found in the electron density map. It is located at the redoxositee Grx domain,
as already quoted f&kructure 2. The 3D structure of U597C SmTGR in complex
with GSH was determined at 1.9 A resolutid@iricture 4), the refined model
consisting of one monomer per asymmetric unit, with residues arfiggm 6 to
593, as in the previous structures here presented.

Electron density of the GSH molecule was detected in the prigxohiC28,
the redox active site of the Grx domain (Fig. 31). The distaateden the sulphur
atoms of C31 and C28 is 3.2 A, suggesting that these Cys are rectieggeated,
given the high GSH concentration present in the crystallization toomsli As
observed inSructure 2 the C154-159 couple is partially reduced, probably as a
result of the reversible electron transfer between FABRY the close cys couple.
The average B-factor of the GSH ligand is slightly higher<5y3%) than that of its
surrounding residues. The GSH is kept in place by the following H-bonds
established with the surrounding residues: (i) S85 bindsyttletamyl moiety
(OG/S85-012/GSH = 2.5 A; N/S85- O11/GSH = 2.9 A); (ii) V72 forme H-
bonds with the central region of GSH (O/V72-N2GSH = 3.0 A; N/VZZG3H =
2.8 A) orienting the sulphur atom towards the redox active site dBtkelomain
(3.4 A'is the distance between the sulphur of GSH and the sulphur ofa@28(ji)
Q60 and K25 bind the glycine moiety of the ligand (NZ/K25-032/GSH = 2.8 A;
NE2/Q60-031/GSH = 2.9 A) (Fig. 31).
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Fig. 30: Ribbon representation of the C-terminal regiormwinomer B inSructure 3. The two catalytic
Cys belonging to the C-terminal arm (C596, C59Mpven in blue sticks, are both reduced; C597 is
located about 13 A from C154-C159 couple (see &g positively charged residues K124, K128 and
R450 of the adjacent monomer involved in the siedtibn of the C-terminal arm are shown in redkstic

C-terminal residue | Residues from monomer A| Residues from monomer B  Dince (A)
(monomer B)
V583(0) H502(N) 3.0
T584(0G) S587(0G) 2.9
K585(N) V500(0) 2.9
K585(0) G588(N) 2.8
K585(NZ) E327(OE1) 2.8
K585(NZ) Q327(0E1) 2.8
P591(N) N504(0) 3.3
V593(N) N518(0D1) 2.7
G598(0) K124(NZ) 24

Table 5: Polar contacts between the C-terminal arm andBrédomain of SmTGR accordingly 8ructure 3.
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Fig. 31: The GSH binding site on the Grx domairSnucture 2 and4. GSH (in cyan sticks) is in a pocket
above the redox site of the Grx domain (C28-C31grien sticks). Residue surrounding the ligand are
shown in stick and polar contacts are represenyedobied lines. The GSH sulphur points towards C28
and its position is stabilized by contacts with VThe carboxylate of the glutamic acid of GSH is H-
bonded to Q60 and K25.

4.5 Functional studies on SmTGR

With the aim to assess the ability of the U597C SmTGR mutaqdt inseur
crystallographic studies to reduce its physiological substraaesiunctional
characterization of the enzyme has been carried out. Both stoppedxfidw
spectrophotometric experiments are described in the followingiosec A
comparison with the activities of the truncated SmTGR, lackingG#erminal
tetrapeptide (SmTGRItr), and those of the wild-type SeCys-comgienzyme
(SMTGRwt) are also presented, in order to clarify the roleegldny the C-terminus
in SMTGR catalyzed reactions.

4.5.1 Enzymatic activities of U597C SmTGR

The reducing activity of the enzyme has been tested towards various
substrates, i.e.: (i) DTNB and Trx, to assess the functionalitlyeo™R domain; (ii)
the mixed disulphide formed by hydroxyethil-disulfide (HED) andHG& the
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presence of yeast GR, to evaluate the Grx activity of thensgizgnd (iii) the
oxidized glutathione (GSSG) to measure the GR activity (see Chapter 3).

Grx

DTNB reduction  Trx reduction (+yeastGR) GR
SSMTGRwt 114 6.37 1867 715
SMTGRtr 710 N.D. 220 205
U597C SmMTGR 90 202 430 N.D.
Table 6: Km (uM) for different enzymatic reactions
8 values taken from Kuntz et al. [29]
DTNB Trx Grx GR
reduction reduction (+yeastGR)
SSMTGRwt 16 30 17.8 21.7
SMTGRtr 1.2 N.D. 6.44 0.19
us597C
SMTGR 0.98 0.085 6.0 N.D.

Table 7: kcat (s%) for different enzymatic reactions
8 values taken from Kuntz et al. [29]

83



Results and discussion

Relatively to DTNB reduction and Grx activity, the U597C SmTGRabes
like SmTGRtr, having similar steady state parameters (TaB). GHowever
differently from the Sec-containing enzyme, in both mutants the &tivity is
detectable only if external GR is added (data not shown). Taken todhédse
results prove that the U597C mutant has both functional FAD activarsitesrx
domain, but the U597C mutation prevents the internal transfer of reducing
equivalents from the C-terminus to the Grx domain. Moreover U597C Sm3$GR
able to reduce SmTrx in the insulin assay (see Chapter 3), gotdrdne truncated
form, even if the enzyme turnover is low if compared with the -tyijge enzyme
(Tab. 7). This datum indicates that the C-terminus of theadlysid U597C mutant
is functional, but confirms the hypothesized role of Sec in improwhegcatalytic
efficiency of the enzyme [117]. Finally U597C SmTGR does not eptes
detectable activity (up to 4M enzyme) in reducing GSSG (GR activity), as
opposite to the wt enzyme [29] and to the truncated enzyme [75] (Tab. 6-7)
Although at the moment it is not possible to formulate an obvious exjlartatthis
observation, some hypothesis may be advanced. On the one hand the fdut that
Cys mutant does not retain any GR activity, with respect toaheated form of the
enzyme, could be explained recalling the hypothesis that the Eategaminal arm
of the enzyme may hinder the entrance of GSSG in its reduttengising their
structural resemblance [117]. On the other hand the behaviour of the WHaaGt
in comparison with the wt enzyme suggests that Sec has alcairan the
reduction of GSSG onto the Grx domain. In this respect the substifgiono Cys
(Sec pK= 5.2; Cys pK= 8.5; [126]) determines a different net charge on the C-
terminal arm, which might hinder its movement towards the Grx gonma
conclusion, the following hypotheses may be proposed: (i) the GRtadivthe
wild type SmTGR is mainly due to the reduction of GSSG by the ddmain,
which in turn is internally reduced by electron transfer from RA®H,, via the
C154-C159 couple and the C-terminal arm. (ii) The GR activity oftrilnecated
SMTGR is GR-like, i.e. is due to the binding of GSSG in proximftghe C154-
C159 couple on the TR domain. (iii) In the mutant U597C the GR actisity i
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undetectable because the internal reduction of the Grx domain fisieref due to
the mutation, and because the C596-C597 couple on the C terminal arm sompete
with GSSG for binding to the C154-C159 couple.

4.5.2 Reductive and oxidative half reactions of U597C SmTGR

The reduction of U597C SmMTGR by NADPH and the further oxidatiohef t
reduced enzyme by its physiological substrate SmTrx hasdtedied by mean of
time resolved spectroscopy and the results are reported bettlv pBcesses are
referred to as “half-reactions” being representative of thatrele entry into and exit
from SMTGR respectively.

The former reaction was followed in a stopped-flow experiment iclwthie
concentrations of both the enzyme and NADPH were systematiwzald, in order
to determine the order of the reaction and the kinetic constant<l(sgaer 3).
Since the two reagents (NADPH and SmTGR) are required, thegsros expected
to be a second order bimolecular reaction. Fig. 32A shows the abs@péicina of
U597 SMTGR, recorded as a function of time, after the addition @MNA The
wavelengths of 460 and 560 nm have been selected for further anaksig
representative of the spectral changes of the FAD cofactorlgg@ption at 460 is
due to the oxidized flavin) and of the charge transfer complexeiimetween FAD
and the C154-C159 couple (detected at 560 nm) [127]. The time course reaorded
460 nm (Fig. 32B), corresponding to the experiment reported in panebihisic
and may be fitted to a two step pseudo-first order sequeméighanism, using the
integrated equation developed by Bateman [128]. The rate constants @laene
both second order, with values of 4%1hd 1x16 M™s*, for the first and second
step of the reaction respectively (Fig. 32B).

The time resolved spectra and the overall behavior of théioeaesembles
those recorded under similar experimental conditions for TR fdwwsophila
melanogaster (DMTR) [127]. The main difference between DmTR and SmTGR
behavior may be detected in the spectral region around 680 nm, whemeTiR
change in absorbance during the reduction reaction is ascribeel fiormation of a
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transient charge-transfer complex between FAD#thd NADP. No spectral
changes could be visualized around 680 nm for the schistosoma enzyme,yprobabl
indicating that the charge-transfer complex does not accumulate in the reaction.

By means of absorbance spectroscopy, the re-oxidation of SmEa&céd
by stoichiometric amounts of NADPH) by the physiological sabstSmTrx has
been also followed. This reaction is accompanied by a decreassoobance at 550
nm and an increase of the peak at 460 nm, as a result of the pragyegdation of
the flavin (Fig. 32C). The time course at 460 nm is shown in Fig. 32dDjsawell
described by a second order rate constant of 08M3s™. This value is
approximately two orders of magnitude lower than that reporteduoyzi€t al. for
the wild type enzyme [29], consistent with the important rolegalayy Sec in the
reduction of the physiological substrate.

In conclusion both the reduction and oxidation half cycles of SmTGRatae r
limited by second order kinetic processes, and accumulation of lzaadlis type
complex does not occur at the concentration used.
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Fig. 32: Reductive and oxidative half reactions of U597CT&R, spectrophotometric experiments.
Panel A Spectra of 3/iM U597C SmTGR reduced withu® NADPH recorded in a stopped-flow
apparatus. The decrease of the FAD peak at 460nghthe& increase of the absorbance around 550 nm
due to the formation of the charge transfer complexshown. Spectra were recorded every 5ms frtom 5
500 ms and then every 50 ms up to 5500 Pael B Time course recorded at 460 nm relative to the
experiment reported in Panel A fitted with a doublgonential. The first process is assigned to the
reduction of the FAD by NADPH (k = 4x§®17s™) to form the two electrons reduced species;Ehe
second one is the perturbation of the cofactortspecdue to the formation of the Eldpecies (k = 1x10
Ms1). Panel C Spectra of reduced U597C SmTGR (@) oxidized by SmTrx (7:M) recorded in a
spectrophotometer apparatus. The decrease of ameriof the charge transfer complex around 550 nm
and the increase of the FAD peak at 460 nm are shBanel D. Time course at 460 nm relative to the
experiment reported in Panel C fitted to a singjeomential. The second order process is assigndteto
oxidation of the FADH of SmTGR by SmTrx (k = 0.8xfos™).
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4.6 Modeling of the complexes mediating the electron-transférom SmTGR to
both Grx domain and SmTrx

Unfortunately, the observations coming from X-ray crystallograpkgegnted
above lack details about the last steps of the catalytic ofc@mTGR, i.e. the
transfer of reducing equivalents from the C-terminus of the enhymi¢her the Grx
domain or the SmTrx. Hence two models are proposed below for both the
interaction of the C-terminal arm with the Grx domdifodlel 1) and the complex
formed between SmMTGR and SmTidddel 2). Sructure 3 and Structure 4 of
U597C SmTGR and the structure of oxidized SmTrx (PDB code: 2X&8/¢ Ibeen
used in the modeling. A brief description of the 3D organization of Sywinich
has not been presented in the preceding sections, is summarized below.

