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Si dice spesso che bisogna sperimentare senza idee preconcette. Questo non € possibile;
non solamente cido equivale a rendere sterile ogni esperienza, ma anche se lo si volesse,
non si potrebbe. Ciascuno porta con aétopria concezione del mondo.

Henri Poincaré 1902.
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Abstract

Intracellular synthesis and degradation of fre@roline occur through a distinct
set of enzymes with unique properties cimegulatory mechanism: together they constitute a
AINRE AYS Oe Of SéninpértarddonnétBohIMil &tleynietabolic pathways. Proline
oxidase (PO) is a mitochondrial inmeembraneflavoenzyme that catalyzes the first step in the
proline degadation pathway. All organisms oxidize proline to glutamate in two enzymatic steps
coupled by a nomnzymatic equilibrium: in the first step, proline oxidase (PO) catalyzes the
2EARLFGA2Y 2pfrolindgcérbox® adidZP5Q@) a reaction thatdlvesflavin adenine
dinucleotide (FAD) as a cofactor. P5C is then alternatively subjected to three metabolic reactions:
oxidation to glutamate, transamination to ornithine or reduction back to proline. Even if the
biosynthetic pathways and biologicalleoof proline have been well established, the role of
proline oxidation in the cell remain largely unknow?O is encoded by theRODHyene,which
maps in a genomic region (22gMhich is affected by mutation and deletion involved in different
(and possily related) neurological pathologies, amhere several studies have localized genes
that potentially confer increased susceptibility to schizophrenia.
Delections of the 2211 locus are found in 2% of patients with schizophrenishis made
PRODH postional candidate gene for schizophrenioreover, microdeletion of chromosome
220911 is associated with vetardiofacial syndrome (VCFS) (or Di George syndrome) and patients
with 22g11 deletion also exhibit cognitive deficits similar to those obsermesichizophrenia.
Association between plasma proline level and schizophrenia revealedthimtparameter in
affected individuals issignificantly higher tharin healthy individualsand that subjects with
hyperprolinemia (HPI) have aféld greater chancea develop schizophrenia than controls. HPI is
an autosomal recessive disorder characterized by plasma proline concentration above normal,
caused by absence or reduced activity of P®Dleast 16PRODHnissense mutations on the
PRODHene have been identdd with moderate to severe effect on PO activityotably the
L441P substitution, which results in severe reduction of PO activity, is one of the allele typically
found in individuals affected by HPI and schizophrenic patiedthizophrenia is a common
chronic and disabling brain disease of still largely unknown etiology and pathogenesis, that affects

about 1% population worldwide. Schizophrenia occurs in all populations and is considered a
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complex disease with multiple factors contribution: the most wjdelaccepted
neurodevelopmental hypothesis of schizophrenia integrates environmental influences and
causative genesSeveral experimental evidences suggest that the pathology is related to a
deficiency of glutamatenediated excitatory neurotransmission. Gdmtate is the primary
excitatory amino acid neurotransmitter in the mammalian CNS, tiyséunctionof the glutamate
system is responsible of neuronal toxicity. In schizophrenia an hypofunction-noéthy/-D-
aspartate (NMDA) receptors is reported to cause tomplex pattern of symptoms and cognitive
deficits found in schizophrenia. Recently it has been proposed a putative role of proline as a
neuromodulator since apecific proline transportershas been localizewvithin the glutamate
pathways, suggestinthat proline might serve as a modulator of glutamate transmissitinis
hypothesisis strongly supported by the observation that proline and glutamate are involved in

the same metabolic pathways.

This PhD project was aimed at understanding the role ofrRfbysiological and/or pathological
processesparticularly as a candidate risk factor for schizophrenia.

In the first part of the projectwe decided to characterize the recombinant PO by expressing the
human protein in an heterologous system and to leate its catalytic propertiesk. colis usually

the most used organism for heterologous expression of recombinant protegserthelesshe
expression of mammalian proteins, such as R@s out to besometimes difficult in this host
sinceit does notperform most postranslational modifications. Moreover, human PO is in the
mitochondrial inner membrane, so it could possess regions that negatively affect its expression in
E. colias a soluble protein. Therefore, by using an accurate bioinformatig/sinalseveral PO
deletion variants were produced: all PO variants include a core region corresponding to the
catalytic domain but they lack regions which could negatively affect the expression. Among the
expressed PO variants, the P@relNHis variant wa expressed as a soluble protein and was
subjected to a detailed biochemical characterization.

A second aspect of the project focused on the expression of thetyyileland L441P inactive PO
variant in a mammalian cell system. The U87 human glioblast@thdiree was used a® vitro
model of astrogliawhichin the brainis the responsible of the release and reuptake of signaling
molecules, among which the key neurotransmitter glutamate. U87 clones stably expressing wild
type and L441P inactive variant Pfere successfully produced, as comigd by Western blot
analysis. The subcellular localization was also confirmed by theeaypeession of thé>O variants

as chimeric proteins with EYFP fluorescent protaid immunostaining Confocal images show

that the fluorescent signal correspondingto®Q Ct RA&LJX I &a | LISOdz Al NJ
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typical of mitochondria. Furthermore, PEXYFP variants signal distribution largely overlapped with

a specifianitochondrialmarker. The investigation of the funaihal differences between U87 cells
transfected with the wiletype or the mutant PO wasubsequently carried oufThe cel growth
wasmonitored over a period of 7 days: the growth curves (cell density/well vs time) display the
typical trend of exponentialgrowth. No significant difference was evident between cells stably
expressing thenutant or the wildtype PO, while botlshowed a lower growth rate with respect

to untransfected U87 cells. This result could indicate tiet overexpression of PO negativyel
affected U87 cellsnetabolism and proliferation capacity, this independently from the enzyme
activity. The next step was the investigation of proline cellular contentHPLC analysisince
variation in the concentration of the amino acidh U87 trangdctedis indicative of theactivity of
expressedPOvariant Proline is reported to be directly involved in glutamatergic transmission
(even though the biochemical mechanism by which this happens is still unkmewitypotheses

have been formulated: prole may accumulate in the synaptic terminals inhibiting glutamate
release or act on a cell surface transporter inhibiting the release through a complex signaling
cascade. For these reasons we measured the proline/glutamate levels in cellular and exéacellul
space of U87 cells by HPLC analysis. At the same time we started the investigation of the
expression level of the glutamate transporters ALAndGLASDBy Western blot analysis to verify

if expression of active or inactive PO variants could affecagiatergic functionality.

In conclusion, the purification of a soluble, active human PO variant (encompassing the whole
catalytic domain of the enzyme), aeported in the first part of the project, represents the
fundamental step to investigate structufenction relationships imumanproline oxidaseand to
compare the biochemicalproperties of the mammalian enzyme to those of tpeokaryotic
homologues. Further studies will be necessary for the identification of the effect of the reported
polymorphisms 6the enzyme on its structure and activity and to understand how they could
affect the proline/P5C redox cycle.

In addition, the expression of the witgipe and L441P inactive variant, as obtained in the second
part of the project, allowed a preliminaryharacterization of proline oxidase function in the
framework of glutamate metabolic pathways. Further investigation are required to elucidate the
role of proline as a putative neuromodulator in physiological and pathological conditions, through

the characerization of proline oxidase regulatory mechanism in the glutamatergic synapses.
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1 Introduction

1.1 Proline metabolism

L-Proline is a nosessential amino acid: because it possesses only one hydrogen atom
attached to the nitrogen atom inserted in a pyfrdd RAY S NAyYy 3> AlG A& dzadz ff€
I OARé GOCAIDP mMB O

I,”

OH

Ir=

Fig.Z Structure of kproline.

Proline can be synthesized from glutamate or ornithine through the common intermegfate
pyrroline-5-carboxylic acid (P5C). P5C is the main precursor of proline but also its immediate
degradation product [Fig. 2]. The metabolic connection between P5C and proline constitutes a
GLINREf AYS OeoOftSé¢ fft2oAay 3T ( KBopidsmlinganfoshedd@aFin NB R dzO
addition, P5C constitutes a metabolic interlock with other metabolic pathways and it is related to

the synthesis and degradation of glutamate [1, 2].

NADP*
. Pentos_e pa?thway TCA cycle
activation T
PSCR a-ketoglutarate

NADP*+ P; NAD*+ H,0 ADP

ATP T
FADH, NADPH + H* ’M_pr /\Gy
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——> ureacycle

Fig.2- Reactions catalyzed by proline biosynthetic and catabolicnreegyPO = proline oxidase;
P5C =np'-pyrroline-5-carboxylate; gGK = g-glutamil kinase;g-GPR =gglutamil phosphate
reductase; GSA = glutamate semialdehyde; P5ERyrroline-5-carboxylate reductase; PSCDH =

n'-pyrrolline-5-carboxylate dehydrogenase.



Because proline metabolism is distt from that of primary amino acids, especially due to the
unique structure of pyrrolidine ring, the synthetic reaction and related interconversions of proline
can play a regulatory role and can be involved in special physiological or pathophysiological

situations [2].

1.1.1 Proline oxidase: a universal enzyme in life kingdom

Proline dehydrogenase (PROEC 1.5.99.8), also known as proline oxidase (PO/POX),
catalyzes the first step in the two step oxidation of proline to glutamate in bacteria and
eukaryotes.Proline oxidation not only contributes to modulate the amount of proline in the cell,
but also generates various molecules such as ATP, reactive oxygen species (RO)INAD-H
and h-ketoglutarate. PO is an ubiquitous protein, but enzymes from differemtrces are
structurally different and possess distinct cellular and physiological roles. The mitochondrial
localization of PO in eukaryotes suggests that electrons originating from proline oxidation could
be transferred to an acceptor of the membrane @len transport chain [$]. Even though the
biosynthetic pathways and biological role of proline itself have been well established, the role of

proline oxidation in the cell remain largely unknown [2].

/
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Fig.3 Sheme of the cycle of proline [33

Some 6 the specific functions of proline have been elucidated in model organisms. For example
proline can be used as a defense against osmotic challenge in prokaryotes and plants [7] or as a
redox shuttle in insects [2, 8]. Proline content in higher plantsemses under different

environmental stresses and accumulation has been reported during condition of drought, high
2



salinity, high light/UV irradiation, in the presence of heavy metals or under oxidative stress. Thus
it has been proposed that proline accuratibn in stressed plants could have a protective function

[7, 8]. All organisms oxidize proline to glutamate in two enzymatic steps coupled by a
nonenzymatic equilibrium. In the first step, the FA@htaining enzyme proline oxidase catalyzes

the oxidationof proline to P5C; P5C has three possible metabolic fates: oxidation to glutamate, a
reaction catalyzed by P5C dehydrogenase (P5ECHL.5.1.12); transamination to ornithine in a
reaction catalyzed by ornithine aminotransferase (DET 6.1.13); or theeduction back to
proline, catalyzed by P5C reductase (PFESR1.5.1.2)ising NADPH as cofactor [Fij[&. Both

PO and P5CDH are highly conserved in eukaryotes and bacteria. The general structural
organization of PO in several organisms belongingl kiraddoms has been clarified based on the
availability of several genomic and structural data [9]. PO activity is found in -mbihand
trifunctional enzymes. In eukaryotes and some prokaryotes, PO and P5CDH are separate
monofunctional enzymes localizéd mitochondria, while in several bacteria they are combined

into a single polypeptide chain known as proline utilization A (PutA) [10].

Fig. 4- Monofunctional PO fronT. thermophilugleft) and PO domain of Eoli PutA (right). -
a4 0 NI y R-aelicesyoRtheli(h gbarrel are colored magenta and cyan, respectively; helix 8 is
colored in red. The FAD cofactor is shown in yellow sticks, the THFA inhibitor is shown in green

steacks. From [9].

Bacterial PutAs are further classified as bifunctional ibarictional enzymes: trifunctional PutAs
are distinguished by the presence of an additional DNA binding domain located in the first 50
residues of the polypeptide chain. In fact in addition to function as a PO/P5C enzyme, the DNA

binding domain of the triinctional enzyme represses the transcription of thé regulon (which



contains the genes encoding PutA and the proline transporter PutP) when environmental proline
level are low. [10, 11].

Protein sequences encoded B\RODHjenes from 63 different eukaryic species were aligned to
generate an unrooted phylogenic tree [2]. The analysis reveals distinct clusters of sequence
similarities. The residues of the active site of proline catabolic enzymes belonging to PutA family
are highly conserved, indicating ahthe three dimensional structure of catalytic domains is
conserved in these enzyme. Many of the enzyme domains used for structure determination
derive from bacterial sources, this reflects the relative ease of isolation and purification of the
bacterialenzymes compared to the eukaryotic ones. Three dimensional crystal structure has been
solved for different PO/P5C enzymes from microorganisms such as the PRODH and P5CDH from
Thermus thermophilugTtPRODH, TtP5CDH) aBdhdyrhizobium japonicuniBjPutA), ad the
PRODH domain dE. coli(ECPUTA) [12, 13]. Comparison between the crystal structures of
TtPRODH and the PRODH domain fineolishowed that PO enzymes adopt a distortédi)g

0F NNBf T2fR wdZ MAI MHB O ¢-&rands addndeliRd the FtavesRf O2 y & A 3
I 60 NNBfT SI OK a ialit, ghktheseiheli€e? aré dtray&dron theloutsidg of the

I -barrel next to the strands. The strands amelices are numbered 1 to 8 with helix 8 containing
residues that are critical for substrate recognition, including a conserved\@ygnotif. In both
structures the FAD is bound at the€@minal ends of the strands of the barrel [Fig. 4] [10].

Despite loth the PutA PRODH domain and the monofunctional enzyme exhibit a similar distorted
(h g barrel fold, there is an important difference between monofunctional PRODH and PutA: the
fFraGSN) LIRaasSaasa Iy SEGNY KSft AEhetixhgof the barglR |y | R
structure; this results into a different FAD conformation in the catalytic site of the enzymes from
E. coliand Thermus thermophiluand in a different arrangement of the substratbanneling

cavity [14, 15]. PutA also have extra dains (alpha helical arm at the-tdrminus) not found in

the monofunctional PRODH enzymes, that possesses a localization critical for proper orientate
the two active sites of the proteins and facilitate substrate channeling [10]. Enzymes or domains
have ben crystallized in the presence of substrate analogs to provide insights into substrate
recognition [9]; e.g.structures of the ECPUTA PO domain complexed with reversible inhibitors
such as idtetrahydro-2-furoic acid (THFA) orlactate. Residues in thective site of the PRODH
domain that are in direct contact with THFA are highly conserved: seven of the nine residues
contacting the inhibitor are present also in the human enzyme. Based on the high sequence
conservation of the active site residues throughthe PutA/PRODH family, it is likely that all PO
enzymes (including the human one) bind the substrate in (thé)s barrel active site [9]. By

comparingTtPRODH crystal structure to that of PutA/THFA, it was discovered that helix 8 of the

4



distorted ( I)g barrel, constitutes a flexible element of the structure: it protects the flavin
cofactor in the active site fronthe solvent and moves in response to substrate binding and
product release [10]. Further investigations on the flexibility of helix 8 may be relevant to
elucidate the oxygen reactivity of some PO enzymes and in particular, it will be useful to explain
how superoxide is generated and how molecular oxygen can access to the reduced flavin [9, 12,
13].

All the PO enzyme characterized displayed the typical absorption spectrum of flavooxidase with
maxima at ~ 280 nm, 380 nm and 450 nm [Fig 5]. The flaviactoof can be reduced by
potentiometric tritation (e.g., TtPRODH [14]) or proline tritation (e.g., PutA [12, 16] and Putlp
[17]), in the absence of ODuring these experiments, no significant stabilization of semiquinone
species are observed. The flavoemmg that directly reacts with molecular oxygen during
catalytic turnover typically form reversible sulfite adducts at th& Nosition of the isoalloxazine

ring of FAD, which is observed as a variation of the flavin absorbance at 450 nm [18]. Accordingly,
HelicobacterPutA (HpPutA) which shows a high reactivity with @pidly reacts with sodium

sulfite (showing a decrease in the absorbance of the FAD cofactor at 450 nm); in contrast ECPUTA,

having a poor @reactivity, does not react with sulfite up td5nM concentration [16].
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Fig. 5¢UV/Visible spectra of EcPutA (left); reactiorHelicobacteiPutA with sulfite (right): curves
1 to 6 correspond to 0, 0.05, 0.1, 0.5, 1 and 4 mM sodium sulfite. Inset is a plot of the decrease in

absorbance at 451 nims\sulfite concentration [16, 19].



The catalytic mechanism of PO/PRODH activity can be divided into two reactions: reductive and
oxidative haHreaction. In the reductive haleaction, two electrons are transferred from proline

to the flavin cofactor, whreas in the oxidative hatkaction, two electrons are transferred from

the reduced flavin to an electron acceptor such as ubiquinone or molecular oxygen [12]. PutA
shows a twesite pingpong mechanism for the proline:ubiquinone reductase activity wiky,af

5.2 §"and a I of 42 mM and 11uM for proline and Cog respectively. Because of sequence
conservation in the PRODH active site among bacterial PutAs and eukaryotic PRODHes, it is
conceivable that eukaryotic enzymes (such as human PO) will fkih@tic mechanism similar to

that of E. colPutA [12].

+ Hzo
CL 041
coQ FADH, Coo- COO-  NAD*, H,0
: N/
¥ 3
82| PRODH |8¢ P5CDH
%8 SE
o= Q =

CoQH, FAD /1/\ NADH + H+
N* coo- ©OCC ./ ~coo-
H

3
Pro Glu

Fig. 6 Scheme of oxidation of proline to glutamate catalyzed by the PRODH and the P5C domain
of PutA [20] .

Rapid reaction kinetic studies allowed the calculation of the microscopic reaction oftéhe
reaction catalyzed by PutA. A rate constant of 27.%vas determined for proline reaction during

the reductive half reaction, while a rate constant of 54wsas obtained for the oxidation of the
flavin by CoQ This indicates as this oxidatigep is rate limiting in turnover.

The apparent kinetic parameters of different PO enzymes were calculated using the
dichlorophenolindophenol (DCPIP) assay (DCPIP was used as final electron acceptog-or the
aminobenzaldehydeoftAB) assay, where the,@as the final electron acceptor. The ratio of the
specific activity determined from the DCPIP assay vs {A8 assay, indicates the preference of
utilizing DCPIP over,@s the electron acceptor [Tab. 1] [14].

All prokaryotic and eukaryotic PRODH enzymdéshbited K, values for proline in the mM range.
Indeed, all PRODH (both prokaryotic and eukaryotic) show higialdes for proline (27146 mM
range) and similardg values (827 s%) [Tab. 1].



Table 17[14]; 2[18].

Apparent kinetic parameters of RBDH from different sources on proline as substra

TtPRODH| E.coliPutA' | H. pyloryPutA® | S.cerevisia®utlp?
e acceptor: DCPIP
DCPIP assay
Kn (MM) 27 100 146 36+5
units/mg of protein 20.5 10 3.6 18
Kear (57) 13 12 8 27
K for THFA (mM) 1 0.2 0.35 5.3
€ acceptor: Q
0-AB assay
Kn (MM) 1.3 - 150 50
units/mg of protein 0.335 < 0.002 0.230 -
Keat (SY) 0.2 < 0.005 0.5 0.013
DCPIP/Qactivity ratio 61 >2500 16 =

The oxygen reactivity dflelicobactePutA is about 106old faster than that of ECPUTA; it seems
that for the E. colithe weak oxygen reactivity is necessary to protect the substiaréved
reducing equivalents until the flavoenzyme reacts with the physiological partner (e.g.,
ubiquinone). Moreover, the Kvaluesdetermined for HpPutA in the two assays are very similar.
The different reactivity of reduced FAD with molecular oxygen may depend on the electrostatic
environment of the active site, because of the formation of superoxide anion during the reaction
[21]. Dfferences in charge distribution between EcPutA and HpPutA are not obvious by primary
structure analysis alone. The only relevant difference is Tyr345 that is replaced by Asn291: this
substitution could increase actixate accessibility in HpPutA [16].

The activity of PRODH on compounds similar to proline was also tested. The activity of yeast
PRODH on trarghydroxyL-proline and Epipecolic acid is very low (0.008 and 0.004 U/mg,
respectively). In addition, the enzyme is strictly stereospecific ssmdeés not show any activity

on DPro. Transl-hydroxyL-proline is neither inhibitor nor substrate for TIPRODH, while THFA is

a competitive inhibitor for ECPutA and HpPuTA too [Tab. 1] [14, 16, 17].

1.1.2 PRODHjenes and schizophrenia susceptibility

Human proihe oxidase is encoded ByRODHa gene spanning 23.8 kb with 15 exons and
localized to 22g11.2 at 17.3 Mb [6]. The human genome contains two other genes with high
sequence similarity t®®RODHThe first is a nonfunctional pseudogene t( w h)5that is the
result of PRODHluplication. It is located 1.4 Mb telomeric on 22gq and has > 95% sequence
identity to PRODHbut with a complex internal deletion [22]. Althought w h 8oks not encode

a functional protein, it appears to contribute to agence variability ilrPRODHy acting as a

7



source of gene conversion events in which variations accumulatectirw h &ré transferred to
PRODHThe second®RODHelated sequence is located on 19q and encodes hydroxyproline
oxidase (OHPRODH), an enzyme ttetblyzes the first step in hydroxyproline degradation and

has very little activity towards proline [23].

D426N
V42TM
R431H
Ld4d41p
R453C
A454A
A455S
PRODH G458G

R185Q: T486M  Q521E

Q1ap A167V  R1BEW A4T2T QB21R

1 2 3 4 ] 6 r 8 9 10 " 12 13 14 15

SHk  HEHHHEHHE

1 2 s - 7 a8 9 10 " 12 13 14 15

Fig.7¢ Scheme ofPRODHand A t w h Bednes. Grey rectangles represent exons and the black
heavy lines the intronic regions (not to scale). The missengtations are indicated above the

rectangles. The dashed lines in the lower panel indicate the deletiartinv h B]I

1.1.3 Proline metabolism and cancer

In 1997, Polyak et ahnalyzed the trascriptome in order to identify the genes responding
to p53.PROBIwas one of the 14 genes identified because induced by p53 (more than-gadg¢n
[24]. Soon after, several laboratories independently demonstrated that-expression of PO was
responsible of prolinenediated apoptosis, suggesting a possible role of flagoenzyme in
apoptosis and proliferative disorders [25, 26].
Despite during the last decade cancer research gained important insights thanks to the advances
in genomics which allowed the identification of oncogenes, suppressor genes and signaling
networks, many aspects still need to be deeply investigated, especially concerning the fact that
Yiye OFyOSN] ySis2Nla al O02YY2RI 8¢ GKS 0A28ySNE
the necessary building blocks for rapid proliferation. Important consitlens concern also the
differential metabolic requirements along the timeline of tumorigenesis and the metabolic

adaptation of tumor cells to nutrient depletion that seems strongly related to the tumor



microenvironment [27]. After the discovery th&RODHs among a selected group of genes
strongly induced by p53 a putative role of PO in tumor suppression was investigated.

The mechanism of PO papoptotic effect is dependent on the generation of ROS, linking PO to
the induction of mitochondrial apoptosi Such a process involves the release of cytochrobe
mitochondria, the activation of the caspase cascade and culminates with the condensation of
chromatin and formation of apoptotic bodies, thereby leading to cell death [28]. Proline oxidase
can alsdead to cell death by activating the extrinsic apoptotic pathway: the -@x@ression of

this protein, in fact, leads to an increase of NFAT (Nuclear Factor of Activatells)] a
transcription factor that allows the activation of the transcription ofATIR(TNRelated Apoptosis
Inducing Ligand), which, upon binding to its receptor, activates the caspase cascade [29].
Nevertheless, PO was also described to play a role in induction of autophagy, as its
overexpression is sufficient to induce cell proteetautophagy in a colon cancer cell line [30].

ldzii 2 LK 3@ A& | LIRPOSFAQIYPHEYOKALIWASETFI K2dzaS]
damaged or unwanted organelles. Autophagy also serves to control energy during stress
conditions: beyond a thresholthis process may eventually lead to cell death [31]. Therefore, PO
seems to act as a balance between survival and apoptosis, likely depending on the type and
extent of stress that is inducing it.

In tumors cells, proliferation requires a nutrient supfiy cell mass and the two main sources are
glucose and glutamine. Although glutamine is known as the source of carbon skeletons and amino
group from one tissue to another, it has been speculated that is the conversion of glutamate to
P5C and subsequently fproline which provides the necessary regulation to optimize glucose
utilization for cell proliferation. Accordingly glutamine and proline, together with arginine,

constitute a metabolic system [5].

1.1.4 Diseases related to proline metabolism

Proline is oneof the most abundant amino acids in higher organism, together with hydroxy
proline it constitutes over 25% of the amino acids in collagen [32]. As previously described, the
cycling of proline and P5C between mitochondria and cytosol participates aihtast the
metabolism of glucose through the pentose phosphate pathways. In addition, proline can be a
direct substrate for ATP production providing the transfer of reducing potentials to the
mitochondrial respiratory chain; moreover its degradation camegate glutamate andh-
ketoglutarate, which can play an anaplerotic role in the Krebs cycle [8, 33].

Inherited disorders of proline metabolism may entail severe effects on human health. They

include hyperprolinemia type |, hyperprolinemia type Il, ormithiaminotransferase (OAT)
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deficiency, hydroxylprolinemia and P5C syntase deficiency [34]. Each of those conditions is caused
by mutations or deletions in one of the genes encoding for enzymes involved in proline metabolic
pathways [35].

In particular, imairments in proline degradative pathways cause hyperprolinemia [8]. Various
studies have been performed in order to understand the biological function, the platsiopgy,

as well as the behawvial and neurochemical effects of hyperprolinemia, even imatieh to
diseases such as cancer and psychiatric disorders.

Hyperprolinemia type | (HPI) is an autosomal recessive condition characterized by the deficiency
or the reduced activity of PO. Tissue accumulation of proline occurs in affected patients: the
observed levels are-3o 10fold higher compared to physiological values. On the other hand,
hyperprolinemia type 11 (HPI 1) is a disorder related to deficiengy qpyrroline ¢ 5 ccarboxylic

acid dehydrogenase activity. Also in this case the disease is biochemically characterized by the
accumulation of proline and P5C in plasma, urine and cergiinal fluid (CSF) [33].