SmTrx presents the typical thioredoxin fold, made up by a fiverdtd3
sheet 31-5) capped on each side by twachelices ¢1,3 anda2,4) [112] (Fig. 33).
The conserved active site amino acids W33-C34-G35-P36—C37 link the[@&rand
to helix a2, and are arranged infturn shape. The redox site formed by C34 and
C37 is oxidized, the distance between the two sulphurs being 2.1 AcyEtésne
pair is shielded from the solvent by the C-terminal portion ofklwed and by the
loop betweena3 and 34 and by the active site loop itself. As a result of this
architecture, C34 works as the nucleophilic cysteine towardslistrates, being
more exposed to the solvent, while C37 is buried and could act as thanges
cysteine [129]. Both the aspartate (D28) and the H-bonded water uieolec
(D28(0D1)-O = 2.7 A) responsible for the deprotonation of the resolystpioe
(C37) during the redox cycle, are present (Fig. 33).
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Fig. 33: Cartoon representation of the 3D structure ofdkiglized form of SmTrx, showing the typical
thioredoxin fold. Residues known to be relevanttfa catalysis are represented in sticks.

4.6.1 Model 1. The C-terminus of SmMTGR onto the Grx domain

The starting point for this model is represented by the superposittbe two
C-terminal residues (C597 and G598), visibleSinucture 4 of U597C SmTGR, to
the analogue residues (Cys and Gly) of the GSH molecule bound ontnthe
domain inSructure 4 of the same enzyme (see Chapter 3). After the structural
superposition, using K586 as pivot residue, a simple rotation on the gisi @
K586 of monomer B (in blue in Fig. 34A-34B) brings the C-terminal armo dme
redox site of the Grx domain of the adjacent monomer A (in red in Fig. 34A-34B).

The model clarifies the functional role of the TGR dimer. lagethe
dimerization is made necessary by the fact that the Gnaithoof each monomer is
much closer to the C-terminal arm of the opposite monomer (~ 28af)tb the C-
terminal arm of the same monomer (~ 65 A); distances weasured between C28
of both monomers and K586 of monomer B as fourriucture 3.
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C597 /G598

Fig 34: Model of the interaction between the C-terminuSofTGR and the Grx domaiRanel A
Superposition betweeBructure 3 andModel 1. A rotation on the pivot residue K586/A (visualize
as a full black circle) brings the C-terminus ofrmmer B from the position found Biructure 3 (in
cyan) to the Grx domain of monomer A (frdvtodel 1, in blue). The superposition between the last
two residues of the C-terminus (C597-G598 in bltieks) and the analogue residues of GSH (in
cyan sticks, as bound ®&ructure 4) is also shown. The distances betweeno€ K586 and @ of
C597 and between the former and the & the GSH Cys are showianel B Zoom of the
superposition between C597-G598 (blue sticks) ef @iterminal arm and the GSH (cyan sticks)
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onto the Grx redox site (green stick®anel C: Model 2. The relative location of SmTrx and
SMTGR in the modelled complex is shown (SmTrx imygrsubunit A in red and subunit B of
SMTGR in blue; Grx domains in gredpanel D: The SmTrx binding site on SmMTGR Modd 2.
The magnification allows to visualize the redoxesitof both enzymes. The main side chains
involved in the contact between SmTrx and SmTGRshoevn in sticks.

4.6.2 Model 2. The complex between SmTGR and SmTrx

With the aim to find a docking surface for the external subsBat@rx, a
surface complementarity search between the two proteins wasdcaut, followed
by automated cycles of restrained refinement in order to miaithie energy and
regularize the geometry, avoiding possible clashes (see Chap@®m3rx can be
docked onto U597C SmTGR in a surface cleft at the bottom of the TRirdoma
opposite to the Grx domain (Fig. 34C-34D). This cleft, formed bydues
belonging to the C-terminus of monomer B and to the FAD bindingoiseibunit
A, has a complementary surface to the stretch from W33 to K3&dh& which
contains the active site couple C34-C37. In particular, W33 of SmiEninto a
hydrophobic pocket formed by residues of monomer A of SmMTGR (V155, 1160,
L164, L208); K38 of SmTrx is engaged in a salt bridge with D517 ofuberst B
of SMTGR; and C34 (the most external of the active sitecGyple) ends up at 2.0
A distance from C597 of SmMTGR subunit B (Fig. 34C-34D). The geometiyisof
mixed disulfide bond is superimposable to the mixed S-S bond found in the
crystallographic complex dt. coli TR-Trx (PDB code: 1F6M, [130]), supporting
the plausibility of this model. Another independent support to the modelscioame
the structures of Trx from other species, which show that theadjgrent to the
catalytic site is engaged in hydrophobic contacts upon dimerization [129].

4.7 The catalytic mechanism of SMTGR

By combining the structural and functional data presented above (dEmse
4.4-4.6) an hypothesis of the catalytic mechanism of SmMTGR mdgprinulated
(Fig. 22). It may be assumed that the mechanism below describdtef&ec-Cys
mutant of the worm enzyme is plausible and consistent with thedwaning
wild-type enzyme, as a consequence of the following observationthe(ipnly
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structure of a Sec-containing rat TR shows the stereochemoisthe C-terminal
arm to be very similar to that seen Sructure 3 [131]; and (ii) the functional
characterization of U597C SmTGR indicates that the enzymeulgsunctional
FAD and Grx redox sites and an active C-terminal arm (see section 4.5.1).

For the sake of clarity the enzymatic process has been dividetniathalf-
processes, comprising the transfer of reducing equivalend itte TR domain of
SMTGR (from NADPH to the C-terminus) and the exchange of electbetween
the reduced C-terminal arm and its substrates outside the TRnjoepesented by
either the Grx domain or the external SmTrx.

4.7.1 Electron flow within the TR domain: from NADPH to the C-terminus

The catalytic cycle starts with the transfer of two tetets from NADPH to
the primary redox center (constituted by FAD and the couple C154-@i58¢
oxidized enzymeSructure 1, E,,). The product of this reaction is the Etpecies,
where the FAD cofactor has been reduced to FARHQ. 22). The kinetic
experiments (see section 4.5.2) proved that this step is ratedibytthe formation
of the complex FADRNADP" and hence second order.

Since the primary redox center of the enzyme has the ataliaccept four
electrons, rather than two, a charge transfer state is popasatdte product, in
which electrons move back and forth between the flavin and the Cy=d@itpf).
This mixed valency state exchanges electrons with the GAglrmedox center,
comprising residues C596-C597 (£

Those enzyme molecules in which the primary redox centre isduitlized
because of this internal electron transfer are thus able tptawae more electrons
coming from a new molecule of NADPH (&Y. This is the second reaction step
and implies little further reduction of the FAD, since it mgiolccurs on those
enzyme molecules in which the cofactor has been reoxidized. Inrtfaseules in
which the C-terminal redox center has been already reducedetbed couple of
electrons may be exchanged between the FAD and the C154-C159 detdgik (
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leading to a partial re-oxidation of the FAD cofactor, which casdsn in the time
absorbtion spectra at 460 nm at longer times (Fig. 32B).

Sructure 2 and Sructure 4, which have been obtained in the presence of
excess reductants (NADPH and GSH), probably are representatine species
called EH, having two electrons stored on the FAD/C154-C159 redox center and
two additional electrons localized on the C-terminal C597-C598 couple. ug¢owe
the two structures are also compatible with the, Eétluced form, bearing the
reducing equivalents on the FAD/C154-C159 site, because of the fa¢h¢h@-
terminal segment is not visible in the 3D structure and itreaaonable assumption
that the overall structure of SmMTGR is not affected by tlioxestate of the
disordered C-terminal residues. Final§ructure 3, which clearly shows one
ordered C-terminus per dimer, carrying the C596-C597 couple fully reduced, may be
assigned either to the EHeduced form or to the minor fraction of EBpecies in
which the electrons have been internally transferred from &i&/E154-C159 to
the C-terminal redox center (EH, in view of the fact that the resolution of the
structure does not allow the detection of the redox state of the ClERtg0uple. In
agreement with Bauer and co-workers [1Aijucture 3 is supposed to be ready to
transfer reducing equivalents to its substrates, such as Trx and/or the Gix.doma

4.7.2 Electrons exit from the TR domain: from the C-terminus keeeBmTrx
or the Grx domain

Once the reductive half-reaction is finished with the formatiothef EH?
species, the oxidative half-reaction may start. A mixed disulpbiftemed between
the C-terminal sulphur groups of SmTGR and the catalytic C34-C37 ecadpl
SmTrx. The reduced SmTrx is released and SmTGR is recpelek to the EbF
form (Fig. 22). Looking aBructure 3, the C-terminal arm is solvent exposed and
~13 A apart from the isoalloxazine ring, in a position suitableufiply reducing
equivalents to SmTrx (Fig. 30). The C-terminal arm is probajiye mobile in
solution and one can assume that only a further slight movementfisesufto
shuttle electrons from C154-C159 to Trx. Electrostatic interactetseen the C-
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terminal arm of one subunit and a positive surface on the symnsetiignit
(contributed by K124, K128 and R450, see Fig. 30) may suggest a mechanism
whereby the motion of the former depends on its oxidation statmajt be
hypothesized that the C-terminus contacts the external surfaeazgine when
reduced, while it slides back into the FAD binding site upon oxidatibe net
charge of the C-terminus dropping from -2 to -1, Sec being completalzed at
physiological pH).

The C-terminal arm of SmTGR is also involved in the reduction ofGhe
domain and thus in the Grx activity of the enzyme, as demonstratexpbyiments
on TGR from different organisms [48, 78, 132]. Structural motions compatitiie
internal electron transfer are required in order to bring the len@terminus onto
the Grx redox site anftructure 4 andModel 1 give some hints on this movement.
Indeed inSructure 4 the GSH molecule is bound to the active site of the Grx
domain, with its sulphurs group 3.1 A far from C28 of the protein (Fig. 3
Moreover, as shown iModel 1, by means of a rotation of the C-terminus of
Sructure 4 around the @-C bond of K586, the C597-G598 pair of subunit B
superimposes to GSH bound to the Grx domain of subunit A (Fig. 34A-34B). T
motion is made possible by the fact that, from K586 onwards, then@ates is
unstructured and anchored by only a few contacts with the rest gidtein (as
seen inSructure 3). Two more structural features need to be pointed out: (ipste |
two residues of SmMTGR, i.e. Sec-Gly, resemble the Cys-Glgtynof GSH (except
for the selenium atom, Fig. 34A-34B); and that (ii) the distantedan @ of
K586/B and C597/B (~ 23 A) is comparable with that betweeroflOK586/B and
the sulphurs group of GSH bound onto the Grx domain of monomer A (~ 26.A, Fig
34A). Based on these observations, a rigid body rotation on the piviiegdsb86
is sufficient to bring the C-terminus of monomer B onto the GB8Iding site on the
Grx domain of monomer A (Fig. 34A-34B). Hence, it can be hypothesstdhe
C-terminal arm, once reduced, mimics free GSH by acting @lucing agent on
the Grx domain of the adjacent subunit of SmTGR.
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5. CONCLUDING REMARKS

The research project developed within this thesis is focused on the
characterization of two proteins from the paraSitiistosoma mansoni, one of the
three major species of the blood fluke Schistosoma infecting huriaestwo
enzymes here presented, i.e.: glutathione peroxidase (SmGpx)hianelddxin
glutathione reductase (SmTGR), have been chosen among the aazymat
components of the worm “detoxification pathway” (Fig. 7 pages 18-19).s{/atem
plays a key role in the protection of the worm from reactive ax\gpecies, thus
guarantying its life-maintenance inside the human host. Indeed, amééand,
SmGpx action is aimed to preserve the membrane lipids from maddeing the
enzyme associated to the membranes and localized mainly in thetegument, at
the host-parasite interface [69]. On the other hand TGR is the lmyimerof the
parasite detoxification pathway, hence it controls the whole trawn$feeducing
equivalents from NADPH either to the thioredoxin or glutathione systéhrough
intermediate enzymatic (Trx, Gpx, Tpx, Prx) and not-enzymaiartners
(GSH/GSSG)39]. A better understanding of the structure and mechanism of action
of each component of this metabolic pathway may give new hints tovlaeds
finding of valid alternatives to the current treatment of the &mdusna infection,
which lacks an effective vaccine and is based on a main singesdrce the mid-
1970s [23].