¢ceaLAOLffte 1tL Aa yEYaRXIKIYRAENSE 27 SHOEARMAN A Ké LIS
deficiency of P5C dehydrogenase are assumed to be HPI [8]. For this reason, causal relationships
between proline oxidase deficiency in HPI and clinical outcome are difficult to prove.

HPI is a relately benign condition in most individuals [8], but some observations raised the
possibility that proline oxidase deficiency and proline accumulation could play a causative role in

certain complex pathological phenotypes [8, 33, 34].

1.1.5 Proline as a neurotrasmitter: physiological significance

ThePRODHjene is widely expressed in brain and other tissues [35]: indeed P5C (derived
from the oxidation of proline) can be converted in glutamate and GABA, two main
neurotransmitters implicated in the physiology othsmphrenia and other mental illnesses [36,
37]. In addition, proline fulfills several of the classic criteria used to define well characterized
amino acid neurotransmitters in the mammalian CNS such as: biosynthesis and uptake into
synaptosomes, releaseftar K induced depolarization and regional distribution in the brain [8,
38, 39]. The role of proline as a putative synaptic regulatory molecule in excitatory synaptic
transmission, is also supported by the presence of a brain high affirtplibe trarsporter
(Na’/CrI - dependent proline transporteg PROT) which belongs to a large superfamily of plasma
membrane neurotransmitter transporter proteins (the Wal dependent GAT1 family of plasma
membrane transporters including norepinephrine, dopamineyogmin, GABA and glycine
transporters), with which it exhibits 420% of amino acid sequence identity [40h situ

hybridization revealed that PROT in the rat brain is mainly expressed by a subpopulation of
10



glutamatergic neurons belonging to the hippogaums and corticostriatal pathways [38, 41], and
that its specific target localize into presynaptic terminals-42). For all those reasons, proline
could be considered as a component of the excitatory synaptic transmission system, functioning
as a modulato of specific excitatory regulatory pathways within the CNS. In fact high affinity L
proline uptake may regulate the ability of extracellular proline to potentiate excitatory
transmission at those synapses where its specific transporter is expressedP[88he likely
regulates the basal function of some glutamatatergic synapses by maintaining them in a partial
potentiate state [38]; prolinenduced potentiation requires the activation of NMDA receptors but

is still not clear how exactly the mechanisntusied on/off [38].

1.1.5.1 Neurological impairments caused bydroline

Experimental evidences show that altered proline level can be the principal cause of some
neurological impairments: mice and flieB.(melanogastér bearing a mutation in the gene
encodingproline oxidase, exhibit high plasma proline levels and depressed locomotor activity [43,
44]. Intracerebral proline administration in chickens can cause retrograde amnesia and
impairment in memory processes [45]; in an experimental model of developisgafétcted by
chronic hyperprolinemia, impairments of spatial memory in adults animals and degenerative
changes in brain is observed [46].

In the brain glutamate is the major excitatory neurotransmitter. In physiological conditions it is
essential for platic processes which underlie memory and learning as well as developmental and
environmental adaptation. In contrast, an excessive glutamate mediated excitation due to an
abnormal high release of the neurotransmitter in the synaptic cleft, gives rise dtomgyed
stimulation of its receptors which leads to an enzymatic cascade in-gyosiptic neurons
ultimately resulting in cell death (excitotoxicity) [47]. Glial cells are responsible of the
maintenance of glutamate concentration below neurotoxic levethie synaptic cleft, and this is
achieved through the high affinity Ndependent glutamate transporter named GLAST andGLT
expressed mainly in astrocytes [48].

On the other hand, the localization of proline transporter PROT in glutamate terminals wdyges
that proline might itself modulate excitatory transmission at certain excitatory synapses, although
the mechanism of its action is actually poorly understood. Proline possesses excitotoxic
properties: it has been demonstrated that millimolar concentvas of proline directly evoke
NMDA receptommediated current or can reduce synaptic glutamate reuptake [40, 49]. Thus, high
affinity proline uptake may regulate the ability of extracellular proline to potentiate excitatory

transmission at those neuronalafhways that express PROT [50]. Alternatively, daijimity
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proline uptake may achieve a novel metabolic function for proline as precursor of glutamate: it
could be necessary to buffer the cytoplasmic glutamate level in certain specific excitatory nerve
terminals [49]. Abnormal elevated proline concentration in CSF (such as those observed in
hyperprolinemic patients) are likely responsible of the impaired cognitive function associated with
the disease in which an hyperstimulation of glutamate transmisbipproline may occur [8, 38].
Elevated proline concentration could also induce lipoperoxidation and reduce enzymatic and non
enzymatic antioxidant defenses in rat brain [51], suggesting that during proline oxidation the
electrons from proline can reduce ygen to yield superoxide [33, 52]. In this situation, high
proline concentration might produce neurochemical effects arising from the imbalance between
free radical production and antioxidant defense: it is possible that oxidative stress may in part
contribute to the effects of proline on energy metabolism and excitotoxicity, both acting
synergistically with the braidysfunctionobserved in hyperprolinemia [50].

In hyperprolinemia, an increased in plasma proline concentration is accompanied by an
equivalant increase in the (CSF) proline content [53]. Experimental evidences report that in a
hyperprolinemic mouse model, elevated proline level in the CNS, are associated with
neurocognitivedysfunctionsuch as learning and memory deficits [44]; moreover, im@use
model with heterozygou$?RODHnutation associated with loss of PO activity, plasma proline
level results abnormally high (two to tenfold with respect to the normal one), as observed in
hyperprolinemia type | [44].

Existing data suggest that sevengolrprolinemia occurs in individuals with large deletions and/or
PRODHmissense mutations with the most severe effect on its catalytic activity, while modest
hyperprolinemia is associated witPRODHlleles with a moderate reduction in activity [6, 53].
Hyperprolinemia has also been associated with schizophrenia, autism, epilepsy as well as
neuronal disorders which include mental retardation and delays in psychomotor development.
Two main evidences support the hypothesis of functional involvement of hyplampmia in
schizophrenia are: firsPRODHnockdown mice, miming the loss of PO activity, have elevated
plasma and brain proline level, locally decreased glutamate and GABA levels in some brain regions
and present deficits in sensimotor gating neuronk f@atures common to schizophrenia) [44].
Secondly, it was reported that Z8% of patients with the 22q11 microdeletion met diagnostic
criteria for schizophrenia or schizoaffective disorders [54]. In addition, it has been demonstrated
that two heterozygais PRODHmissense mutation (L441P and L289M), were associated with
increased plasma proline level and were detected dnlg group of schizophrenic patients but

not in controls [34]. At least 1IBRODHnissense mutations have been identified with moderate

to severe effect on PO activity [54] and several lines of evidences indida@DHjene as a
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candidate causative gene for schizophrenia [35, 44, 55]. To assess the genetic underpinnings of a
disease, clinical genetic studies should provide information tbiie extent of genetic
contributions to its development, linkage studies should identify and localize potential relevant
risk genes in the genome and association studies should provide information about which
particular gene variation modifies the riskrfthe disease. In particular, linkage analysis involves
the search for polymorphic sequences within families that tend to be shared by affected family
members but not by unaffected individuals. The selection of candidate genes arises from their
known functon (functional candidate) or from their chromosomal localization (positional
candidates). Genetic epidemiological data collected from large scale family studies, together with
twins and adoption studies, have consistently implicated genetic factors imékielopment of
schizophrenia [56, 57]. In the last decade, it has been established that most promising
susceptibility loci for schizophrenia were localized on chromosome 6q, 13q, 18 and 22q, where
also he PRODHene mapsand these regions were also ingated in maniac depressive illness or
bipolar disorder [6, 33, 35, 55, 58].

Susceptibility gene for schizophrenia (as previously described) is likely to be located on 22q11
since there is an increased prevalence of cognitive deficits, similar to thoserveld in
schizophrenia, among patients with 22gl1l interstitial deletion [54]. Even though the
heterozygous deletion of thd?RODHgene in 22gll in not sufficienper seto lead the
development of hyperprolinemia, it may account for the hyperprolinemia oles in some Di
George patients [35, 54, 55]. Notably the deletion within theG@brge syndrome chromosomal
region (DGRC) involves the entP®ODHocus, and it is also associated with hyperprolinemia in
schizophrenic patients [4, 34].

Association betwee plasma proline level and schizophrenia revealed that schizophrenic patients
had significantly higher plasma proline levels than controls (p<0.0001) and subjects with
hyperprolinemia have six times greater odds of schizophrenia. Notably the associatéasst
were developed excluding schizophrenic patients that were receiving mood stabilizers (due to the
known influences that this kind of drugs have on plasma proline) to confirm the association
between hyperprolinemia and schizophrenia [53]. The fact {maiine oxidase encoding gene
maps to a region of the genome where several genes supposed to confer increased susceptibility
to schizophrenia localize, together with the evidence that proline may function as a
neuromodulator, suggests that proline oxidaskould be considered as a consistent candidate

risk factor for schizophrenia.
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1.2 Schizophrenia: a multifactorial psychiatric disorder

Schizophrenia is a widely diffused chronic and disabling brain disease of still unknown
etiology and pathogenesis [881]. Because schizophrenia has neither unique causative factors
nor biological markers, the diagnostic criteria are determined by the concomitant appearance of
specific symptoms with a duration of at least 6 months [61]. Symptoms of schizophrenia are
conventiof  f £t & RAGARSR Ayid2 alLRarAlA@Sesr ayS3aridroSe |
delusions (fixed false beliefs that are impervious to rational refutatiba)lucinations (realistic
sensory perceptions that are not generated by stimuli outside ofsthigect experiencing them),
GUK2dAKGI RA&A2NRSNE YR O0ATIFNNB oO0SKIFGA2ND bS3AF {AC
withdraw, apathy, impaired judgment, difficulty in planning, impaired problem solving, abstract
reasoning and decreased care for genal hygiene. Finally, cognitive symptoms consist of
conceptual disorganization, disorientation and poor attention [60, 61].
Schizophrenia has about 1% population prevalence and occurs in all cultures. In general it is
considered to be a complex diseasith multiple factors that contribute to the pathogenesis: the
most widely considered neurodevelopmental hypothesis of schizophrenia integrates
environmental influences and causative genes and despite its clinical onset usually takes place in
young adulth@d, the neuronal abnormalities are hypothesized to evolve early during the first
LK 3S&4 2F ON}AY RS@OSt2LISyid wcned ¢KS RAaSIHasS OF
is characterized by multiple genetic susceptibility elements that determine ¢enetic
vulnerability of an individual [61]. Genetic factors and geneironment interactions together
contribute over 80% of the liability for developing schizophrenia: they need to be considered
together since both neither appear to operate in isaati{58]. The phenotypic heterogeneity of
the disease underlines the difficulties in a precise delineation of its genetic basis; it has been
4dz33SaiGSR KIG GKS GaOKAT 2LIKNBYAl padéypias I NBE y2
for the broader clircal outcome such as psychosis or neurocognitive deficits that occur also in
other disorders [58]. A variety of specific environmental risk factors have been related to the
etiology of schizophrenia: these include biological or psychosocial events fromnteaatal
periods (maternal infection and nutrition deficiency) to childhood, adolescence and early
adulthood (trauma, head injury, parental separation or death, cannabis use) [62].
Nevertheless, which specific exposure and how they can influence thet ohseurochemical

alteration, is still unknown [61].
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1.2.1 Shizophrenia: neurochemicals alterations

I gARSt&8 O2yaARSNBR ySdNBRS@2f LIVYSyidtft KeéLRi
KelLRGKSaAaeés olaSR 2y GKS S@ARSysoh&dphreni may LJ2 & A (
result from excessive dopaminergic neurotransmission in specific brain areas [61]. It was
supported by two major clinical observations: first of all, schizophrikeasymptoms always
occur in amphetamine abusers especially due to tkeessive dopamine release; secondly, it has
been demonstrated how Pantagonists can be effective drugs in schizophrenia treatment [63]. In
fact, among the most used antipsychotic drugs for schizophrenia treatments are antagonists or
partial agonists of th dopamine D receptor. Nonetheless, the schizophrenia neurochemical
model based upon dopamine, accounts poorly for negative and neurocognitive dysfunction and
the mechanisms underlying the differential cortical and subcortical dopaminergic abnormalities,
remain to be defined [59].
ly FTEAOSNYFGABS (2 GKS AaR2LI YAYS KeLR(IKSaAxaég gl
phencyclidine, ketamine and other psychotomimetic compounds achieve their effects by blocking
neurotransmission at MhethylD-aspartde (NMDA) glutamate receptors [59, 62]. Subsequently,
another indication of an impaired glutamatergic system in schizophrenia was provided by the
observation of reduced glutamate level in cerelsminal fluid of patients affected by the disease
[63, 64]. Tus, recognizing that there has to be more to the onset of schizophrenia than simply
R2LJI YAYS K@LISNIOGA@GAGEZT Al 61 & LINRBLRASR I a3f dz
suggested to be related to a deficient glutamaediated excitatory neurgansmission [65, 66].
Glutamate is responsible of the excitation of neurons and glia through the activation of various
glutamate receptors. NMDA Receptors are among the most important synaptic receptors in the
CNS: broadly distributed throughout the braitey play a major role in glutamatergic synaptic
transmission and participate in synaptic events associated with outstanding physiological
processes. NMDA Receptors have been found at both synaptic and extrasynaptic sites, but are
present at much highedensity at the synapsis [67]. They are organized as heteromeric complexes
of different subunits (NR1, NR2a, NR2b, NR3), composed of spliced variants of NR1 subunit
combined with at least one of four NR2 subunits. A third subunit, NR3, which is less cocamon,
co-assemble with NR1/NR2 complex. The NMDA receptors are unique in their requirement for
more than one agonist to operate: the receptor channel is blocked b§",Mtgpolarization
removes this block and enables ion flux when the receptor binds botargate (on NR2 subunit)
and a ceagonist (on NR1 subunit) [Fig. 8] {88]. This regulation of NMDAR activity by a second
agonist may be regarded as a safety mechanism to protect against the deleterious effects of

overstimulation of the NMDAR (excitotoxigi [71]. Ceagonist binding increases the receptor's
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affinity for glutamate, decreases its desensitization and promotes NMDAR turnover by
internalization. The influx of zthrough ionotropic glutamate receptors stimulates intraneuronal
signal transductin cascades that determine cellular plasticity and cell death. Depending on which
signals transduction pathways are activated, the proteins synthesized are involved in the
construction of new synapses and reinforcement of existing synapses, or the ceahtroll
disassembly of the neurons in a cell death program. This findings indicate that glutamate has a
critical role in neuroplasticity, neurotoxicity and neurodevelopment, it is thus suggested that
disregulation of those neuronal processes are implicatetiéngathology of schizophrenia [65].