The first crystal structure at 1.0 and 1.7 A resolution of two réooant
SmGpxs, carrying the active site mutations U43C and U43S resggchas been
presented in this work (Fig. 17A page 52). The Schistosoma enpgieeging to
the monomeric class 4 (phospholipid hydroperoxide) Gas, been compared with
the structurally characterized Sec-Cys mutant of the human bgo®l(HsGpx4)

[63] and a peculiar reactivity of SmGpx has been detected. Intieedtriuctural
superposition between SmGpx and HsGpx4 reveals that the two enhgvees
very similar 3D organization (RMSR2=0.68 A), with the exception of the redox
state of the catalytic cysteine, which is irreversibly oxédim sulphonic acid (S

95



Concluding Remarks

in SmGpx, while fully reduced and active in the human enzyme {Fi§ page 52).
The geometry of the active site is conserved in SmGpx wiffeceso HsGpx4 and
within the Gpx family, being the residues Q78, W132, and N133 placeebanéH
distance from Ocs43, but the over-oxidation of the cys residue fully compronsised it
catalytic activity against the substrates tested. This te gxipected if we consider
that the catalytic cycle of selenium-containing Gpequires the enzyme to shuttle
between two redox states; i.e.: an oxidized form (R-SeOH) anduae# form (R-
Se). Once reduced after the binding of the glutathione (GSH), Gallésto act on
inorganic peroxides and lipid hydroperoxides, transforming them takigths and
recycling itself to the oxidized species, ready to startcifde again (Fig. 9 page
22). The over-oxidation of C43 of SmGpx to sulphonic acid is irreveraitdethus
prevents the enzyme even to enter the cycle. It has been resegggsted that
selenocysteine (Sec) has a lower tendency to oxidation if cochpatte Cys, hence
selenoenzymes (such as TR) are less prone to oxidation and consegctrdtion,
even under conditions of oxidative stress [133, 134]. This could be the case of
SmGpx: the Sec-containing wild-type enzyme should not undergo the spmrgane
over-oxidation observed for the recombinant Cys mutant, thus preserving the
glutathione peroxidase activity of the parasite inside the human host.

The greater tendency to auto-oxidation of C43 in SmGpx with resp&t6
of HsGpx4 may be justified by slight differences between #talytic sites of the
two enzymes. Indeed, in the SmGpx, the surface pocket hosting #igticatys
presents on the one hand an increased accessibility to the solgentpéred with
the human enzyme (being area and volume of the pocket’18@A® for U43C
SmGpx and 93A 7243 for HsGpx4 respectively), and on the other hand it has a
greater polarity, which might promote the entrance of water mi@eand metal
ions favoring the oxidation of C43 to sulphonic acid (Fig. 18A-18B page 56).

The pocket hosting C43 in SmGpx may be divided in two half-clefts, lgame
“active-site cleft” and “secondary cleft”, and C43 seems to aatflexible barrier in
between (Fig. 18C page 56). The two half-clefts were identified through lstabica
(CASTp algorithm) and dynamic (MD simulations) analysis, andatier proved
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that their volume distribution is subjected to dynamic fluctuationsnguthe
catalytic cycle of the enzyme, probably allowing these <léft host specific
substrates such as GSH and phospholipid hydroperoxides. It is difticegtablish
which one of the two half-clefts is mainly involved in the bindaigither one or
the other substrate, because of the lack of a structure of SmGpXigaied form.
However, some observations need to be pointed out: (i) the secondamayelfie
easily superimposed to the GSH binding site already sugdestledvine Gpx [62],
(if) the high concentration of positive charges in the secondaryislefimpatible
with the binding of glutathione; and (ii) both half-clefts may contabto the
binding of the phospholipids hydroperoxides, whose negatively-charged head may
be placed in a positive region of the secondary cleft (hostindpaate anion in the
crystallographic structure), and the hydrophobic tails layered oveextanded
hydrophobic surface on the top of the active site cleft (Fig. 18D page 56).

In conclusion,by combining static crystallography with molecular dynamic
simulations, a hypothesis for the substrate binding sites on SmGpden
proposed. Moreover it is known that the particular tissue distributiorn@ £ at
the host-parasite interface has made it a candidate of choid¢befatesign of a
vaccine against schistosomiasis, like other schistosome antioxideymes
(SmSOD and SmGST) [20, 69]. In this respect the availabilityaro atomic
resolution structure of this enzyme, though in an inactive state,repmesent a
useful first step toward the localization of its epitopes.

While SmGpx seems more suitable as a vaccine candidate, SMh&R
second enzyme here described, has been demonstrated to be a telngateofor
old and new antischistosomal drugs [29]. In fact, with respect tmasmalian
counterparts (TR, thioredoxin reductase, and GR, glutathione redudtes@jorm
TGR exhibits a peculiar 3D organization and mechanism of action, hastigated
in this work. More in detailhe catalytic cycle of SmMTGR has been mapped through
the structural characterization of the Sec597Cys mutant in diffexdox states, i.e.:
the oxidized form (at 1.9 A resolution); the NADPH- and GSH-bounddq8 A
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and 1.9 A, respectively); and the partially reduced enzyme (3.1 A),irshhate
physiological dimer and the entire C-terminus of one subunit.

SMTGR is a homodimeric flavoprotein. As it appears from the
crystallographic structures here presented, the enzyme résulighe fusion of a
larger TR domain with a smaller Grx domain, and presents one nwleCHAD
non-covalently bound to each TR domain (Fig. 23A and 25, pages 69 and 70
respectively). This unusual architecture reflects the peaelgtivity of the parasite
SMTGR, which is able to exploit three different catalytievétets, i.e.: thioredoxin
reductase, glutathione reductase, and glutaredoxin activity, thusdplycing TR,
GR and Grx of the human host.

The whole redox activity of the wild type SmTGR derives fromdbtribute
of three main active centers: (i) the FAD redox site with near-by C154-C159
couple, (ii) the C-terminal U596-C597 redox couple, and (iii) the @dox site
hosting the C28-C31 active residues (Fig. 23A page 69). The C-tersegralent of
each monomer is an unstructured region, which may undergo motions int@rder
reach and transfer electrons to the FAD active site of thecaalj monomer, thus
making the enzyme a functional dimer. Theucture 3 here presented, showing the
C-terminal cys couple of one monomer located at 13A distance fro@#5#-C159
couple of the adjacent monomer, supports this statement (Fig. 30 page 81).

In order to enter the catalytic cycle the oxidized SmTGEepts reducing
equivalents by NADPH. The NADPH molecule binds on tedace of the FAD
cofactor and is sandwiched between the isoalloxazine ring of &#&Lthe aromatic
ring of Y296. As also observed for human TR and GR, Y296, which points towards
the flavin in the oxidized form of the enzyme,{Eructure 1, Fig. 28 page 74),
swings upon NADPH binding in a stacked position with the nicotinamidg aof
NADPH and the isoalloxazine ring of FARt(ucture 2, Fig. 29 page 78). Electrons
flow from NADPH to the cofactor, and then to the C154-C159 active eolipke C-
terminus carrying the residues C596-C597 is able to pick up eledmmmsthe
C154-C159 redox site, leading to the formation of the partially rediecedof the
enzyme observed i@tructure 3 (Fig. 30 page 81). Once the first couple of electrons
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has reached the C-terminus, the FAD active site is readgcept a second couple
of electrons from NADPH, thus generating the four electrons esbldiorm of
SmTGR. Two kinetic constants have been assigned to both theefitgttion step,
which forms the two electrons reduced species & 4x16 M's?); and to the
seclzoPd reduction step, which leads to the formation of thesBecies (k = 1x10
M™s").

Once fully reduced, the C-terminal arm should transfer redusingvalents
either to the Grx domain of the enzyme, or to the external stdbo&maTrx. In this
respect is important to point out that the C-terminal segmentmdfGR appears
from Sructure 3 to be solvent exposed and quite mobile, above all in view of the
fact that from K586 onwards it is unstructured and anchored by oely adntacts
with the rest of the protein. SmTrx can be placed in a surfateflSMTGR,
formed by residues belonging to the C-terminus of one monomer ahe ©AD
binding site of the adjacent monomer, at the bottom of the TR dom&mnuciure
3, and a mixed disulphide may be formed between the active sitef(3ATrx and
the C597 of SmMTGR, located at 2.0 A distance from each other (Fig3@a@®age
90). The geometry of the resulting disulphide bond is superimposaliie toixed
S-S bond already found in the crystallographic comple¥.ofoli TR-Trx, thus
proving the plausibility of the model [130]. Moreover, lookingSaticture 4, which
shows a GSH binding site on the Grx domain of SmMTGR and takingaatimunt
that the C-terminal tetrapeptide (G-C-U-C) may mimic@g&H moiety, a model for
the contact between the C-terminus and the Grx redox site mayibbeafter a
motion around the pivot residue K586 (Fig. 34A-34B page 90). Hence the
mechanism here proposed assume that the C-terminus may ddéecaonres
selectively to different acceptors shuttling between two redtere positions: (i) it
may be located in close proximity to the FAD redox site of thjacant monomer
(as observed itructure 3) where it can both pick up electrons from the C154-C159
couple and transfer them to the oxidized SmTrx, as has been observé&l
enzymes, or (ii) it may internally transfer reducing equivalémthe Grx domain by
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occupying the region which is involved in the binding of GSH (as obderve
Sructure 4).

In conclusion the structural analysis of SmMTGR here presented, cahwviihe
the suggested models, gives some hints toward the understanding @fctienism
of action of the enzyme. The complex structural organization ischtm make the
parasite enzyme able falfill a complex function, i.e.: linking the two principal
antioxidant detoxification pathways (GSH and Trx pathways), whiehdsstinct in
the human host. A recent paper [47] reports the presence of TGR qudyaisitic
flatworms but not in the free-living species of the same phylum, where sp&®&
and TR exist similarly to mammals. Hence SmTGR should guarasdective
advantages to the parasites. The internal reduction of the Grx domdiGR
enzymes could be vital for parasites, which spend all theimliftee host organism
under constant oxidative attack [78]. Under these conditions, sudden floctuati
the GSH concentration may impair Grx activity and increasep#reentage of
protein glutathionylation, thus compromising some vital activitieshef parasite
[46, 135]. The peculiar intramolecular electron pathway of TGR, whahies
reducing equivalents from NADPH to the internal Grx domain throughChe
terminus, may assure deglutathionylation of target proteins indepgndéi@SH,
hence helping the parasites to survive into the human body by eeating the
host-induced oxidative stress.
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Combining crystallography and molecular
dynamics: The case of Schistosoma mansoni
phospholipid glutathione peroxidase
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ABSTRACT

Oixidntive stress is 0 widespread challenge for
living organisms, and especinlly sa for paro-
sitic ones, given the fact that their hosts con
produce reactive oxygen species [ROS) as
mechanism of defense. Thus, long lived pam-
aites, such as the flatworm Schistosomes, have
evalved refined enzymatic systems capable of
detaxifying ROS. Among these, glutathione
peroxidases {Gpx) arc a family of sulfur or se-
lenium-dependent isorymes sharing the obility
to redoce peroxides using the reducing equiv-
wlents provided by glutathione or posibly
amall proteins such as thicredoxin. As for
ather fromtline anticsidant cneymatic sptems,
Gpis are lomlized in the tegument of the
Schistosomes, the outermost defense layer. In
this article, we present the fimst crystal strue-
ture &t 1.0 snd L7 A resolution of two
recombinant SmiGpis, carrving the active sle
mutathons Secd3ys and Secdi5er, respectively,
The  strectures - conflem that  this  enzyme
befuongs to the monamerke ass 4 | phaospho-
lipid hydroperoxide) Gpa, In the case af the
Sec 1o Cys mutant, the catalytic Cys resldue ke
oxidized to sulfonic acid, By combining static
crystallegraphy with melecular dynamics sim-
ulationa, we abtained insight inta the sub-
strate binding sites and the conformatienal
changes relevant to catabysis, proposing o role
for the wmusunl reactivity of the catalytic
residue.

Proteins 20HAY TH239-200.
€ 09 Wiley-Liss, Inc

Key words: atomic resalution  crystal  atrue-
wwre; RS detoxification pathway; schistoso—
mimby  liptd GSH  perogidase;  moleclar
dynamics simailationa,
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INTRODUCTION

Aemobic orgamsms have evalved wardons netensrmatic and ey
muafic systerms 1o detoxify resclive oxvgen species (ROS), thereby limit-
ing the adverse effects of these dumaging compounds. Amang the
enzymes involved in the cellular response to oidative siress are several
glutathione-dependent enrymes, like ghatazedosins . (Grs), glutathione
peroxidates {Gpal, thisvedoxin reductases (TR}, and glutathione reduc-
tases [GR).

Gpxs represent a family of enevmes with complex evelutionary refa-
tionships and charscterized by variows activities, reducing pariners and
cellular Iocalizations,! Some Cipas dTe x»a:lrzurcrp|.\cm:i1'||r+2 using ghitathione
[GSH) to catalyze the redoction of Hy0; and osganic hvdsoperoxides,
bui recenily severnl nonselenium Gpx with cellular sctivities different
from their canonical antioxidast role have been identified,”

Seleninm-containing Gpxs have a functionally relevanl residue of
Seleniwm Custeine (Secl, encoded by a TGA codon, Y in the active
site. Sec is required for full caabvtic efficiency, as shown by poim
mutation or in vive Se depletion® and the Sec 1o Cys mutant Gpas
studdied 5o far present o variable degree of functional impairment with
respect to their wild type counterparts.” The presence of Sec has
aroused interest on Gpx, due 1o the i wwo redevance of selenopro-
teins®: however, the known difficulties in heternlngons expression of
nitive selenoenzyines represent a practical problem,

Although the classification of Gpas is comples and has been repeat-
edly revised. It seems thal seleno Gpxs may still be classified it four

vy bl bowymiedlplfamineicetls acd G ghetebione perocadass: Goo gitaesddoe GSH

GST, i EALSF, hwmy fmoride RO, reactive
Ban apecion S, Acldimami sament Tra, tloredoxine TCER irhl - crterpabd iphop o U0
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Mapping the Catalytic Cycle of Schistosoma mansoni
Thioredoxin Glutathione Reductase by X-ray Crystallography™
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Schistosombasks b= the second most widespresd human para-
sitic disease. It is principally treated with ane drug, praziquan-
tel, that is sdministered o 100 million people vach vears less
sensilive straing of schistosonues are cmerghag, One ol the most
appealing drug targets against schistosomizsls s thioredoxin
glutathione reductase (TGRL This natural chimeric enzyme is a
precuiliar lusion of @ glutaredoxin domain with a thioredosin sel-
etocysteine (Ul-contabning reductase domabn. Selenocysteine s
oested ona flexibie C-lerminal arm thai is wssally disordered in
the available strectures of the protein and is essential for the full
catalvtic activity of TG In this study, we dissect the catalytic
cyche of Selistotmna mamseni TGR by stnctural and funetional
wnalysis of the USSTC mutant. The crystallographic data pro-
senied herein inchede the following: the oxidized form fat 1.9 A
resolution); the NADPH- and GSH-bownd forms (23 and 1.9 4,
respeciivelyl; and a different ceystal foem of the {partially)
resluced eneyme (3.1 A, showing the physinlegical dimer and
the entire O terminus of one subunit. Whenever passible, we
determined the rale constanis for the intercenyversion between
the diMerent oxidation states of TGHE by kinetie methods. By
combdning the crystallographic analysks with compater model-
ing, we were ahle to throw further light on the mechanism ol
action ol 5 pronsomd TG In particelar, we hereby propose the
putative [usctionally relevant conformational change of the
Coterminus after the transfer of reducing equivalents. from
NADPH to the redox sites of the enzyme,

Schistosomas are human plaryhefnuinth parasiies cansing
Schistosomiasis, o severe disease still classified among the
major canses of mortality in tropical and subtropical conn-
eraes, alfectimg mere than 200 million peaple (1), The only diig
employed po fght the disease mwux:quumul, whose efficacy Is

* This werk was wpported by Fondasiane Rama [project tide “Rational
Appraach 1o the Specific Inkild san of Mesmodim fakoaram and Schicoe-
soma manzani”|, Sapenza Ureversity of Rome Progetto Uneversita 2007
and 2008 and Progetes Atenen Federatn 2007 and 2008, MILIR of Ity
FIRBProtecmica 200 -protREANGYEBMCT. and the European Comsmunity
Severith Framework Programene FPZ 20072013, Agroemend 226716,

W1Tha cn-fine worsian of ths anicle javatlable stht oo jbe oogl cantains
wpptemenial matenal and additianal reforances.

Tive meamic coordinates and strachwe foctors foodes ZEAG, SIS, 08, 2
XL, and 2KB hive been deposived in tine Proteir Data Bank, Reearch Coi-
Iotsoetary for Struchumal Bioinformatics, Runtgers Unbersity, New Bnmsaick,
I et A resh
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restricted to the adult stages of the parasite and whoese mecha-
nlsm o action is sl incompletely clarified (2, 31 Because this
drrig bs administered to 100 million people every vear, some less
sensitive strains have elready been tsolated, and given the mas-
sive dmig administration, resistance might become & serious
profelem (31

Because of this, the search for s new drug syalnst Schisiaso-
miasis s & necessity and a priovity according te the Warld
Hualth Organization (4), The main evidence suggesting that
sargeting the thisl redox pathway of the parusite may repre
sent i profitable starilng point lor cational drog design s os
fellowes: (1) schistosomes, living in the human blocdstream,
are suhjected not anly (o endogimous reactive oxygen spe-
cies but are also exposed to radicals prodduced by the host
ke cespomse; and (1) the thiol vedox pathway ensployed by
the worms for the enzvmutic reduction of the reactive axygen
species is diflorent from its human counterpart (5, &1

Inmamumals, twe proteins belonging te the pyridine macles
tde disulfids oxldoreductase Gimiby, thioredoxin reductase
{TRY* and glavathicne reductase (GRY, are the head antioxidant
enzymes stuttling electrons through thi thioredoxin (Trx)and
the GSH syslems, respertively (51 Trx peroaidases bn addition
o Tras are the othes compaonents of the: Tex syseen the GSH
systamn involves GSH peroxidase (Gpe) and glutaredoxin (Grm),
an oxidoredwctasy acting on S-glutathionylated substrares (7,
8. Ty and GRs are homeslimeric NADPH-dependent a
voprotelns that dare stoactueally highly similaz, The two proteins
share the main fold and the srehitectune of the binding sives fo
NADPH anad FAD. However, THs differ from GRs becanse of
the presence of & selenoeysteine residue (Sec, U located in s
GG retrapeptice at the C cecmlinns of the progetn. This addl-
tional E-terminal extension js required for the full cacabytic
agtivity of the eneyme (49— 111 Thioredoxin gluiathione roduc-
axe { TGRY is another selenaprotein belonging o the above
mentioned family of oxddoreductases, Characterization of
mouse TER demonstzated that the eneyme can reduce com-
ponents of both mammalian T and GSH systems: In mam-
mals, TGR exeris o wide range of catilyris activities theugh
s pelective overexpression dn testis after puberty suggestsits
invelvement in very specific functions relatod with sperm
matnralion {12).

* The abbreviations used are: TR, thipredaem reductase; TGR, thicredaringiu-
Eathione mductase; SmTGRA, S mansoni TGR full length (WS99 mutant):
Sml, 5. mansan teoredouin; GRL ghutathione reductase; G, ghitare-
dawan; PDE, Pratein Data Bank; Sec, selenocysteine.
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Glutathione reductase and thioredoxin
reductase at the crossroad: The structure
of Schistosoma mansoni thioredoxin

glutathione reductase

Francesco Angelucci, Adriana E. Miele, Giovanna Boumis, Daniela Dimastrogiovanni,
Maurizio Brunori, and Andrea Bellelli*

Istituto Pasteur Fondazione Cenci-Bolognetti and CNR Institute of Molecular Biology and Pathology, Department of

Biochemical Sciences “A. Rossi Fanell

ABSTRACT

Thioredoxi T = red:
(TGR) is a key flavoenzyme expressed
by schistosomes that bridges two
detoxification pathways crucial for
the parasite survival in the host’s or-
ganism. In this article we report the
crystal structure (at 2.2 A resolution)
of TGR from Schistosoma mansoni
(SmTGR), deleted in the last two res-
idues. The structure reveals the pecu-
liar architecture of this chimeric
enzyme: the small Glutaredoxin (Grx)
domain at the N-terminus is joined
to the large thioredoxin reductase
(TR) one via an extended comple-
mentary surface, involving residues
not conserved in the Grx superfamily;
the TR domain interacts with an
identical partner via its C-terminal
domain, forming a dimer with a
twisted “W” shape. Although lacking
the penultimate Selenocysteine resi-
due (Sec), the enzyme is still able to
reduce oxidized glutathione. These
data update the interpretation of the
interdomain communication in TGR
enzymes. The possible function of this
enzyme in pathogenic parasites is dis-
cussed.

Proteins 2008; 72:936-945.
© 2008 Wiley-Liss, Inc.

Key wards schtstosomwsxs, redox-deto-
structure-based drug

design; supramolecular assembly; glu-

taredoxin; thioredoxin reductase.

936 FroTEINS

Sapienza” University of Rome, Piazzale Aldo Moro 5, 00185 Rome, Italy

INTRODUCTION

Schistosomiasis is a severe parasitic disease, affecting 200 million people in
tropical and subtropical areas. It is caused by platyhelminths of the gender
Schistosoma, whose complex life cycle involves two hosts and several life stages.!
The cure relies on one single drug, praziquantel, effective only against the adult
stage of the parasite and administered to 100 million people yearly. Therapies
based on a single compound are risky, given the high probability to cause resist-
ance. Indeed, schistosome strains displaying low praziquantel susceptibility have
already been detected.