Glutamate 7n27 site
recognition site

Q9
££§\ K \\Zgégmw
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&
0009000008
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Fig.8 - Model of the NMIA receptor. It is organized aseteromeric complexes of different
subunits; the channel pore is formed by three transmembrane domains and a hairpin bend within
the membrane. The integral ion a&hnel is blocked by magnesium in a voltagpendent
manner; depolarization of the neuron (for example, by the action of glutamate on other classes of
ion channels) removes this block. Binding of both glutenaad the ceagonist (e.g., gbine or D

sering results in the opening of the channel, allowing calcium to enter.

Neuroplasticity refers tahe ability of neurons to adapt to changes in the environment and is
crucial for neurons survival and important brain functions concerning learning and memory.
Indeed, schizophrenia is thought to be a neurodevolpmental disorder, with defective connectivity,
decreased synaptic density and reduction in the density of spines. Notably glutamate transmission
is critically involved in neuronal development thanks te #hbility of neurons to synthesize and
release adequate amount of glutamate to determine the formation of a sufficient number of
synapses. Presynaptic neurons that cannot provide enough glutamate may prevent the formation

of a postsynaptic site, which dexase the likelihood of synapse formation [72]. The initial fate of a

16



synapss is thus determined by presynaptic glutamate release: reduced levels of glutamate or
reduced activity of NMDA receptors impact the number of synapses established.

Moreover, throwghoutlife glutamate controls synapsemorphology and influences its strength, to
proper carry out cognitive function; the cognitive deficit observed in schizophrenic patients may
be caused, in some extent to impairment in the glutamate system [68].

Finaly, excessive stimulation of glutamate receptors can compromise neuronal viability by
fAYAGAY 33 &0 NHzOG dzNT € YR Fdzy QluA2yl f AyGSaNrdGey
extreme conditions, excessive activation of NMDAR can cause unexpectadd\alinflux which

can cause cell brake for osmotic pressure. Moreover irreversible intracellliael®aation cause
mitochondrial damage, build up of reactive oxygen species (ROS) and apoptotic cell death [73].
Interestingly, also a decrease in thetiaity of NMDA receptors (as suspected in schizophrenia)
can cause excitotoxicity: the attenuated inhibitory tone of GABA neurons on glutamate neurons,
leads to an increase activity of postsynaptic glutamate neurons, excessive glutamate release and

finally neurotoxicity [65 Hg. 9].
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+ Meuraregulin « Pre/perinatal insult
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Fig. 9 Summary plot of the proposed role of NMDAR in pathophysiology of schizophrenia. In this
model, NMDAR dysfunction or dysregulation reflects final common pathways leading to the
complex pattern of symptoms and cognitive dgficgeen in schizophrenia, with multiple potential

causes of NDMAR dysfunction, including both genetic and environmental contributions [74].
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To summarize, the dopamine hypothesis is like the tip of the iceberg, and could not fully describe
what is beneath.The glutamatergic hypothesis and the NMDA hfymaction looks deeper and
suggest that probably disregulated NMDA receptors, often upstream dopaminergic neuronal
circuits, are the actual cause of the dopamine hypothesis. Hence, NMDA receptor may be the key
in their own hypothesis, but more globally, if any genetic mutation impact on a protein
functionality along glutamatergic pathwaybkig. 10], it consequently results in alteration along
various neuronal circuits and in the production of the same effects as intgtitypofunctioning
NMDA along74].

Presynaptic
Neuron

Pentose phosphate
e pathway

--» Ureacycle

Postsynaptic
Neuron

Fig. 10- Schematic reaction involved in glutamatergic neurotransmission. Glutamine (GlIn) is
converted to glutamate (Glu) by glutaminase though glutamate may also be derived from the TCA

cycle and from precursor linke ¢ A G K (GKS aGLINRBEAYyS Oe0Of S¢éod Dfdz Aa
by vesicular Glu transporter (VGLUT) proteins and synaptically released in a -desgelent

manner through vesicular interactions with SNARE proteins. Synaptiel@gsed Glu is rgcled

from the extracellular space by excitatory amino acid transporters (EAATS) expressed
predominantly on astroglia. In astrocytes, Glu is converted to GIn by GIn synthetase and exported
extracellularly to be taken up again by neurons. Additionally,esystC is a cystine/glutamate

antiporter expressed on glia that also contributes to Glu recycling [adapted from 75].
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1.2.2 Schizophrenia: role of glial amino acid transporter

The glutamate hypothesis of schizophrenia postulates an hypofunction of NMDA
receptas at critical sites in local brain circuits [59]. In the last years, also the glial glutamate and
aspartate transporter (GLASThave been associated with schizophrenia -f8. Five plasma
membrane glutamate transporter subtypes, called excitatory anaicid transporter (EAAT), have
been identified so far: 1) GLAST (EAAT1) is an astroglial transporter and the principal transporter
present during CNS development [79]; 2) GL{EAAT2) is an astroglial transporter expressed
postnatally and is responsible rfap to 90% of all glutamate transport in adult tissue [80]; 3)
EAAC1 (EAAT3), is a neuronal glutamate transporter with high density on postsynaptic
membranes [81, 82]; 4) EAAT4 is a glutamate transporter largely limited to the Purkinje cells of
the cerebdlum [83] and 5) EAATS is found primarily in the retina on photoreceptors and bipolar
cells [84].

Glutamate transport dysfunction may be caused by different events: abnormalities in glutamate
transporter expression (as result of altered transcription olicapg) increased turnover of the
transporter, altered trafficking of glutamate transporters, abnormal phosphorylation or cleavage
of the protein and reduced transport capacity. The EAATs are usually cameatalized to
selected regions of neuronal andteoglial membranes and are activated by interacting proteins
(glutamate transporter associated protein, GTRAP) which can regulate their cellular and
membrane trafficking by anchimg glutamate transporter to dgskeletal protein. One potential
mechanismby which glutamate transporter may be damaged is the redox modulation of reactive
amino acids: oxidation of certain intracellular amino acidic residues of1GiyT oxygen free
radicals could alter functional transport of glutamate and elicit an increasimgentration of
glutamate in the synaptic cleft, further hyperactivation of glutamate receptors and a typical
signalling cascade of glutamate neurotoxicity [85]. Finally, another possible mechanism for
glutamate transporter protein dysfunction involves ATepletion: in fact, a depletion of ATP
reserves may result in reversal of Niependent transporter and diffusion of glutamate into the

extracellular space, exacerbating accumulation of extracellular glutamate [85].
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2 Aim of the work

The intracellula synthesis and degradation ofpoline occurs through a distinct
set of enzymes with unique properties and regulatory mechanisms. Interestingly, proline
YSGFro2ft A0 SyleéevySa 0O02yadAiddziS || GLINRBftAYyS O&Of S¢
other metabolic pathways, involving interconversion of proline with glutamate and ornithine.
Proline oxidase (PO) is a mitochondrial flavoenzyme that catalyzes the first step of proline
degradation; the mitochondrial localization of PO suggests that oxidationadihprmay play an
important role in redox transfer between cellular compartments. Although the biosynthetic
pathways of proline have been investigated in details, the role of proline oxidation in the cell
remains largely unknown.
This PhD project is aimed characterizing the human PO from a biochemical and cellular point of
view. In fact, despite the intriguing role of this protein in different human diseases, a correlation
between genotype and phenotype of PO is still lacking mainly because the sttuanuota
functional characterization of the human protein has not yet been carried out. For this reason, the
first part of the project, focused on the expression and biochemical characterization of the
recombinant human PO ia. coliThe cDNA coding the fidingth human PO (600 amino acid) was
designed byin silicoback translation and was optimized for the expressiorkEincoli.Despite
different growth conditions were attempted, a very low amount of recombinant full length PO
was produced (< 0.1 mg/L ofrfeentation broth).In silicoanalyses allowed to design 7 different
PO deletion variants: all variants encompassed the catalytic domain (identified by alignment of
the human sequence with that of monofunctional bacterial PO) and differed for upstream or
downstream sequences. Moreover, regions with high propensity to structural disorder (that may
prevent the expression of a soluble protein EB. coll were also identified using RONN
bioinformatic server.
Interestingly, in thePRODHgene, encoding for PO, iaccumulated several recognized mutations
that occur at polymorphic frequency (> 0.01) with mild to severe effect on PO activity; in
particular, we focused on the L441P substitution, as it is reported to yield to an inactive form of
the enzyme.
ThePRODH)ene, is considered a positional candidate gene for schizophrenia and several lines of
evidences supports the hypothesis that proline may act as a neuromodulator, especially at

glutamatergic synapses. For this reason, the second part of the projecgousefd on the effect
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of the overexpression of PO on the cellular and extracellular levels of selected molecules, in the
human cellular model of U87 glioblastoma cell line. The cells were stably transfected in order to
obtain the expression of the wiltype and the L441P inactive variant of the enzyme; the two PO
variants were also expressed as chimeric proteins with the enhanced yellow fluorescent protein
(EYFP), in order to verify the subcellular localization of the-expressed PO. Since it has been
reported that reduced activity of PO is responsible of hyperprolinemia type | and that
hyperprolinemic patients have significantly higher chancefol®) to be associated with
schizophrenia than healthy individuals, functional differences between cellsystatisfected

with the wildtype or the L441P variant were investigated. In particular we investigated the
proline and glutamate levels in U87 cells by HPLC analysis. Noteworthy proline is not only a
metabolic precursor of glutamate, but itself fulfillsvegal criteria to define a neuromodulator,
such as the presence of a Wal-dependent proline transporter (PROT) mainly expressed into
presynaptic terminals. Differences in the expression of two main glutamate transportet GLT
and GLAST, were thus intigated.

The final aim is to formulate the potential mechanism exerted by PO, in physiological glutamate
metabolism as well as in pathological conditions. Understanding the complex biochemical
network linking proline to glutamate and its potential roletire onset of schizophrenia, will pave

the way to the design of new drugs that modulating PO activity should be used as new

therapeutic target for schizophrenia treatment.
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The human PRODH gene has been shown to have unique roles in regulating cell survival and apoptotic
pathways and it has been related to velocardiofacial syndrome/DiGeorge syndrome and increased sus-
ceptibility to schizophrenia. It encodes for the flavoprotein proline oxidase (PO), which catalyzes the con-
version of L-proline to A'-pyrroline-5-carboxylate. Despite the important physiological and medical
interest in human PO, up to now only microbial homologues of PO have been expressed as recombinant
protein and fully characterized. By using a bioinformatics analysis aimed at identifying the catalytic
domain and the regions with a high intrinsic propensity to structural disorder, we designed deletion vari-
ants of human PO that were successfully expressed in Escherichia coli as soluble proteins in fairly high
amounts (up to 10 mg/L of fermentation broth). The His-tagged PO-barrelN protein was isolated as an
active (the specific activity is 0.032 U/mg protein), dimeric holoenzyme showing the typical spectral
properties of FAD-containing flavoprotein oxidases. These results pave the way for elucidating struc-
ture-function relationships of this human flavoenzyme and clarifying the effect of the reported polymor-
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phisms associated with disease states.
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Introduction

Schizophrenia is a severe psychiatric disorder, affecting about
1% of the population worldwide. Several factors are correlated to
an increased susceptibility to schizophrenia (e.g., infections, birth
complications, and drug abuse), but an individual's genetic profile
constitutes the major risk factor, as demonstrated by a heritability
of schizophrenia of up to 50% in monozygotic twins. In past years,
several genes, mainly related to glutamatergic neurotransmission,
have been associated with an increased susceptibility to this con-
dition [ 1-3]. Among them we focused our attention on the product
of PRODH, a gene located in 22q11 near the centromeric end of the
region typically deleted in the velocardiofacial syndrome/DiGeorge
syndrome (VCFS/DGS)'. Interestingly, VCFS/DGS patients show an
increased susceptibility to schizophrenia (SZ) [4]. PRODH encodes
for proline oxidase (PO, EC 1.5.99.8), an enzyme expressed in kidney,
liver, and brain and that is localized on the inner mitochondrial
membrane [5,6]. PO catalyzes the oxidation of L-proline (t-Pro) to

* Corresponding author at: Dipartimento di Biotecnologie e Scienze della Vita,
Universita degli Studi dell'lnsubria, Varese, Italy. Fax: +39 0332 421500.
E-mail address: gianluca.molla@uninsubria.it (G. Molla).
' Abbreviations used: DCPIP, dichlor indopt IPTG, isopropyl p-o-1-
thiogalactopyranoside; PO, proline oxidase (EC 1.5.99.8); 1-Pro, i-proline; P5C,
A'-pyrroline-5-carboxylate; PSCDH, P5C dehydrogenase (EC 1.5.1.12); PutA, proline
utilization A; SZ, schizophrenia; THFA, i-tetra-hydro-2-furoic acid; VCFS/DGS,
velocardiofacial syndrome/DiGeorge syndrome.