We focused our attention to the detoxification pathway, since the parasite is sub-
jected to a high oxidative stress, mainly because of the host’s immune response.3
Hence, interfering with this pathway may help in the search of new therapies. Very
recently, an enzyme of this metabolism proved to be very promising®: Thioredoxin
glutathione reductase from S. mansoni (SmTGR), that was demonstrated to be the
target of two previously used schistomicidials (oltipraz and antimonium salts).
RNA interference and exposure to SmTGR inhibitors kill S. mansoni in few hours
in vitro, and substantially reduce worm burden in animal models. Moreover, inhibi-
tion of the enzyme activity is also effective against the schistosome’s juvenile
stages.4 A biochemical explanation of these data may be found in the peculiar
detoxification pathway of schistosomes compared to mammals.

In animal cells, redox regulation is provided by the Thioredoxin (Trx) and
Glutathione (GSH/GSSG) systems, which are reduced by NADPH via specific
flavine-oxidoreductases. Electrons are then shuttled to proteins and other com-
pounds through reversible thiol oxidoreduction. The Trx and GSH/GSSG sys-
tems provide reducing equivalents for several processes like DNA biosynthesis
and redox control of cell growth and death.>¢

The animal GSH/GSSG system consists of (i) GSSG reductase (GR), a mem-
ber of the pyridine nucleotide disulfide oxidoreductase family (GR family);

i GR, i reductase; Grx, GSH, reduced GSSG, oxidized glutathi-
one; hGR, human GR; hTR, human TR; mTGR, mouse TGR; rTR, rat TR; SmTGR, truncated form of thioredoxin
glutathione reductase from S. mansoni; TR, thioredoxin reductase.

The Supplementary Material referred to in this article can be found online at http://www.interscience.wiley.com/
jpages/0887-3585/suppmat/.
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ber: FIRB 2003 RBLA03B3KC-004; Grant sponsor “Sapienza” University of Rome; Grant number: Ateneo 2005.
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Rome, Italy. E-mail: andreabellelli@uniromaL.it
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Inhibition of Schistosoma mansoni Thioredoxin-glutathione

Reductase by Auranofin
STRUCTURAL AND KINETIC ASPECTS"

B T puksbicl
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Francesco Angelucd ', Ahmed A Sayed“", David L Williams"", Giovanna Boumis’, Maurizio Brunori’,

Daniela Dimastrogiovanni’, Adriana E. Miele', Frida Pauly', and Andrea Bellelli*'

Fram the *Department af Blochemlzal Sclences A, Rossl Farefll,” “aplenza” Unlversity of Rome and lstitute Pasreur-Fondazione
Cencl Bolognettl, P Le Alda Mara 5 00185 Rome, [raly, the "Department of Biologleal Sclences, ol State University, Mormal,
Witnols 61760, nndﬂre‘[)epar!men: afimmundiogyMicrabiclogy, Rush Unlversity Medical Center, Chicago, (ot 60302

Schistosamiasts is & parasitle discase alfecting over 200 mil-
ton people curvently treated with one drog, praziquantel, A pos-
sible drug target is the selena- prolein thioredozin-glotathiome
redctase CTGRY, o key eieyme in the patway of the patasite for
detoxification of peactive oxvgen specles. The enzyme (s a
unique husdan of @ gleteredoxin domain with a thioredoxin
reductuse domain, which contains a selenocvsteine {Sech as the
penultimate amlno acld, Auranofin (AF), a gold-conlalning
compound already in clinical wse as an antl-arthritic drog, has
been shown o inhibit TGR und 1o sulstantially redoce worm
baurden in mice. Using x-ray coystallography we selved fat 2.5 A
resolution) the structure of wild type TGR Incubated with AF.
The electeon density maps show that the actual inhibhor ks gold,
released from AF. Gold is bound at three different sites ot
irectly invelving the C-lerminal Sec residus hewever, beeause
the Ctermdnus b the dlectron deastty maps is disordered, we
cannol exclude the possibility that geld may alse bind to Sec. Ta
investigate the possible role of Sec in the insctivation kinetics,
wu Lested the effect of AF ona model eniyme of the same sipee-
Tammndly, Lo the naturally Scc-lacking ghatathione reductase, and
am truncaled TGHR, We demanstrate that the rale of seleniom in
the onset of inhibition by AF is catalytic and can be mimicked Ly
an external sovree of selenium {benseneselenal). Therefore, we
propose that See mediates the transfer o gold from its lHgands in
AF ta fhwe pedox-getive Cys couples of TGR

Schlstosomlasls |5 one of the most dmporiant himas pas-
sitle indecticns in the workd, aflecting over 200 million people in
doveloping conntries with 280400 deaths/year in suh-Sahamn

* This work waz supporbed, inwhole arin part, by Natianal Insbiutes ofHealth
Grant Al05022. This work was alse supported by the Fondazione Roma
Progect “Ratianal Agpaoach ta the Specific inhibition of Plasmedien falop-
arumm and Schistosame masant,” the “Saplenza” Universty of Fome Pro-
gettn Unteersti 2008 and 2007 and Progetta #tenea Fodorata 2006 and
2007, the Minisbero chall Lintversita e della Ricenca faly Fondo per gl nves-
mmenti delfa Riceica di Base/Probeamica Z007-piatAERMITEMCT, and the
Evropean Cammimity Aosearch irdrastructure Action undes FP8 "Stnactur
ing tha Eurapean Resoarch Area” Candract BRI 3-CT-2004-500000,

Tive atamic coordinmtes and stucirefacions foode 14 hove beendeposited in

Adrica alone {1}, The therapy for schistosomiasis is hased on a
single drug, praziguantel, that is administered 1o millions of
people yearly (3, 3) A reliable alternative to prazbyuantel does
nol exist at the moment. Oxamnigquine, the only other dug
commercially available, is expensive and is active sgainst only
atie of the thiee schistoswome speciis capable of infecting
Turrmans, namely Solifatoaoma mepioni. Artemisinins, although
sale, are active ondy against the immature stages of the parasites,
A treatment strategy that relies on just u single drug is ot risk
given the high probubility that drogoresistant parasites will
cuterge (4,

Recently, o possible solutbon Lo this wigent problem has been
propased, Le tarpeting the antioxidant pathway of the parasite,
I platvhelminths, bike Schivtsoma and Eelinococens, thiol
reclox homeostashs ks completely dependent o the enzyme thi-
oredoxin-ghitathione edudase (TGRLY which directs the
NALPH reducing equivalents to both GSH and thioredoxin
{4 = &5 Ul the other hand, in humansand other vertebrates the
it Funetbon b5 (ifilled by two distinet emeymes that bulfae
vwo paralle] pathways, ameby thiovedoxin reductase (TR} and
glutathione reductass (GRY

[GR i 4 natural chimeric Tovoeeneyme whose strociore
rosults Do the fuston of &4 TR dosmain with & glutaredoxin
domain (7-9), We recently solved the crystal strocture of TGR
from S mnsnind (100, Thie redox activity of the enayme relies on
af Jeast three redux sites communicating with one anather: {i)
the FAD glte, composed by the isoalloxazbne cling of the Qavin
and the Cys'='—Cys' ™ conple (characteristic of all the enzymes
of the TRAGR famibyl (iy the © torminus, constituted by thy
Gly-Cys-becGly sequence shared with the majority of TRs but
aot with GRs; and (1) the ghutaredoxin redo site represented
by Cys**—Cys™ at the M-terminal portion of the protein,

The presence of this peculiar enzyme in schistosomes wis
explodteil in the search of new schistosomisidal dnigs (17, 12,
The signilicance of 5 smarseen (S TGR ax a putatbve diug
target wae fist demonstrated nsing an BNA Intorteonce
approach, which killed 90% of traated parasites i vitre. More-
aver, 11 was demopstrated thal SmTGER activity is inhibited by

the Protein Dot Bavk, Sesearch Callshararory for Sructural arics,
Rustgers Liniversity, Mew Bnamswick, N etpemwaorcbaongL

! These authars contributed squally to this work.

* Presant addkess: Dept. of Bochemisiry, Ain Shams University, Caira, Egypt

*To wham cor should be addressed. Tel: 35064901 01236 Fax:
3506488001 3; E-mal sndrea bellelisuniromal i
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“The abbeeviations wsed arec TGR, thioredaxin-glutathiona reductese;
SmTGHR TGR fiom muavzsant; TR, resdiactane; H,
ghutathione recuctase; GaPi. [-pheryd2.5-dil2-pymicl-phospholel Al
BzSe, benzenesolenal: Sec, selenocystnine; #F, aurancfin; DTHE, 55'-di-
ehiohis-(Z-nitrobenzaic acidl; G555, gltathiane dulfida.
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SCHEME 1, Possibbe reactbon path for AF and SmTGR, e moleube of AF reacts with wild tae recuced ST (packs 11 1o yheld @ translent intemedians

bearing an Aulll coardinated with Sec™™ ard i

hirve (species 21 we ypothe:

siew that acetonythioghecose is released first [see test). The mtorme-

ethylphcza
chiatie species neleases rietylahosphine o b a Sec-gold-Cys complen with sy of the avsdabile cpsteingd resioues; thiess reaction products are passibls
(ypecies 3, 4, and 6], The chemical species o which the C-terminal sma s ooss-bnked va the qeid on 6 3 distane Cys readue [species 4 and 81 may rearancs
el Thes v e stk shint clistance Cys-gobd-Cys comyplions (speches 5 and 71 When squiiboium s weached i mihine of specks 3,5, and 715 expecred 1o

malorules

b presene, dymamicaly

interchanging wa the less stabls intormedhistes 4 snd & Additional malecules of &F may be introduced, leading 1o SmTGR

s B v 7t el ch o, Thve bl sincding 288 3, 10w e by thie qresal iom 15 et coaeinatec by Cys ar Sed, |5 not carmdersd In the scheims,

two schistosomicidal drugs used in the past 1o fight the infec-
tinn, aniimony| potassium tartrate and eltipraz, suggesting that
e emverme bs the miain aeget of these compeunds (6), Based on
Ehese promising resiles, o guantitative high thoughput screeq-
ing of =710 compounds was carried out bo isobate new leads
targeting the 5. mansmrn rodox pathway (11,

A& potentially mtevesting inhibitor of TGR a5 surenolin
(AF; Auly; 3.4 5 trlacetyloxy-6-{aceryloxymethyl) oxane-2-
thiolate; triethyl phosphanium; © Mo, 00,8-gold-PHCH )
se¢ the formula in Scheme L Jo vitro, B0 gy AF canses
wnpadring of male and Female worms after | hoand resulis in
1008 moseality after 9 hoof exposore (6} Inthe same study it

2B9FE UL OF REOEEGIEAL CHEMSTRY

was found that TR and GR activities of TGR in worm haomao-
genates were nearly L00% inhibited after 1 b and that the
GSHAGHSE ratio decreased Trom 18:1 in contral worms To
206:1 (85% deceease) after 6 hoof Lreatment. Laoval, juvendle,
and adult stages of the parasite are killed by 5 paz AF in 24 b,
which acquires significance given that this concentration of
the drug is well tolerated by mammalian cells. Indeed, in
prelimibnary experiments, AF administered to nfected mice
at dosages well tolerated by the host killod 608 of adult schis-
tosomes. This reduction of worm bueden would lead to a
significant deceease in the pathology and morbidity associ-
ated with schistosomiasis (6). Moveover, it has recently been

THEEHE,
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demonstrated that AF also Inhibits the TGRs from the
relsted pasasites Eclunococcus gravsloses {14) and Taemla
crassicepy (150

Compared with other newly identified beads (11, AF hasan
imporlunt acdvantoge as a schistosomicidal drug, because it has
been i clinkeal use to cure shenmatord arthritls For 25 years and
thus presents & well known and quite safe voxiciey profile (16,
17); Finding newwses lor clinically established dirgs ropresents
a clever strategy of drug discovesy, conswlering the drastic
peeluction of time sl cost pelative o developlng novel drugs
{18} These considerations are of extreme importance fo
neglected disvases, such as schistosomiasis, which are not of
pramsary mnterest te the pharmacentical industry,

AF has been demonstrated (o be o nanomolar inbibiios of
Sec-containing enzymes such as TR and TGR (&), whereas
10-feld higher concentrations appear o be required o
inhibat GR, which licks the Cotepminal Sec (19). Thess obser.
vatlons suggest that Sec ds ejther the binding site of AF ov s
essentiol in displacing the pold from its ligands given that its
nucleaphilic power is groater than sulfur, Other gold{l) com-
peeniels are known o irceversibly inhibit buman glutathione
redluctase by the [urmation of a covielent adduct between cata-
Iytle cysteines and the metal {Cys-gold-Crys); a similar mecha-
nism for AF has been previdusly hypothesized but not proven,
It was suggested that AF might lose hoth the thioglaeose and
the trethyiphesphine ligands by sequential exchange reactions
with celludar thioks, leding to final gobd-pretein thicl adducis
similur tothiose produced with gold compaounds in GR (20,

Using toray crystallugraphy, we hereby demonstrate for the
first thme the formation of Cys-goeld-Cys addocts i twe differ-
ant gites o the three-dimensional strocture of wild type
SmTGR incubated with AF. Unfortunatoly we cannat derer-
mine the exact position of the U terminus i any of the solved
structuses, and therefors we do net know whether it bs bownd to
AF derivatives o gobd, W have also determined the elfect of
AF an the activity of yveast GR (& protein lacking Sec) and ona
Secclucking truncated form of SmTGR. Interestingly we found
that the addition of benzenesclenol incresses considerably the
velocity of insctivation of GR by AF. Taken together, kinetic
ane stryctural data allow us to assign a catalytic role @ the
Coterminal Sec, suggesting a possible mechanism wherehy AF
tihibits TGRS wid Ths.

EXPERIMENTAL PROCEDURES

Clawinng, Fxpresiion, and Purification of SmTGR Form—The
vruneated SmTGR lacking the last two amdne acids, Le Sec™
anel G, and the Sec-rontaining form of SmTGR were pre-
paved as deseribed previously (6, 10},

Crystedlization—9 p wild type SmTGR, reduced with a sa-
wwratkrg ot of MATPEL (300 e was stbined cverndght bn S0
e Tris, pH 704, 100 muw NaClat 4°C in presence of 100 um
anranofin. Al was kindly provided by T Frank Show {Normal,
LY The mixture was then dialyzed [12RE0) against 200 msd
Teis, pH 74, 100 ms Nal'l and reconcentrated to 5 mgfml
betore erystallizatbon trials were set up, The protein sobution
was mixed with an equal ameount of the resenvair scdution con-
taining 11 o Hepes at pH 70, 20% polyethylene glyeel 3350, 0.2
ad protasabien iesdide, and 5 mne GSHL Crystals grow ln 3 -4 weeks

OCTOBER 16, 2009001 UME 253 MUMEER 42
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TABLE 1
Summary of crystaBographic data
el bype =TGR
Frata collection
Hpaoe group [}

Lol dimensinns
147,51, ik 16,

oy T KM L1 LE,
Bewmlitan {A4) AL 5T
e DL (DR
il r
Unenpdebeniss (51
Brdundhiney
[T e———
Byl ubicon {4

B pefbeetinni:

B P

I o e (1 midlin L

Fridsin

Eigansl v

"W ater

d-fartoe fovurally

Bt ppasan sepiasy i byl
B lngths: LA}

Rarmniet b !
Beldt m&iru{“‘ HAS
Allwed Lh )
e nossdy alliwd 4%

* Highrst resclutinm shell & shien in. pareshess,

Ro 0 02 W 02 mn el were ervaprotected with the same
reervolr solution plud 30% polbyethivlene glycol 200,

Xoray Dela Collection—The data were collected at 100 K
The best data sot has heen collected as 100 oscillation frames
using the MAR CUID detectior on the BL14¢] Beamline al
BESSY (Berlin, Germany] at g wavebength of 098 A Data anal-
yuis performed with HEL2000 (21) indicated thist the erystals
helongs to the €I space group with the following wnit cell
dimensions: a = 19751 A b= 10216 Aje = 60.57 A; and 3 =
114.51% The data were sealed and are 990.7% complete at 2,55 A
resolution, with an 8, ol 12% and a ¢ of 1.2, The crystal
contains 1 subunit/asymmetric unit, with o ¥, of 32 A* Da !
andl & solvent content of #1 3%

Steacture Reftuement and Analysb—The structune was
safved by molecular replacement using the program PHASER
(22} anel the strocture of truncated SmTGR {Protein [ata Bank
code 2viad asthe search model. Befinement of thealeanic coor-
clipates and dsplacement pacamiters was cairled out by means
of Rafmacs (23), Model building was performed wsing the pro-
gram package COUT (24). The struciure of the complexs was
refined o 255 A resolution with an overall tempesatuore factor
of 354 A% (for other duts collection wnd ellnement statistics,
sea Table 1), The configuration was verified by PROCHECEK
{23k The lecations of gold atems were defined vsing the ancm-
aleis Fosurier maps. Atomic coordimites and strecture factors
Teave been deposited b the Prolein Date Bank with the scces-
skon code dHEK,

G Activity Assay—Glutathione reductase from haker's yoast
{SagmacAldrch) was washed For times at 350005 g with 50 mxi
Tris/HCL 0.1 s NaCL b 7.4, ustog Amieon Ultea 15 centelbiu-
gal fitter devices (Millipore, Cork, Ireland) with & molecular
mass cut-eff of M3 kD to change bulfor and romove trace
ammounls il dit hiothreite) GR actvity wis assaped asa NADIH-
dependent vedurtion of GS8G {36} Tnall of the assays describind
W
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below, LEm] reaction mixtures contained 30 gl of the ok
G solution (05w, final concentvation 30 nuy) plus 200 @y
NALEPH and 500 pa GRSG.

T'n assess the effect of AF on GR, incubation mixtures were
prepaned containing 0.5 pii R and 1, & 10, and 50 s AF, all
contalnling LG pu NADEH n 50 ma Tiig, pH 74, and 100 s
NaCl The measurements were performed st 0, 15, 30, 60, 120,
and 240 min after the serohic incabation wis staried. The reac-
o wias indtianed by the addion of B00 wu GS5G and fllawed
by el decriase in alsobance st 500 . Controbs contalning
o AF were measured at cach time point, and the activity was
exprossed as a percentage of each sample against the control

S TER Tnfoldtion Assey =T oassess the effect of AF on trun
cated TGR, fnoubatlon mistures werd prepared contalnlng 30
i ST GR (truncated form, lacking the last bwo amine acids)
wilhuaned without 8 st AF, eventially with 3 s BeSao, Al the
samples, under aerobic conditions, contained 100 py NADPH
an 50 s Teas, pHL74, and 100 ma NaCL Aliquots ol 85 gl were
tested for activity by the 55'-dithiobis-{2-nitrobenzoic acid)
(TN B assay ina . b-mleovette. The measuremonts were per-
formed ot iy, 30, 60, 120, and 200 min after the incubation was
started. The resctben was initlaced by the addition of 1 mwu
DTNE and Lollowed by the incroase in absorbance at 412 nim,
Controls containing no AF were measured at each tims paint,
aml Uhe activity was expressed as o pereentage of cach sample
agrainst the control

RESULTS

Strmeturad Aperlysis—The structure of wild type SmTGR
treated with AF was solved by molecular seplacement. Adker the
redinement processes and geometry eptimization of the model,
ananomalous difference Fourier map was caleulased from 40 to
25 A aned contowred at 8 o lis sepermposition on the differ
et density map (5, — £ contoured at the saose o and calew-
Inted on the JIL'|.IJ'L|'d SmTER stiuetire witheat the metal (100,
clearly shows the position of the gold atoms in the asymmetric
b, AF itsell was nover detected in our structures, but three
gold-binding sives were [dentilied breach subuni, os shown n
Fig. 14, As already veported for the truncated form of the
emxyme {10}, the O terminus wis not visthle in the eoctron
c|1:||m|y .

cf!l‘r I—The mptal 15 board between the catalytic cystobines
1 aver the FAD-binding site. The goometry of
hh-' Cyr-gald-Cys array is finear, and the distance hetween the
stllues and the gold i 2.3 A The metal ocoupiney is ~50%
Cy'™ e found b double conformation (Fig. LAY o the gold-
containing 1l{|' this residue cooreinated to the Tuetal poinits
toward Cys™, wheress in the gold-lee site Cys'™ is not
involved in a disulfide bridge with Cys"" and points away from
the FAD snd Cya'™. Ar this resolution, the colentution of
Cys'™ is almest independent of the presence of gald.

Sebe 2—Also in this case; the geld was foand between (v
cysteines, namely ™™ aml ( :.'x“'. with an oecupuney of
~ 50, As dnosie 1, the geometry is Hnear, bat the suliue-gold
distances are longer than the canonical values {Fig, 1, Caml D}
this rnight indicate a fluxional behavios of ihe gold betweon the
twes cystefnes (273 Thus the geometry caleulated from Uhe dec
erea density maps should be taken as anaverage.

oy

28%80
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FIGLIRE | The thres gedd-binding sites of wild typs SmTGR, A the theee-
chimensional miodel of ooe subunitss shownsch the three godd -binding sites.
Site 1 shovs Ehe okt |y betseen Cys™ and Cys'™ slte 7 shows the gold in
batween Cys™ and Cys*™; site 3 shaws the gold in the putatie KADPH-
bincken ke, The glutaredsin damain of TGR s shawn in gree, whaneas
the thiaredoon daman i shawninred. The Imund!mn is also highlighied,
B site ¥, The Ineai geameiry of thie Cps’ " -pobd-Cys"™ ackuct is shown, The
occupency of the gakd atom s abeat 500, Bath distarces of the suffur-gald
biored e 23 A ar e presc el fon this type o covvoimation madety, T it 2, The
electron dunsity map (2F, — F | contaured at 1 7 shows the passible charge
e -uane: Detwssen Bhe gakd and Phe™, I 3l 2 The geld stom
between Cys"™ and Cys™ iy shawn togethes with the cther resichies that
suismound tre rmetal, ie Pl Pro ™™ i Pro™" £, site 3, Goldl in the pitates
MALPH-birdling site of SmTGR. Tyr™ b= ks b swang upon RACFH bind-
ineg in thind reductase enaymes (300, See7™ is the resicue dosest 1 the gald
(OG-t 3.2 AL Oother vain der ' Waals' cantactsare with the mainchain
aromms of the polypeptick [k ™ val™™, Giy™ and Arg™,

Tl gold aromm b sl L surrounded by bydrophobic pest-
dues, fe Phe™™, Pro™7, and Pro™= (Fig. 1, € and 1) The aro-
mtic ring of Pha™ is 2.6 A awiy from the geld atom (Fig. 10),
thix distance heing smalles thai the sum of the vin der Waals
okl of theep” carlon and the metal 1t s known (Tom gas phase
studies that benzene and gold{[) interact to form & charge trans-
fer complex (28), The stability of the complex was cileulated 1o
be 70 keal!maol, in the range ol a covalent bond (29, Therelore,
thie position of the gold atom betwesn Cys™ and Cys™? might
be also stabilized by a chavge transfer complex that forces the
metal ingo o peculiar positicn,