1046-5928/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
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A'-pyrroline-5-carboxylate (P5C), a key metabolite that has several
destinations: (1) nonenzymatic hydrolysis to glutamic semialde-
hyde, that can be further oxidized to glutamate by P5C dehydroge-
nase (PSCDH, EC 1.5.1.12); (2) conversion to ornithine that enters
the urea cycle; (3) transport to the cytosol, where it is reduced to
-Pro in a cycle that transfers reducing equivalents from mitochon-
dria to cytosol and that represents an interlock with the pentose
phosphate pathway [7,8]. A peculiar aspect of enzymes involved in
proline catabolism is that PO and P5CDH comprise separate proteins
in eukaryotes and archaea while the two enzymes are fused in pro-
karyotes (e.g., the proline utilization A, PutA protein, in Escherichia
coli) [6,9]. Moreover, the membrane localization of PO (both in
eukaryotes and bacteria) suggests that electrons originating from
-Pro oxidation could be transferred to an acceptor of the membrane
electron transport chain.

In the brain, 1-Pro is a precursor of the neurotransmitter gluta-
mate and is itself an inhibitory neurotransmitter, at least in subpop-
ulations of glutamatergic neurons [2,8,10]. Indeed, PRODH is a
“hot-spot” for mutations [8]. At least 16 PRODH missense mutations
have been identified in individuals suffering from hyperprolinemia
type 1 [11] or schizophrenia [11-13]; five of the identified polymor-
phisms result in a severe (>70%) reduction in PO activity when
expressing the PO variants in CHO-K1-C9 cells [14]. Furthermore,
human PO expression is upregulated by the tumor suppressor p53
protein, inducing cell death pathways and helping to prevent cancer
progression [15]. The validation of the proposed correlation be-
tween PRODH, glutamatergic neurotransmission, and schizophrenia
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(which is still being debated, see [2,13]) requires that the effect of
the reported mutations in the PRODH gene on the enzyme activity
and the in vivo levels of L-Pro be investigated at the molecular level.
For such studies, it is mandatory to overexpress the human enzyme
in a heterologous system. Up to now, except for one preliminary re-
port on the expression of human PO in E. coli [16] - that does not
give details on the production level and protein quality - the only
eukaryotic PO expressed as recombinant protein and fully charac-
terized was the one from Saccharomyces cerevisiae [17]. On the other
hand, bacterial homologues have been successfully expressed in
E. coli: bacterial POs are FAD-dependent enzymes with a (o.f8)g barrel
catalytic core [9].

Here we report on the design, expression, purification, and basic
characterization of a human PO deletion variant possessing proline
oxidation activity.

Materials and methods
Design, synthesis, and cloning of cDNA coding for human PO

The synthetic cDNA coding for the full-length PO was designed
by in silico back translation of the amino acid sequence reported in
the data bank (GenBank accession code NM_016355) [14]. Codon
optimization for expression in E. coli was performed according to
the Codon Usage Database (http://www.kazusa.or.jp/codon/) by
eliminating rare codons (i.e., codons used with a <10% frequency
for coding a given amino acid). Synthetic cDNA was produced by
GENEART (Germany). See Fig. 1A. Deletion mutants of synthetic
PO cDNA were produced by mutagenic PCR using the primers re-
ported in Suppl. Table 1.

The cDNA molecules coding for full-length PO and for the dele-
tion variants were cloned into pET24b (Novagen, USA) or pT7.7
[18] expression vectors, thus yielding C-terminal or N-terminal
His-tagged proteins, respectively.

Growth conditions, enzyme expression, and purification

For protein expression, plasmids containing the PO cDNA were
transferred into E. coli BL21(DE3)pLysS host cells (Novagen, USA)
[19,20]. Starter cultures were prepared from a single colony of
E. coli cells carrying the recombinant plasmid in LB medium (Lur-
ia-Bertani broth: 10 g/L bacto-tryptone, 5 g/L yeast extract, and
5 g/L NaCl), to which the appropriate antibiotic was added (kanam-
icin, 30 ug/mL final concentration for pET24b, or ampicillin,
100 pg/mL final concentration for pT7.7, and chloramphenicol,
34 pug/mL final concentration), and then grown under vigorous
shaking at 37 °C. For protein purification trials 2 L baffled flasks
containing 500 mL of LB medium were inoculated with the starter
culture (initial ODgpg nm = 0.2) and cells were grown at 37 °C under
shaking (180 rpm) until ODgypnm=0.8 was reached. Protein
expression was induced by adding 1 mM isopropyl p-b-1-thioga-
lactopyranoside (IPTG). To promote the expression of the holopro-
tein form of recombinant PO, 1 uM FAD was also added. Cells were
harvested by centrifugation (at 8000g for 10 min, at 4 °C) 3 h after
adding IPTG. Cells were stored at —20°C.

Cells were lysed by sonication (5 cycles of 30 s each, with 30-s
intervals) on ice in 50 mM TrisHCl pH 8.0, 40 uM FAD, 0.5 mM
phenylmethylsulfonyl fluoride, 1 mM 2-mercaptoethanol, and
10 pg/mL deoxyribonuclease 1. Cell lysates were centrifuged at
39,000g for 1 h at 4 °C; the insoluble fraction contained the inclu-
sion bodies [19,20]. The crude extract was loaded on a HiTrap Che-
lating column (GE Healthcare, USA) preloaded with Ni** and
equilibrated in 50 mM sodium pyrophosphate, pH 7.2, 1 M NaCl,
10 uM FAD, and 5% glycerol. The bound protein was then eluted
from the column using 20 mM sodium pyrophosphate, pH 7.2,

0.5 M imidazole, 10 pM FAD, and 5% glycerol [19,20]. The pure pro-
tein was then transferred into the storage buffer (20 mM Tris-HCl,
pH 8.0, and 10% glycerol) by chromatography on a PD10 desalting
column (GE Healthcare, USA).

SDS-PAGE electrophoresis and Western blot analysis

Protein samples from expression trials were analyzed by SDS-
PAGE; gels were stained for proteins with Coomassie Blue R-250.
For Western blot analysis, proteins were transferred onto an
Immobilon-P transfer membrane (Millipore, USA) and recombi-
nant PO was identified using anti-His-tag mouse monoclonal anti-
bodies (His-probe) and goat anti-mouse IgG HRP-conjugated
antibodies or anti-PRODH goat polyclonal antibody (all from Santa
Cruz Biotechnology, USA) and donkey anti-goat IgG HRP-conju-
gated antibodies (Jackson ImmunoResearch, USA). The immuno-
recognition was detected using the ECL Plus Western Blotting
Detection System (GE Healthcare, USA).

Enzyme assay and spectral measurements

Absorbance spectra in the UV/Vis regions were recorded using a
JASCO V-560 spectrophotometer; fluorescence measurements
were performed using a Jasco FP-750 spectrophotometer. See
[19,21,22] for details.

The PO activity assay was conducted at 25 °C as previously
described [17,23]. Briefly, .-Pro:dichlorophenolindophenol (DCPIP)
oxidoreductase activity assay was performed in 1 mL reaction
volume: changes in absorbance were recorded at 595nm
(¢=16,100 M~ cm™"). The reaction mixture contained 2 uM PO,
0.25 mM phenazine methosulfate, 50.4 pM DCPIP, 10 mM MgCl,,
10% glycerol and 50-500 mM of t-Pro in 10mM MOPS, pH 7.5
[17]. One unit of PO is defined as that amount of enzyme which
transfers electrons from 1 pmol of t-Pro to DCPIP in 1 min at 25 °C.
The inhibition studies were carried out using the same assay and
by adding increasing concentrations of L-tetra-hydro-2-furoic acid
(THFA), or L-lactate or L-pipecolate to the .-Pro:DCPIP assay mixture.

Results
Design of PO variants for E. coli expression

The nucleotide sequence of the cDNA coding for full-length hu-
man PO (600 amino acids) was designed by in silico back transla-
tion of the amino acid sequence (GenBank accession code
NM_016335) [14]. The optimized full-length human PO cDNA
(Fig. 1A) was subcloned into the pET24b expression vector (be-
tween the Ndel-Xhol restriction sites), thus adding a sequence cod-
ing for a 6xHis-tag at the C-terminal end of PO. Using the pET24
vector, BL21(DE3)pLysS E. coli host cells, and the conditions re-
ported in [16], a very low amount of recombinant PO was produced
(<0.1 mg/L of fermentation broth). The deletion of the N-terminal
mitochondrial targeting sequence (residues 1-48) [24] did not in-
crease the amount of expressed protein either (not shown).

Since human PO is localized on the inner mitochondrial mem-
brane, it could possess regions that negatively affect the expression
of a soluble recombinant PO form in E. coli. The putative catalytic
domain of human PO was identified by aligning its sequence and
the E. coli PutA and Thermus thermophilus monofunctional PO pro-
teins (Fig. 1B) [9,25]: all fundamental, active site residues of E. coli
PutA are conserved in the human protein (Fig. 1B, arrows). Then, a
model of the three-dimensional structure of the catalytic domain
of human PO was built using an I-Tasser server [26] and based
on the structure of domain IlI of E. coli PutA as template (PDB code:
1k87) [9]. Compared to the E. coli enzyme, all of the secondary

24
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Fig. 1. (A) Nucleic acid and corresponding amino acid sequence of the optimized human PO gene expressed in this study. The protein sequence of full-length PO corresponds
to the wild-type sequence of PO as in [14], with the only Q521R substitution. Arrows show the region of the gene corresponding to the PO-barrelN-His variant; boxes indicate
proposed active site residues. (B) Multiple alignment of the amino acid sequences of significant POs from different sources; only regions corresponding to domain 2 and 3 (see
Fig. 2) are shown. Multiple alignment was carried out by Clustal X [37]. Black boxes: conserved residues; grey boxes: similar residues. Arrows: proposed active site residues.

structure elements of the (af)g-barrel were correctly placed in the
human PO model (Fig. 2A and B), including the additional o-helix
5a and the o-helix 8 (according to the PutA numbering) [9]. This
latter helix hosts three important active site residues (Arg563,
Arg564, and Glu567, Fig. 2B).

Protein regions with a high intrinsic propensity to structural
disorder may affect the solubility of the recombinant protein:
accordingly, these regions were identified in PO using the RONN
server [27] (see pink regions in Fig. 2A). Based on these analyses,
7 different PO deletion variants were designed and produced
(Fig. 2A and Table 1). All deletion variants encompass a core region

25

corresponding to the entire predicted op-barrel (containing the
catalytic site) and differ for the presence of additional upstream
and/or downstream sequences.

Expression and characterization of PO deletion variants

All PO deletion variants were produced by mutagenic PCR and
subcloned into the pET24b (thus introducing a C-terminal His-
tag) or the pT7.7 (thus introducing an N-terminal His-tag) expres-
sion vectors, using a subcloning strategy similar to the one
employed for full-length PO. His-PO-dom2-barrel (residues
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Fig.2. (A) Scheme of the deletion variants of human PO designed in this work. (Top)
Plot of the RONN analysis of human PO. (Bottom) Scheme of full-length and deletion
variants of human PO. Regions with high propensity to structural disorder are
shown in pink. o-Helices of the (o )s-barrel domain, helix 5a and helix 8 are shown
in purple. Orange boxes: His-tag. Red symbols indicate conserved catalytic residues
(as shown in panel B). (B) Model of the three-dimensional structure of PO-barrelN-
His variant. The (f)s-barrel region of the protein (catalytic domain, domain 3) is
represented in green and mauve; o-helix 5ais in blue and o-helix 8 in cyan. Helices
are named according to the E. coli PutA numbering. Conserved residues proposed to
be important for catalysis are indicated (orange). FAD cofactor (yellow) was
modeled into the active site based on the structure of E. coli PutA [9].

140-572) was the only PO variant whose expression was never
detected by Western blot using antibodies against His-tag or
human PO. On the other side, the highest expression yield was
obtained for the PO-barreINC2-His variant (residues 226-608)
growing BL21(DE3)pLysS E. coli recombinant cells in LB broth at
37 °C after adding 1 mM IPTG (up to 100 mg of recombinant PO/li-
ter). Anyway, the His-PO-barreINC and PO-barreINC2-His were
expressed almost exclusively in the insoluble fraction of the cell

lysate (i.e., as inclusion bodies, Table 1). A decrease in IPTG concen-
tration (up to 0.1 mM final) or in the growth temperature (up to
18 °C) did not increase the solubility of the recombinant protein
(not shown). Solubilization of inclusion bodies and refolding of
PO-barreINC2-His variant using different refolding strategies 28],
did not isolate soluble and active PO.

All the further PO variants reported in Fig. 2A were partially
expressed as soluble proteins (Fig. 3A) and purified by chelating
chromatography. Only for His-PO-barreIlN (residues 170-572)
and PO-barrelN-His (residues 176-578) was the final enzyme
preparation yellow and active (even in the absence of exogenous
FAD in the assay mixture). About 1.2 mg of His-PO-barrelN/L of
fermentation broth and 5-10 mg of PO-barrelN-His/L of fermenta-
tion broth (corresponding to 1.2 mg/g cell paste) were purified,
with a purity >90% (estimated by SDS-PAGE, Fig. 3B and C, lane
6). These PO variants differ each other only for the location of
the His-tag and distinguish from the other designed PO variants
because encompass the entire of catalytic domain and only
partially extend into the putative disordered regions (see Fig. 2A).

Characterization of the PO-barrelN-His variant

Size exclusion chromatography of the purified PO-barrelN-His
variant (at 3 mg/mL protein concentration) resulted in a yellow,
single peak with a retention volume corresponding to a molecular
mass of 94.9 + 7.6 kDa. Since the theoretical mass of the monomer
is 46,276 Da, PO-barrelN-His is a holodimer in solution under na-
tive conditions.

The purified PO-barrelN-His variant (as well as the His-PO-bar-
relN, not shown) possesses the classical absorbance spectrum of
FAD-containing flavoproteins with two absorbance maxima in
the visible region at 455 and 380 nm (Fig. 4). A molar extinction
coefficient at 455 nm of 11.0mM~'cm™' and a ratio of 10.3 be-
tween the absorbance values at 280 and 455 nm were calculated.
The FAD cofactor is noncovalently bound to the apoprotein moiety
since it is released by heat treatment of the holoenzyme. In the
holoenzyme form, the fluorescence of flavin cofactor is largely
quenched by the protein moiety (~78% as compared to the value
for free FAD, not shown). The far-UV circular dichroism spectrum
of the PO-barrelN-His variant was analyzed by means of K2D2
web server [29]: the protein’s secondary structure content was
estimated as 40.9% o-helices and 9.9% B-strands (Suppl. Fig. 2),
which is in good agreement with that deduced from the 3D model
(44.1% o-helices and 9.7% of B-strands).

The FAD bound to PO-barrelN-His was anaerobically photore-
duced in the presence of EDTA and 5-deazariboflavin as catalyst
[19,22]. The maximum amount of flavin semiquinone (~55% of
the initial enzyme) was reached after ~30 min of irradiation and
the fully reduced form of the enzyme was observed after 90 min
of irradiation (Fig. 4A). The semiquinone form of PO variant is
kinetically stabilized; in fact, it fully dismutates after overnight

Table 1

PO deletion variants expressed in this study.
Variant Length® Molecular mass (kDa) Yield (mg PO/L culture) Solubility Protein form
His-PO-dom2-barrelC 146-600 536 5 (Whole cells) 50% Soluble Apoprotein

-PO-dom2-barrel 146-572 499 No expression - -

His-PO-barreINC 176-600 499 0.12 (Purified) <10% Soluble Apoprotein
His-PO-barrelN 176-572 46.2 1.2 (Purified) 50% Soluble Holo
PO-barrelN-His 176-572 46.2 10 (Purified) 50% Soluble Holo
PO-barrelNC2-His 226-600 44.1 100 (Whole cells) 1B° =
PO-barrel-His 264-600 36.1 1 (Whole cells) <30% Soluble Apoprotein

? Numbering refers to wild-type PO sequence. Two amino acids and six histidines were added to PO variants possessing the His-tag at the C-terminus. Six histidines were

added to the PO variants possessing the His-tag at the N-terminus.
® 1B = inclusion bodies.
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Fig. 3. Electrophoretic analysis of the expression of different human PO variants
and of PO-barrelN-His purification. (A) Western blot analysis of the crude extracts
of the recombinant PO variants tested in this study as obtained using anti-His-tag
antibodies. In each lane an amount of sample corresponding to 0.1 mL of E. coli
cultivation broth was loaded. Lanes: (1 and 2) 0.1 and 0.5 ug of pure PO-barrelN-
His; (3) His-PO-barrelN; (4) His-PO-barreINC; (5): His-PO-dom2-barrel; (6): His-
PO-dom2-barrelC; (7) PO-barrelN-His; (8) PO-barrel-His; (9) PO-barreINC2-His. (B)
SDS-PAGE electrophoresis of samples from purification of PO-barreIN-His variant
stained with Ponceau S. (M): Standard proteins; (1): whole cells before adding IPTG;
(2): whole cells collected 3 h after adding 1 mM IPTG; (3): insoluble fraction of cell
lysate; (4): crude extract; (5): HiTrap chromatography flow-through; (6): pure PO-
barreIN-His variant after HiTrap chelating chromatography. All lanes were loaded
with an amount of protein corresponding to 100 pL of the cultivation broth. (C)
Western blot analysis of the samples in panel B using anti-His-tag mouse
monoclonal antibodies.

incubation. The fully reduced flavin of PO-barreIN-His was quickly
reoxidized by readmitting dioxygen in the cuvette.

Reactivity of flavoproteins with sulfite (a small-sized reducing
agent) falls into two general classes: only the members of the
oxidase class form an N(5)-adduct, with spectral properties
resembling those of reduced flavin [30,31]. PO-barrelN-His reacts
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readily with sulfite, giving the typical spectral modifications
(Fig. 4B): for the adduct a K4 of 10.4+1.1mM at 15°C and pH
8.0 was calculated (inset of Fig. 4B). Sulfite binding is significantly
(~100-fold) weaker than for other known amino acid oxidases:
for example, Ky for sulfite is 0.1 mM for p-amino acid oxidase from
Rhodotorula gracilis [31] and 0.4 mM for the homologue PutA from
Helicobacter [23]. Indeed, the PO homologue from S. cerevisiae was
reported to not react with sulfite [17]. The FAD N(5)-sulfite adduct
in PO-barrelN-His is reversible: complete recovery of the original,
oxidized spectrum of FAD was observed when the excess of sulfite
was removed from the solution by PD10 desalting.

Enzymatic activity of the PO-barrelN-His variant

The enzymatic activity of PO-barreIN-His on its physiological
substrate L-Pro was tested using the t-Pro:DCPIP assay [17]: a de-
crease in the absorbance at 595 nm related to DCPIP reduction dem-
onstrating activity (Fig. 5A). The specificity of the reaction was
confirmed by the lack of absorbance changes in the absence of
t-Pro as well as in the presence of 1-Pro and of the inhibitor THFA
(PO-barrelN-His is fully inhibited at 1 mM THFA, see Fig. 5A). From
the Michaelis—-Menten plot, a V. of 0.032 +0.007 U/mg protein
(~0.8s") with a K, of 0.47 + 0.20 M was estimated; this analysis
reveals that saturation was not achieved up to 1 M L-Pro (Fig. 5B).
The K, for .-Pro of human PO is 5-10 fold higher than that deter-
mined for microbial PutA from Helicobacter (Km > 100 mM) [23] or
for E. coli PutA and Saccharomyces Put1P (30-50 mM) [32,17]. Note-
worthy, the kinetic properties of human, as well as microbial proline
oxidases strongly depend on the electron acceptor used [12,23].

Concerning enzyme inhibition, the homologues Put1p from S.
cerevisiae and PutA from Helicobacter are also fully inhibited by
THFA, with a K; of 5.3 and 0.35 mM, respectively [17,23]. Spectral
titration of PO-barreIN-His with increasing concentrations of THFA
yielded small changes in the visible spectrum of the oxidized
enzyme. The most significant change was the hyperchromic change
at305 nm (not shown): from thisa Ky = 1.5 £ 0.5 mM was estimated.
L-Lactate is also a good inhibitor of PO-barrelN-His - under condi-
tions as those reported in Fig. 5A the activity was fully inhibited at
5mM lactate - while no inhibition was observed up to 50 mM
L-pipecolate.

Discussion

Since the very first schizophrenia susceptibility locus was iden-
tified and published in Nature more than two decades ago [33],
several studies have reported that “rare alleles of susceptibility
genes” are involved in the onset of this disease. The unsuccessful
search for causal mutations in these genes and the difficulty in
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replicating genetic studies [1,5,34] thus require that the products
of the proposed susceptibility genes be biochemically character-
ized in detail in order to validate the genetic findings at the molec-
ular level, e.g., [35]. We have focused our attention on the human
enzyme PO, the product of the schizophrenia susceptibility candi-
date gene PRODH. Human PO was related to the control of plasma
1-Pro level, an amino acid proposed to serve as a modulator of syn-
aptic transmission in mammalian brain [36]. Furthermore, L-Pro is
readily available from the breakdown of extracellular matrix,
pointing to an important role of PO during nutrient stress, mainly
in the metabolic adaptation of tumor cells to nutrient limitation
[7].

Expression of a recombinant eukaryotic protein in a prokaryotic
host such as E. coli is often hampered by the presence of specific
eukaryotic post-translational modifications, peculiar protein fea-
tures (i.e., transmembrane domains), and/or targeting sequences
to specific subcellular compartments. This is the case for human
PO, an enzyme localized on the mitochondrial inner membrane
[5]. Although bioinformatics analysis failed to identify potential
transmembrane regions, an examination of the primary sequence
of PO using RONN software revealed the presence of two large re-
gions with a high propensity to structural disorder in the N-termi-
nal end of the protein (residues 15-65 and 150-190). Accordingly,
the full-length and the variants encompassing at least one of the
putatively disordered regions of PO were not expressed in E. coli
as soluble protein. His-PO-barreIN and PO-barrelN-His were the
only human PO variants that were successfully produced as solu-
ble, active holoenzymes in E. coli; these PO variants are constituted
by the C-terminal half of domain 2 (excluding the disordered re-
gion), the whole catalytic ap-barrel, which contains most of the
conserved fundamental residues, and the C-terminal helix 8, which
hosts 2 additional important catalytic residues. Adding the last 28
C-terminal residues of PO also negatively affected the expression
and solubility of these latter variants. Compared to the 3D struc-
ture of E. coli PutA, all the secondary structure elements of the
op-barrel catalytic domain and the most important active site res-
idues are correctly placed in the human PO model (Fig. 2).

Fairly high amounts of the His-tagged PO-barrelN protein were
isolated as soluble and active, dimeric holoenzyme showing the typ-
ical spectral properties of flavoproteins oxidases. PO-barrelN-His
variant shows a specific activity of ~3-fold lower than the value
previously estimated for the full-length PO (~0.032 and 0.1 U/mg
protein, respectively) [16] and a high K, value for .-Pro. The reason
for the observed discrepancy in activity is not straightforward
because information on the previously reported recombinant full-
length PO is limited [16]. Although the structural determinants
not included in the sequence of the PO-barreIN-His variant could
affect the overall conformation of PO and could prevent the enzyme
from reaching full activity, differences in the primary sequence of

the genes used for recombinant expression (frequently not defined
in previous works on PO) or differences in activity assay/protein
preparation (e.g., previous recombinant PO was equilibrated in
phosphate buffer containing 100 mM KCl, 10% glycerol and 10% su-
crose [16]) might account for such a discrepancy. Our conclusion
that the fold of the PO-barrelN-His variant strictly resembles that
of full-length PO is supported by the tight interaction with the flavin
cofactor and the inhibitor THFA, the flavin reactivity, and the spec-
tral properties (CD and UV-visible spectra). Hence, our results con-
firm the low turnover of human PO in the L-Pro:DCPIP assay as
compared to microbial counterparts [16].

Conclusions

In conclusion, the purification of a soluble, active human PO
variant (encompassing the whole catalytic domain) represents a
crucial step in elucidating the structure-function relationships of
this enzyme. This result paves the way for studying the effect of
the reported polymorphisms associated with disease states at the
molecular level so as to answer the many questions regarding pro-
line/P5C redox cycle [2] and to design new and structure-based
drugs that will modulate the cellular concentration of t-Pro and
glutamate by affecting PO activity. As stated by [2]: “... we are
entering a new era when patients newly diagnosed with a neuro-
psychiatric disorder should be evaluated with metabolic and
molecular testing” and “... all new diagnosed SZ patients should
be evaluated with a fasting plasma amino acid determination. ..
as well genotyping for COMT, PRODH, and other risk genes for SZ".
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Abstract
L-Proline is a multifunctional imino acid with an essential role in primary metabadiath
physiologic functions. Proline is oxidized to glutamate in the mitochondria, and the rate limiting
step is catalyzed by the FAIDntaining enzyme proline oxidase. Among human inherited disorder
of proline metabolism, hyperprolinemia type | (HPI) resdfom proline oxidase deficiency and
leads to tissue accumulation of the amino acid. Notably, RRODHene, encoding for proline
oxidase has been related to vetardiofacial syndrome/Di George syndrome and increased
susceptibility to schizophrenia. eBpite the recognized physiological and medical interest of
proline oxidase, the molecular mechanism by which its function is exerted is still largely unclear.
Here we report the expression of proline oxidase and its L441P inactive variant in an eukaryotic
cell system, represented by the U87 glioblastoma cell line. We investigated the expression level
and the subcellular localization of the flavoenzyme in cells stably expressing the two enzyme
variants and the effect on proline and glutamate intracellulad a&xtracellular concentrations.
These results allow to propose a regulatory role for proline oxidase in the framework of
glutamatergic neurotransmission, thus highlighting the significance of this flavoenzyme as a
putative new therapeutic target for neulogical diseases, such as schizophrenia.