Becatise ne functional mle has beet assigned as yet to the
contple Cya™"—~Cya™, we cannot infer the robe of site 2 in the
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NADPH

FIGURE 1. The SmTGR crystal structurs in complex with gald jem (in
greent is superimposed to the mouse TR with NADPH bound {in magents;
Protein Data Bank code 128 (301 Theroar masn square dedarion s 0825
orver the 462 digned residues, The nesidues s in maues TR
e congaeved i SITGR Cguence slgnment ot shownl, The structursd
companson shaows the dwnau in confoemation of the |oap 39325 and in
P thciar of Tyv ™ ard 5o ™, g lightedt for the e enaymes a5 badls and
shichs [the other amino acid side chains are omitted for clarsy), The 06 atom
of S ™" istheclpsest contact with the gold kanin the SpTGRanystal structuns
[z “Resuite” and Fig. 1), In the moase TR strocturn, Ser™ shufts in position o
e 1o for Phae B MATIPH; the dash betwseen the setal in sie 3and
the phosphate of the tofactoa in SmTaR is self-evident.

inhibdtion of TGR by AF, bat we point out that: (f) site 2 s
invariant inall the TGRS and mamemalian T Esthat have a Secal
the penultimate positicn, whereas I is ashsent in GRsorin Tlis
lacking the penuliinate Sec {sequence alignment not showny;
wid (ikp site 2 of one subunit 8 inckse proximity o the ©
verminus of the same subunit and to the EAD-kinding site ol the
ol lyer sularnil {i:r{’“.'ﬂ_;.ﬂh'q.'ﬂf-} = 145 A)

Site 3—The third gold atom i located by @ pocket on the skde
of the FAD opposite Lo Cys™*—Cye™®, with an vecupancy of
—4¥ {Fiz- LE) The covity i surcoumded by the smino acid side
chains of Ser'™®, Tyr™, and Val®™ and the main chains of
Aln™®, Val™, Gly™, and Arg™ No atoms have the correct
distanoe to form coordination bomnds, the cosest atom being the
omygen of the Ser*™ at 3.2 Az however, all of the above residues
can be engaged in van der Waals' contacts. Superposition of the
structures of S TGR and monse TR baund o MADPH (Pro-
tein Data Rank code tzdl) (30) suggests Uhat site 3 may corre-
spontd Lo the NADPH-binding site (Fig. 25, and thus it might be
redeviant to the mechanism of inactivation by AF,

Reaietion of @ Sec-lacking Truncated SmTGE Vartae with Af—
Because AF bohaves as a gobd carrier and the final complex
contains the bare metal o vither (o Cys residues o1 to a
hyslrophobic pocket {site 3}, we decided to test whether Sec is
indeed essentinl for Inactivation of TGR by AF, a8 b usually
thought. X-ray diffrection maps were thus collected for a Sec-
lacking artificial variant of the enzyme, namely the troncated
SmTGR o construct lecking the st twer Cetermimal residues,
See™ and G™ (10). This variant, when crystallized in the
presence of & slight molar excess of AF {1-3-fold) plus a cata-
Ivticsonrce of selenium {see below), incorporbes gold at sites 1
anl 3 {results nol shown) we are al present inable o explain
why no gold was observed dnsite 2. The tme cowrses of acti-
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vatlon of bramcated and wild type SmTGR by AF are repuorted in
Fig, 3€. The Sec-lacking vartant, which bs 15-fold less active
than the wild type in the DTN sssay (10), B inhibited by AF
20 fedd more slowly than the wild type oneyme (which is inag-
tivated with a rate constant of 0.2 1 /min).

GR Iractivation Assays—The observation that the gold-
bimding sites identified by x-ray crystallography do not involve
the peniltimale See challenges the currently accepted mecha-
nigm of inhibition of TGRTR by AF {14, 19). Tomvestigate this
podit, we capided out functionn] experiments using GR 45 o
mexdel enzyime. GR has three erucial festures that make it suit-
able {or this purpose: {i) it lacks the Sec residiae and the Clter-
minal tail, thiss serving as-a negative control for the mle of
selenluig (1) Ik has only one of the gold -biading sies identified
in SmTGR, ie that homologous tesite 1 (30) (the Cyscouple of
site 2 of Tals and TRsis lacking, ansl mast of the side chains
Elak swrremencd the golel i site 3 ase oot conserved, e Ser
replaced by o Gly dn the bakie's yeast GR: sequence alignment
not shownk and (iiil it has much higher catalytic activity then
truncated SmTGR, thus simplifying the assays. & spectropho-
Bometric engpmatic assay was carried out using .5 pu GR inen
Batid with L 4, D, and 50 g AF over o peviod of 4 by activity
was followed as the NADPH-dependent {200 p) reduction of
G54 (B00 oy, monitering the eaction at 240 nm (26), When
G was incubated with AF in the absence of NATIPH, ne inhi
bition was degected, o finding consistent with the entrapanent of
ol buetween cysteines (as for site 1, & reaction dependint on
the enzymoe being rodusedy. The concentrations of G,
NADPH, andd AF in the assay mixture were chosen following
Gromer @f al, (19), The eesults of these expernimients {Fig. 34)
show that AF inactivates GR atevery concentration from § o 50
i, the time course being in all cases comples and the rate
showing down progressively. The experiment shows that AF (s
capable of Inhibkting an enzyme that lacks Sec, s expected on
thit basis of the structural considerations mode on SmTGR f{see
abova),

Gitven the complex time course and the vary slow inacti-
vathon rate, quantitative analysis is not casy, and thos we
resorted Lo estimate the initial care of inactivation of GIE by
Akyat the different concentrations. Initial ficst order rate
constants plotted ox a2 function of AF comeentration,
teparted i Pl 4, shows that bhaetbvatkon rate b AF con-
centration-dependent bt tends to s plateau. Novertheloss we
have direct evidimce that the inactivation is fister b higher AF
concentrations and that the reaction is essentially irreversible
(becanse wetivity B ol secovered even alter long diabysis), This
& consistent with the high stabilicy of the sulfur-gold-sulfu
complex chserved i site | of SmTGR and presumably formad
alserin the homologous site of GR

Tl Role af Setonion—The linited bevel of inhibitlon of GR
by AF reported in the literature {14} is most probably due to the
insufficient time allowed lor complex formation {Ee =20 minj;
the maore effective mhibition seen with TRITGE may be due to
the fascer reactivity of Seccontalning reductases vather thai o
higher atfinity for AF or gold, To test this hypothesis, GR wus
ineubaied with AF in the presence of an external source of
selenfuim, Bese. Recanse BeSe bs unstable, belng easily nadized
to diphenyl disebenide, it was reduced with NaBH, before wse;
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FIGURE 3. 4, baker's yeass GR i sactivated by AF: e courses abtained i
concentrationsaf T s (squarest 4 umiciosed cunles), 10 Jopenondes). and
S0 M [y Eringlesy. B, effect of Br5e of biakers yaast G e tivation by AF
Timie coorse in the presence of 4 g AF Goncles? ard uia AF plus 2 Bzse
(inkangies). G eaposed) o & enixine in wlich &F A4 o and BzSe 2 g wera
preincubated for 2 b before the ssswy [renfagons) £, inactvabian by AF of
auncated SeaiTGR and wild) fype SmTOR, and the effect of BzSe. T coursed
of truncated SmTGH in the presenceof 8 o AF (circles) o 8 o AF plus 2 s
G258 Lrhang b Trisncated] SimTom e po s (o g mixiein Wi AF S oy and
EzSe 3 um were preincubsted for 2 hobefiore the sssay (peafagonsy, Bme
o e wile mppe SmTGR 20 nu ingubasted with 540 AF jopen dofes,
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FIGURE 4. Rate constant of inactivation (min ') of yeast GR (0.5 uw asa

Function af AF conentratiaon (1,4, 10, and 50 pa], s darived from finear-
izatton of the first points of the time courses reported for Fig. 24,

conseguently, the concentrations reparted in o exparimants
are probably overestimated, the actual conceniration of the
reeluced foam probably falling under serobic conditions. The
ausay wis performed on aliqueots of an incubation mixture con-
raining 5 g GR & st AF, and 2 pw BeSe. Parallol control
exprriments (not shown) demonstruted that in the absence of
AF, Bebe tonot an inhibitor of GR, at least b the low miciomo-
lar concentration tange, Moreover, a third conditlon was
tostodd, where AF amd BzSe wore preincobated at 25°C for 2 h
before thee addivion of the enayme. The resulls in Fig. 38 show
ties ol inhihitica by AF is significantly atlected by
et BzSe to the assay mistures, the onset of inac-
tivaion heing clearly sccelerated. GR approaches 0% activity
within 4 h, whereas the addition of 4 pa AF alone yields only
S0 imhibition over the same Hme interval. Fig 38 also shows
that incubating AF and BeSe together balore sddition Lo the
assay mixiures increases substantially the rate of the reaction.
These sxperiments confiem that although selenium s not abso-
Tutely vequired for inactivation of the enzyie by AF, i has o
significunt effect o thee Tate of onset of inactivation

The effect of the external source of seleninm was alsa festod
for the truncated SenTGE variant that lacks the lust two amino
acids (Sec-Glyl, Also in thes case the onset of enzyvene bnactiva-
tion is accelerated incthe presence of BeSe (Fig 361

DISCUSSION

Structeral Hasis of the tofikition of Thicl-dependent Redu-
Lases By Gold—[Jespite the extensive use of AF 1% an anfiar
ehleie drug, the satlomale foe s mechanlsm olscton bivelation
with its chiemistry is not yet established. In general, gold-con-
taining compeunds are thilisolencl eactive species; indeed
AF and other gokl compotimds are stroag inhibitoss of mam
malian TR and GR.

Our data indicate that the actual inhibitor is gold{l) rather
than the whole AF maelecuie. The phosphine and thioglacose
ligands cannet ke seen in any of our ebectron density maps,
conftrming that AF & actually a pro-drug whese function s 1o
carry and deliver gold to its final terget{s) with the metal hosind
in between Cys couples of the eneyme,

Ax b the geometey and the presumable relative affinities of
thit golidl-binding sites cheerved in'our maps, we note that in site

THEEHER,
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1 the gold atom k& boipd between the catalyiic cysteines
Cyn Oy ™ i a linear two-cnordination geomet ry, typical of
e goldiThsullur comphees (Fig, 1), Siee 2 also shows the geld
Beand with an almest linear geometry between two cysteines,
tf'l,fk'-"‘d. lf}s""", choase to the Cterminus of the same subunic and
the FALRbinding site of the other sebunic {Fig- 1 a charge
transfercumples with Bhe™ s probalily also involved. Becise
ehe Banctional role of thissite is nol clear, the consequences of
gold binding o Cys™"'-Cye™ % are at present uncertain, Site 3 is
ciffegent from the other two because [t contains no Oy, the
metal belng locsted 1o g cavity with no atoms at the cocrect
distance to form coordination bonds (Fig. 15 however, it prob-
ably overlaps with the NATPH-binding site (Fig. 2).

Our pesults suggest o possible mechanksm of Inbibition
of thiol-dependent reductases by AF, numely the teansler of
gobdil} to one or more redox-active Cys (o Sec-Cysd couples of
the enzyme (Scheme | and bebow), Our propesal is consistent
with what s known abowt the electron fow in TR and GR (29,
30); the FAD eolactor Is reduced by NADPEH and donates s
electrons to the ficst Cys couple (Cys'™*—=Cys™™ in SmTGR),
Reduction of (555G in GR is presumed to ocour at this site, In
TR and TGRs the path of dectrons is mare complex, becavse
thiy are transterved from the first Cys conple o the C-terminal
™8, couple und from here to thisredoxin, or, in the
case of TGR, o the additicnal Gex domain. TRs and TGRs
possess an additional conserved Cys couple (Cy™-Crs™ in
Sm T GRY, whose funational rode is unknown.

We ohserve gold hinding to two of these redox sites (sites |
ane 23, plus to the putative NADPH-binding site (site 1), and a
further site may be present at the O termims {Cy™ = 5e0™7)
that is disordered in our serictures, Becauss binding to any of

these may in principle be safficient to inhibat the enzyme, one
iy ask which is the mest relovant binding site i vive. We
wssume that gold s redistribated of equilibrom among the
thirve redox couples of S TGR (Sehieie 17 and that b the |pres-
ence. of enough AF all the three redox couples wonld be fully
cceitpled, provided that encugh thme s allowed and that the
enryrie ds kept rediuced, Based onwhat is known about THs and
TGRa (31), we abio sesurme that any detivalive of SmTGR bear-
ing gold st the C-teeminal binding site would be ineapabde of
reducing Lhioredoxin or the glutaredoxin domain, whereas any
species bearing gold at site | would be Inactive toward any sub-
strute, including the wrtificial DTNE Site 2 participates in this
exchange of gobd, but its functional tele is unclear, whoereas site
3 is probably rolevant to the inhibition of SmTGR (see above),
Frnt e caninot soe hew it could participate to the gold exchange
with the athar sites.

i hypothesis is consistent with data by other researchers;
eg irreversible inhibition of human GR by gold {released by
) hias baren shown by x-ray crpstallographyy te be dua to the
formation of ¢ Cye-gold-Cys adduce with the Cys couplo lring
owver the FAD [[,'}'s:""‘l and s, homole et Lo £ .'}-u“' L fyn'”
in hmTGR) (20, 33 Mogeover, Ehe dinically used plesma levels
of AF are bn the crcler of B g (195 Uhese values are stmilar 1o
ciir peaction conditions that regude 10 par SmTGR and D00 uw
AF {ie a stodchiometrtc sxcess of anly 2=3-(old, assuming four
Binding sitesfenzyme sabinill; thus sigiitficant cocupancy ofall
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the binding sites of SmTGR may be expected i AF therapy of
schistosonlasie were to becone & standard praclice,

Affinity of the Sulfur-Gold-Sulfir Cowplex—The gold-en-
syme complex has vary high affmity, becanse inhibition is
insensitive to both dilation in the final assay mixture andd exten-
sive dialysls. An adduct analogous to that ehserved foe site 1ol
SmTGR has been lound in bomen GR weated with the gold
compeastnd Gali (2400, and also in this case the mhibition wis
demonstrated (o be ireversible. What is the affinity of GR or
TGR loe geld? Our experliments demonsteate that complete
inhibition is obtained using micromolar concentrations of AF,
providid that enongh time is allowed for the reaction to ge to
completion; in our hands, complete inhibition of GR and trun-
cated S TGR bs andy selieved when BeSe isadded 1o aeeelerate
the reaction. Thus onr best estimate sugpests 10, < 1077
consistent with our provious estimate of 1C ., ~ 107% pfor wild
type SmlGR (6) and wiech lower than the concentrations
niedid 1o kil the worms o vites” (10 o

This estimate must be taken with caution, because in sach
a complex reaction as thal depicted in Scheme L, the affinity
of the enyene for ity inhibitor {the goldil) jon) must be con-
sidered from at least two different view podnts, L the true
thermodynamic reversibility and the {possible) molease of
free gold: 10 the mechanisin af inhibition is transfer of gold
fromy AF tooa Cys couple, as revealed by Koray crystallogra-
phy, troe thermody namie reversibilicy would bnply not onky
th dissociation of the metal from the enevmae bt simultu-
neous resynthesis of AF from gold, phosphine, and thiogla-
cosie, Resynihesis of AF, besides being unlikely, has a paradox.
wal consequence: given the stedchiomedry of the reaction
{TGR-gold = ATG + P{EL), = TGR + AF, whire ATG stands
for aceloxy-thioghicose, and P{EC stands for triethylphos-
phime], dilution s expected o inerease imhibition, rather than
wlee versa, Moreover, free triethyl-phosphine in solution s
proaie Lo oxidaticon; thus its concentration decteases with time
{16t and makes it impossihle o ageurately determine 1 precise
value of K. For all practical purposes, thee towe [0, of AF must
b indistinguishable from zero, and eneyme activiey may prob-
ably b restored only by the sddition of compounds capable of
chelating gold with affinity higher than Cys couples (eg 24
dimercapto-propanl: see Ref. 190

If, o the other hand, one consbdess the affinity of gobd fur s
binding sites in GR, TR, or TGR {ie the tendency of the com-
plex to dissocinie releasing the free metal fon, mther than AF),
we may anly recall that the enevgy of the gold-salfir bond has
Besn estitated ot ~ 55 kealimol (331

Giverrsich a high affinkty of gold for sullur pairs, the meom-
plete {50%) coeupancy of sites 1 and 2 in our stowciucgs is
puzzling, and we can offer two, aenmutoally altermative
hypotheses, whase testing sequbves further experimental work
Incomplete oo cupancy of sites 1 and 2 might be due to the slow
redistribution of gold betweon its' protein-binding sites {seu
Scheme 1), Moreover, negative kinetic oooperativity between
thie D subainbis of the dimer or between the two sites of the
same protomer cannot be excluded: binding of gold 1o one slie
coubl show down the reaction at the other,

Becaise the same Cys cotple exisis in TR, TGR, and GR ard
Becawse hinding of gold to this couple is essentially irveversibbe,
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the 100l kower apparent alfinity of AF fur GRs reported by
Gromar el al, {19) seemed puzzling. Ous data solve this Esue by
demonstrating thet the incubation of GR with AF in these
experiments {20 min} was too short o allow the formation of
the GR-gold complex. Indeed if we analyze the time courses of
Fig. 34 up to 15 min, we reproduce shindlar results of Gromer
et al (19),

1w time courses of inactavatinn indicate a complax reaction
e handsm whose crder decreases fom 2 atlow concentration
ol AF to lower vabues, This behavicer (Fig. 4, which s typleal of
regetions in which an intermediate popalated in the corse of a
Bimolecular reaction decays monomolecilarly to more sabie
chermical species, is not inconsistent with the fiest twe ceactions
of Scheme 1 [Le the bimoleeulur formatkon of the Cys- or See-
gobd-PI{ELE complex, followad by the irreversible monomalec-
wlar enirapment of the metal in the Crs-gold-Cys complux),

Selevtivity of AF e TRATGR: the Rade of Selenipon—Two
strongly cortelated lssues rematn Lo be discussed, namely the
kinetics of geld incorporation and the passible reason for the
strong preference of AF far TRs and TRs over toRs Our data
show Ul Sec i ot the only hinding site ol the o, anel frdieed
we demonstrate that (1) GR and See-free SmTGR wre signifi-
cantly inhibited by the addition of AF stolchiometric with Cys
comples, provided enough tme is allowed for the slow transfer
of gobil to the protein, and {ii] external selenium (in the form of
benzenesthonol) plays a sigmificant and in some way surprising
catalytic role and (aeititates the transler of gold from AF to the
redox metive Cys conples, both in GR and in truncated SmTGR,

I weareept that TR TGRs and GRsall have very high affin.
sty for gold, our Best hypothests to explain theselectivity of AF
for thie former is that TRs and TGRs react fastor, Indeed we
demonstrated in this paper that yeast GR reacts slowly with AF
and that the ingubation times used in previous uApe:rimeulx{.r_\F.
19) were too shoet to allow extensive inactivation, resulting in
an overestimate of the & (in the micremalar range), Ouwr data
demonstrate that (it wild type SmlTGR is inactivided by AF
faster thun hoth ies bruncatisd (L Sec lucking vanant and yeast
G and {ith an external souree ofseleninm greatly speeds up the
reactivity of Sec-free thiol reductises. Thése observations point
o a catalytic robe of Sec that would promote the displacement
o the fivst gold digand of AF, probably thioglacose {in-analogy
with the reaction of AF with the human serum albuming (16)
{Gcheme 1), The inwermediate adduct Sec-gald-triethylphos-
phine thes formed would transter the metal to its final protein
Tiganeks, We hypothesize that BeSe isable o accelerate the rate
of Inhibitien of GR a Sec-free TGR with AF because b dis-
places thioghueose and helps transter of the metal s Cys resi-
chiws, [his ability would be dug to the fact that BeSe shares some
progeerties ol Sec, eg it has a similac i, (4.6 for BaSe versies 5.2
for See {5, 341) and bas high nocheophilic character when
onized:

There are two possible ond mutually nonexclusive reasons
why e reacts with and activates AF fastes than the Cys resi-
cluees, e (1) 0omore reactive eleclronde seroeture and (1) o bette
exposuts 10 the sobvent of the C terminus that by-passes the
skow diffusion to site 1 of the bulky molerule of AF, The first
pobnt i dn apparent contrast with the fact that selenlum his a
graatee affinity tham sulfur for gobd {168}, Nevertheless; studics
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have shown that derivatives of AF in which the thioglusose
modety has beon substituted by & selenol glicose or a cyanble
foet {both figh wtlinity ligands for guld) ave more apt to Joose
the F(Ei}, ligand when they ceact with human albumin {16, 35),
The lakalization of phosgshine in the albumin sulfuc-gold -PEz,
adiluct (s antvibeted o 2 strong trans-elfect of the albumin chio-
fare of Cys™ {36). In TGRs or TR, this fist labilization o the
gold-P(E), bond is probably allowed by the formtion of the
Seq-gald-Cys species (see Scheme 15 Tn ten, this adduct could
b gasily transformed lato the fnal Cys-gold-Cys glven that Sec
o1 in gencral saleninm compounds (eg BrSe) are battor leaving
groups than sulfor {Rel. 37 and Scheme 13, The second hypeth-
esis, which considers a stecic effect, is consistent with the
crystal structures of TR and SmTGR bowhiel bt bs elear thal
thee £ terminus s more exposed to the solvent than the bur-
fesl FALY cabalytic site {10, 81,

Consistent with the literstore and based on o own resalis,
b mechonism of sction ol AF Is envisaged as asetfes of lgomd
displacement reactions {(Scheme 1), ludeed it &= known that
whin administered fr viva, AF partially releases the-gold atom
Lo protein thiods and to free thiols; throagh hgand displacement
rections, gold s then transforred from serum albwnbn (16) Lo
ather proteins ot thiols in the body, antil it reaches a final
acceplor that traps the gold ina stable linear two-coordination
grommaelry V200, 358y The pecubianty of TRs and TGRs swould be
thedr own ability to carey out the undressing and stable coordi-
nation of gold without Uhe help of sther proteins ar [ree thiols,
bacause of the C-torminal Sec. This veaction intermediate
wintle further transfer the gold atom teiis fnal weceptor within
the same polypeptide chain (Schema Ly This mechanism s
similur 1o that propossd o mercuric don reductass, g
homodimeric enzyme bolonging to the some family as TGR
(39).
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