Introduction
Proline is a nomessential imino acid, with a distinctive cyclic structure [Phang et al., 2001]. Proline
has a central role in metabolism and is increasingly being recognized as a critical amimo acid
bioenergetics, cellular redox control, apoptosis and cancer [Phang et al.,, 2001, Maxwell and
Rivera, 2003; Pandhare et al., 2009]. Because of its unique structure, proline metabolism is
distinct from that of primary amino acids: intracellular synthesisl degradation occur through a
distinct set of enzymes with unique properties and regulatory mechanisms [Phang et al., 2001;
Servet et al., 2012]. Proline can be endogenously synthesized either from glutamate or ornithine,
but it is also readily availablfrom the breakdown of the extracellular matrix. The first step of
degradation is performed by the flavoenzyme proline oxidase (PO, EC 1.5.99.8), also known as
proline dehydrogenase (PRODH). It catalyzes the oxidation-pwblihe to n'-pyrroline-5-
carboylate (P5C), a key metabolite with several metabolic destinations: non enzymatic hydrolysis
to glutamate semialdehyde that can be further oxidized to glutamate by P5C dehydrogenase

30



(P5CDH, EC 1.5.1.12); conversion to ornithine; reduction badbliogby P5C reductase (P5CR,

EC 1.5.1.2) [Krishnan et al., 2008; Pandhare et al., 2009; Tanner 2008; Phang et al., 2012]. In the
last few years a possible role of proline in neurotransmission has been proposed. It has been
suggested to act as a neuromddtor: different studies demonstrated that high proline
O2yOSyiGNYr GA2Y O2dz R FOGAQDIGS bas5! NBOSLII2NRA dl
[Nadler et al., 1987; Cohen et al., 1997]; moreover, high proline levels likely have a neurotoxic
effect indwcing changes in different neurotransmitter systems [Wyse and Netto 2011]. In addition,

a high affinity transporter for proline has been identified supporting the role of proline in brain
function [Yu et al., 2009]. Within the brain the proline transporieexclusively expressed by a
subset of glutamatergic pathways, including those localized in the area CA1 of hippocampus and
corticostriatal pathways [Nadler et al., 1987; Cohen and Nadler, 1997; Fremau et al., 1992; Renick
et al., 1999].

Furthermore,PROBIA & | &G K2 G&LJ2 (¢ ¥F2MRRODHEEsEnSeAnduthtions hdvel f S| a
been identified in individuals suffering from hyperprolinemia type | (MIM 239500) [Jacquet et al.,
2002] or schizophrenia [Jacquet et al., 2002; Liu et al., 2002; Williams etQd], B@leed, five of

the identified polymorphisms, among which the Lys441Pro (L441P), result in almost complete
(70%) inactivation of the flavoenzyme when the PO variants were expressed KO cells
[Bender et al., 2005].

HPI is an inherited disordeof proline metabolism caused by a deficiency of proline oxidase
activity [Phang et al., 2001; Mitsubuchi et al., 2008]. Affected individuals showfalteimcrease

in proline concentration in plasma and cerebral spinal fluid [Clelland et al., 2@1rjost cases,
hyperprolinemia is a benign condition (hyperprolinemic patients often result asymptomatic),
nevertheless several studies demonstrated that proline accumulation could play an important role
in certain complex phenotypes [Phang et al., 2001;s&/and Netto 2011]. In fact,
hyperprolinemic patients might present neurological manifestations such as cognitive
dysfunction. Moreover, it has been shown that increased proline level can be specifically related
to psychotic disorders [Phang et al., 20Qkgesic et al., 2011]. The link between hyperprolinemia
and cognitive or psychiatric disorders, was strengthened by the studies on patients affected by
velo-cardiofacial syndrome (VCFS), which arises from &31M&b deletion on chromosome
220911, where thePO encoding gend?RODMis located [Jacquet et al., 2002]. Worthy of note,
increased prevalence of schizophrenia has been reported among patients carring 22q11
interstitial deletion syndrome [Mitsubuchi et al., 2008].

Despite the recognized potential eslant role of proline in the central nervous system, the
molecular mechanism by which this small signaling molecule plays its effect is still largely unclear.
In order to investigate the possible correlation between proline, PO, glutamatergic
neurotransmision and schizophrenia, and to confirm the effects of the reported L441P mutation
on the enzyme activity [Bender et al., 2005], we recently successfully produdéd daliand
characterized a recombinant human PO deletion variant;bB@eIN-His, encompasing the

whole catalytic domain of human proline oxidase [Tallarita et al., 2012]. The PO variant was
obtained in fairly high amounts as soluble and active, dimeric holoenzyme. The comparison of the
human PO model to the tridimensional structurekfcoliPutA, suggests that the fold of the PO
barrelN-His strictly resembles that of the full length enzyme. This observation is supported by its
biochemical properties such as interaction with the FAD cofactor and the inhikigdralhydro-2-
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furoic acid (THFA}he flavin reactivity and the spectral properties [Tallarita et al., 2012]. On the

other hand, we did not succeed in expressingircolthe full length PO as soluble protein.

In the present study, we report on the expression and preliminary charaatesn of the full

length wildii @ LIS LINR2f AYyS 2EARIFIAS FyR (KS [ nnwmt Ayl OGA
LIKeaA2ft23A0rt¢ OStt aeaidsSyxz GKS 'yt 3JftAz2ofladz2y
and subcellular localization of the two PO vatgann U87 clones stably expressing the
flavoproteins fused to the enhanced yellow fluorescent protein (EYFP). Furthermore, we analyzed

the intracellular and extracellular concentration of proline and glutamate, investigated the effect

of the overexpressionf the PO variants on proline cellular level and the role in the modulation of

glutamate intracellular concentration and release.

Although our results are still preliminary, they allow us to propose for PO a regulatory role in the

complex processes reld to glutamatergic neurotransmission, thus suggesting that the
flavoenzyme should represent a new target for therapeutic treatment of neurological diseases,

such as schizophrenia.

Experimental Methods
Expression vector

The cDNA coding for the full lgth human PO was designed based on the sequence information
NELR2NISR ®. SYRSNIJ SiG Iftxd wHnnp&OGMAXKE (InfRegraied 6 | v |
Molecular Analysis of Genomes and their Expression) reported different cDNAs corresponding to

different PRODHjenes. By the sequence alignment of I.M.A.BEEODHlones we identified two

clones with partially overlapping sequences (pBuéRAKp96110147Q and pBRintIFTOPO

Lw/ allJpnanmMH! Mmmoo5 03 SO Y i bHz& yiaryfidRs afl kGSexped@dull length
PRODHsequence (the one encoding for human PO, 600 amino acids). The two I.M.A.G.E. clones

were purchased and digested with EcoRI and BbvCl restriction enzymes (Thermo Scientific) to

obtain the fragments of interest, which were subsequenthatiégl (T4 DNA ligase, Roche) to

produce the pCHBIluntlIFTOPGPRODH cDNA which sequence was confirmed by automated
sequencing.

¢KS NBadzZ 6Ay3a O5b! SyO2RAYy3A KdzYly th 41§ | YL AT,
cataaagcttatggctctgaggegegeeatd® Bitggtaccaaggcagggegatggaagaggit@ 0 | Yy R a dzo Of 2 Yy SR
Hind 11l and Kpnl restriction sites of the expression vector pR{KElontech) which allowed the

expression of PO fused upstream to EYFP. In order to produce the untagged flavoprotein, the PO

cDNA was subcloned into pcDNA3 vector (employing the EcoRI restriction sited)44ke

mutation was introduced into the pEYHR-prodh and pcDNAProdh constructs DNA by using

the QuikChange SHbirected Mutagenesis Kit (Stratagene). Enzymatic DNA itaiitins were

carried out following the manufacturer protocols and successful mutagenesis was confirmed by

DNA sequencing.

Cell culture and transfection

The U87 human glioblastoma cells (ATCC) were maintained in DMEM supplemented with 10%
fetal bovine seum (FBS), 2 mM-¢lutamine, 1% penicillin/streptomycin and 1% amphotericin B
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(Euroclone) at 37 °C in a 5% ,@@ubator. U87 cells were transfected using the FuGene®HD
transfection reagent (Promega, 8 pyL) and 2 pg of the following constructs: {pEM¥FEdh,
PEYFM1-prodh-L441P, pcDNABrodh, pcDNAJrodh L441P. Cell clones stably expressing the
different protein variants (P&YFP, PBYFP L441P, PO, PO L441P) were selected by adding 0.4
mg/mL G418 (Euroclone) to the growth medium. Protein expressiomn Vese monitored either

by a fluorescence microscope (Olimpus 1X51) to detect the EYFP associated signal or by Western
blot analysis using anRO and antGFP specific antibodies.

Cell growth curves

The cell growth was monitored over a 7 days perio@: different cell clones were seeded in 24
wells plate (10.5 x fcells/well starting density) and incubated at 37 °C in a 5%ir@0bator.

The cells were collected and counted every 24 h. The growth curves were expressed as cell
density/well vs time.

Western blot analysis

Stably transfected cells were detached by trypsin treatment, counted, harvested and resuspended
in SDPAGE sample buffer. 5 x*ig®lls or 1 x 10of each clone were separated by a 10%-SDS
PAGE electrophoresis and transferred on ayyiolylidene difluoride membrane (PVDE
ImmobilonP, Millipore). Western blot analyses were carried out incubating the PVDF membranes
overnight at 4 °C in phosphate buffer saline added with 0.1% Tw€e(TPBS: 10 mM sodium
phosphate dibasic, 1.75 mM pasium phosphate monobasic, 137 mM NaCl and 2.7 mM KCI pH
7.4) or in Tridouffered saline added with 0.1% Twe2@ (TTBS: 10 mM T#CI, pH 8.0, 0.5 M
NacCl), containing 4% dried milk or 5% bovine albumin serum (BSA). Subsequently, the membranes
were incubded for 1.5 h at room temperature or 37 °C with primary antibodies, washed
extensively with TPBS or TTBS and incubated for 1 h at room temperature with specific
peroxidaseconjugated immunoglobulins. After washings, the immunoreactivity signals were
detected by enhanced chemiluminescence (ECL plus, GE Healthcare). The immunoreactivity
signals were detected using the following primary antibodies: rabbit polyclonaPant{1:1000,
Davids Biotecnologie); mouse monoclonal @BEP (1:500, SantaCruz); rabbityptonal antiactin
(1:1000, Sigma); rabbit polyclonal a@LT1 (1:1200, Abnova); rabbit polyclonal -&A&AT1
(1:1000, Thermo Scientific). The different immunorecognition signals were quantified by using the
Quantity One software (BioRad). In the follogriWestern blot analyses, the intensity values
(immunodetected by antPO, antiGLT1 or artHEAAT1 antibodies) were normalized to the values
obtained with the antiactin antibody.

Determination of selected amino acid cellular and extracellular concémirby HPLC analysis

8 x 1d U87, U87 PEEYFP or REYFP L441P cells were seeded in 12 wells plate. At different times
upon seeding (0, 6, 12, 24, 48, 72 hours), both the culture medium and the cells were collected
and used for HPLC analysis. The cultneglium was centrifuged at 13000 rpm for 5 min at 4 °C

while the cells were detached by trypsin treatment, harvested, washed with PBS; both samples
were stored at-80 °C until analyses. The cells extracts were prepared as reported previously
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[Sacchi et a).2008]: the cells were thawed and resuspended (2.5 %cg0s/mL) in ice cold 5%
trichloroacetic acid, then sonicated and centrifuged for 30 min at 13000 rpm. The soluble fraction

was extracted with watesaturated ether and lyophilized before derivatiobm. Samples
RSNAGIGATEFGAZ2Y 61 a OFNNASR 2dzi dzaAy3a GKS az2f dzia
Analysis kit and following the manufacturer instructions. Culture medium samples were diluted

1:20 in 20 mM HCI before derivatization. Derivatizegimples were resolved by HPLC
chromatography on a 4 um C18 (3.9 x 150 mm) reverse phase column (Waters) and eluted by a

AN RASYd OFNBY wmnsm: F1jdzS2dza 21 G§SNB ! CPwatert | Iun 0 dzF
in 36 minutes). Each amino acid was ideetifand quantified based on the retention time and

the corresponding peak area. The calibration curves were determined by injection of increasing
concentrations of each amino acid.

Immunofluorescence

2.5 x 16 U87 cells stably expressing £¥FP or REYFP L441P, were seeded on round glass
coverslips and incubated for 24 hours at 37 °C and 5% T cells were then extensively
washed with PBS solution (10 mM sodium phosphate dibasic, 2 mM potassium phosphate
monobasic, 137 mM NaCl and 2.7 mM KCI pH @l fixed with 4% formaldehyde and 4%
sucrose in 0.1% sodium phosphate buffer pH 7.4, for 15 min at room temperature. Fixed cells
were permeabilized and the unspecific binding sites were blocked by a 30 min incubation in PBS
supplemented with 4% horsgerum and 0.2% Triton200. The coverslips were incubated 24 h or

48 h at 4 °C with primary antibodies against a specific mitochondrial marker (1:50 anti
mitochondria antibody, surface intact mitochondria, clone 411 3Millipore), or the glutamate
transpater GLAST (anEAAT1 1:200, Thermo Scientific) and -GL(@&nti EAAT2 1:20, Abnova).
Immunoreactivity was detected with donkey amtiouse Alexa 546onjugated antibody (1:1000,
Invitrogen) donkey aniabbit Alexa 64+¢onjugated antibody (1:1000, Invitreg).
Immunostained coverslips were imaged using an inverted laser scanning confocal microscope
(TCS SP5, Leica Microsystems equipped with a 63.0 x 1.25 NA plan apochromate oil immersion
objective). Confocal image stacks were collected with Leica SP5 softwaiding interference
between each channel and without saturating any pixel.

PO activity assay

Activity of PO variants expressed in U87 cell clones was measured byathamabenzaldehyde

(0-AB) spectrophotometric assay as previously reported [PaNdda SiG | f @Y HAnhp8 d . NA
pyrroline-5-carboxylic acid) formed by proline enzymatic oxidation was reacted wikB and the

resultant cABP5C complex was quantified measuring the absorbance of the reaction mixture at

440 nm. U87 cells and U87 salixpressing untagged PO or L441P inactive mutant, were grown in

9 cm plates up to 80% of confluence. Subsequently cells were rinsed and scraped in cold PBS
buffer (Euroclone), collected, resuspended in cold sucrose buffer (250 mM sucrose, 3.5 mM Tris, 1

mM EDTA pH 7.4). Cells were then sonicated for 20 s and the cells extracts were clarified by
OSYGNRTFdAdAIFIGA2Y G wmonnn NWY wnQ 4G n ¢/ @& ¢KS
Bradford protein assay (Sigma). A 200 pL reaction mixture containit®,ndg/ml cAB, 0.012

mg/mL cytochrome ¢, 0.5 mM proline in 0.1 M KRB 7.2 and a volume of cell extract
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corresponding to 50 pg of total protein, was blocked for 30 min at 37 °C. The reaction was
terminated by adding of 20 uL ofAB (10 mg/mL in 6 N HCI

All the analyses were replicated three times for each condition and statistical analyses were
performed using Kaleidagraph software (Synergy Software). Variation between groups was
evaluated by one way ANOVA.

Results
Selection of U87 cell clonesisitaexpressing PO variants

The U87 human glioblastoma cell line was chosen as an eukaryotic expression system, since it
represents a usefuh vitro model of astroglia: it has been previously used to express the human
flavoenzyme Eamino acid oxidase ano investigate the processes involved in the metabolism of
the neuromodulator Bserine [Shoiji et al., 2006; Sacchi et al., 2008; Sacchi et al., 2011].

U87 cells were transfected with pEYRNBprodh, pEYFRR1-prodh L441P pcDNA3prodh, or
pcDNA3prodh L44P constructs, encoding for wiltype or L441P inactive PO variants. Upon
selection, several clones stably expressing the protein variants were obtained (UBYHR) U87
POEYFP L441P, U87 PO and U87 PO L441P) as confirmed by Western blot analyb@ndingle
corresponding to the chimeric fluorescent protein (95 kDa) were detected in USEYH®, RO
EYFP L441P using either &® or antEYFP specific antibodies [Fig. BJAlndeed, an anPO
specific signal at the predicted molecular mass (68 klsg @bserved in U87 PO and U87 PO
L441P clones expressing the untagged proteins. In USEYHP L441P cell extract, the 4t
antibody detected a further band of lower molecular mass, probably corresponding to a
proteolytic product and possibly indicatiray partial degradation of the RBYFP L441P variant.
Interestingly, in the same sample, a@FP antibody detected only the band corresponding to the
full length chimeric fluorescent protein, indicating that probably the proteolytic cleavage occurs
at the Gterminal end of PO thus yielding to loss of part of EYFP. The observation that the level of
expression of PEYFP L441P are comparable toEP®P when detected with aRD antibodies

while appear sensibly lower when revealed with the &BEP antibodyfurther confirms this
hypothesis.

PO has been previously reported to be a mitochondrial protein [Maynard et al., 2008]. Since it is
possible that the EYFP tag modifies the cellular targeting of the overexpressed chimeric proteins,
the subcellular locatation of the two PO variants was verified by immunostaining experiments.
Confocal analyses show that the fluorescent signal corresponding to the chimeric proteins
RAaAL F&@a | LISOdzZ AN aaLlld IKSGGA A1 Séchadiria. i SNy
Moreover, their distribution largely overlapped with the specific mitochondrial stain (Fig. 1, C, D;
merge panel). No significant differences in subcellular localization of thetypibddand the L441P
variant chimeric proteins were observed, iodiing that the PO targeting is not affected by the
introduced point mutation as well as by the EYFP tag.

Growth of U87 cells stably expressing vi§yide and L441P PO

Since we demonstrated the expression of PO in U87 cells, the functional differethd®8 ahones
expressing wildype or mutant PO were investigated. At first, the possibility that the
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overexpression of the two PO variants differently affect cells proliferation capability was
investigated: the U87 REYFP, PBYFP L441P, PO and PO L44ife<xlwere seeded at0.5 x

10° cells/well starting density in 12 wells plates aretcell growth rate was monitored over a
period of 7 days, collecting and counting the cells at different time points. The growth curves (cell
density/well vs time) displagn exponential trend because during the incubation time (although
the medium has not been replaced) the nutrient sources were not entirely depleted. No
significant difference in the growth rate of U87 clones expressing the chimeric fluorescent
proteins orthe untagged PO variants was apparent. Anyway, for all the transfected clones a lower
growth rate is observed as compared to untransfected mock U87 cells (Fig. 2). This result suggest
that the overexpression of PO negatively affected the growth of tracikfé U87 cells: the
average doubling time of the transfected U87 cells isfal& higher with respect to U87 control
cells. On the other hand, the expression of the vi§lde or the inactive L441P PO variants does
not affect further growth capability.

Toverify that the introduced L441P substitution negatively affects PO functionality, the enzymatic
activity was assayed on cellular extracts of U87 PO and U87 PO L441P clones by using the o
aminobenzaldehyde assay and the previously described conditionsdiiee at al., 2009].
Unfortunately, unless different amount of samples were assayed (cell extract corresponding to 50
png of total protein) we failed in obtaining a consistent determination of PO activity: the
measurements were poorly reproducible and rignéficant differences were observed between
crude extracts from U87 cells expressing the wyloe or the inactive PO variant (data not
shown). For this reason, we decided to analyze the proline intracellular content since variations in
the concentrationof the amino acid might be indicative of the activity of the different ever
expressed PO variants.

Determination of tproline and tglutamate levels

Proline has been reported to be involved in glutamatergic transmission (see Introduction section).
It hasbeen demonstrated that while physiological concentration of proline in cerebrospinal fluid
little affects glutamate release, the accumulation of the amino acid at concentration above 30 uM
at the synaptic terminals yields to inhibition of glutamate releéSoehen and Nadler, 1997]. To
investigate whether variations in proline cellular levels due to PO overexpression might affect
glutamate level, cellular and extracellular content of the two signaling molecules in cultures of
U87 PCEYFP, PEYFP L441P nles and U87 control cells was determinédx 1d cells were
seeded in 12 wells plate and at different times upon seeding, both the culture medium and the
cells were collected and subjected to HPLC analysis.

The time course of proline intracellular contetion is quite different in the analyzed cell types:
while in control U87 cells the proline cellular levels appear relatively constant over time, U87 PO
EYFP L441P shows a gradual accumulation of the amino acid over time (Fig. 3A). On the other
hand in W7 PGEYFP cells proline cellular content decreases (Fig. 3B). Notably, the most evident
difference is observed at 72 h: U87 HEW®FP proline cellular content is-#o81 lower compared to

U87 controls cells, while in U87 FXYFP L441P it is Zddd with respect to U87 control cells.
These results indicate that the chimeric wilghe is active and it is responsible of proline
intracellular consumption; on the contrary, the L441P substitution effectively inactivates the
enzyme, preventing proline degradation
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Unexpectedly, the oveexpression of the mutant L441P PO in U87 cells yield to an increase in
proline cellular level with respect to U87 control cells (Fig. 3A). It is possible to suppose that the
inactive L441P variant binds and inactivates the endogslyoproduced active PO thus inducing a
disequilibrium in proline metabolic pathway, resulting in the accumulation of the amino acid
(further studies are needed to explain this observation). An additional hypothesis is that the
L441P PO mutant binds the@ G NI S aSljdzSadSNAyYy3I Al FyR AYyRdzO}
to shift towards the production of proline.

This latter hypothesis is partially supported by the analysis of the time course of glutamate
cellular content: the concentration of glutamate proline precursor) is always significantly higher

in U87 PCGEYFP L441P cells compared to USZEFRGP and U87 control cells (Fig. 3B).
Interestingly, the increase in pfoAy S f S@Sf 20aSNBWSR 4G x ny Aa
decrease in glutamate cellular content for all the cell types. This suggests that glutamate is
consumed by the cells in an attempt to restore proline cellular levels (depleted by the enzymatic
activity or by the binding to the inactive mutant PO). This observation rises an additional
interesting question: why glutamate cellular level in US7-BX0-P are so low compared to U87
POEYFP L441P and resembles that detected in U87 control cells? As pgyeslmesved, in the

cells expressing the PEXYFP, proline is actively degraded to P5C, which is supposed to act as a
glutamate precursor. P5C (produced in large amount by the-expressed P&YFP), should be

exported outside mitochondria, where the P5&luctase converts it back to proline which could

be transferred to the mitochondrial matrix to compensate the disequilibrium in the cycle induced

by the increase in PO level and activity. Accordingly, the excess of produced glutamate should be
released bythe cell. To support this hypothesis, analysis of the concentrations of this signaling
molecule (as well as of proline) in the culture medium were performed. Under the experimental
conditions used the extracellular proline concentration was below the wéisal limit of the HPLC

method. On the other hand, significant levels of glutamate concentration were detected in the
extracellular medium of the different cell types. Interestingly, despite the fact that U87, U87 PO

EYFP and U87 HEYFP L441P show simgartamate extracellular level up to 6 h after seeding, at

later times the concentration of the amino acid in the extracellular medium of USEYP cells

Ad aAIYyAFAOryGte IyR aidltradAaortte KAIKSNI oF vy
measured inthe U7 RO, Ct [ nnmt OF Ttn xa 4 mMH KT F pp x.
the hypothesis that cells expressing the wijghe flavoenzyme show an increase in glutamate
release. An increase in the extracellular glutamate concentration comapar U887 control cells is

also evident forU87 P@ , Ct [ nnmt OSftfa of tn xa 0 MHKT F
effect is probably related to its high intracellular concentration.

Notably, the detected glutamate extracellular concentration,lgefs the values reported in

literature for glioma cells [Ye and Sontheimer, 1999].

Expression of glutamate transporter
Several studies have reported impaired glutamate transporter expression in glioma cell line
[Maragakis and Rothstein, 2004]. GLASH &LTL are the major Nadependent glutamate

transporters in the CNS. Thus, in an effort to further justify the observed differences in glutamate
extracellular levels, we compared the expression levels of GLAST ardiGUB7 cells stably

37



expressing PE&YFP or REYFP L441P variant as well as U87 control cells by Western blot and
confocal analysis.

GLAST and GliTare both expressed in all the analyzed cell clones, as demonstrated by the
specific immunorecognition signals detected by Western blot atgtedicted molecular mass (56

kDa and 65 kDa for GLAST and-GLr&spectively) (Fig. 4A, 4C). Densitometric analyses (Fig. 4B)
indicate that the oveiexpression of both the PBYFP variants in U87 cells affects GLAST cellular
levels: the signal correspding to the 56 kDa immunodetected band is-foffl higher in U87 cells
expressing PEYFP and U87 HEYFP L441P (showing comparable levels) than in control cells.
22 NI Keé 2F y2G8z Ay 'yt OStt SEGNIOGA | Is6l yR
expressing the PEGYFP variants, was observed. It might correspond to a modified form of the
transporter. In fact it has been reported that abnormal posttranslational modifications, such as
glycosylation, could affect the transporter, reducing its digbior decreasing its surface
expression; in particular, impaired glycosylation might prevent the correct targeting to the plasma
membrane decreasing the glutamate reuptake capability of the cells [Ye at al., 1999; Escartin et
al., 2006; Bauer et al., 201

GLAST expression levels in USZEX®P and U87 HEYFP L441P cells are very similar, although
the amount of the expressed PO variants are significantly differentf@gldéhigher in U87 cells
expressing PEYFP L441P) (Fig. 4D). Confocal analysisrsegphe Western blot observations:

the intensity of antiGLAST signal (showed in red, Fig. 5A, a)) is sensibly higher in the cell
expressing the chimeric PO variants with respect to that observed in U87 control cells. Moreover,

in the previous cells théd NI ya LJ2 NIiSNR&a adl AyAy3a Aa t20FtAl SR

U87 cells) but also diffused in the cytosol. Notably, no significant colocalization between signals
for GLAST and chimeric PO variants was observed (Fig 5, c)).

On the other hand, GLT (which is always detected as a single band at the expected molecular
mass in Western blot analisis) exhibits comparable levels of expression in U87 cells expressing PO
EYFP and in controls cells, while the amount of the transporter is at |dakt Bigher in the cells
expressing the inactive PO mutant (Fig. 4D). The transporter is correctly located at the cell
membrane, as it is evident from confocal analyses (Fig. 5B): the corresponding
immunofluorescence signal is distributed along the cell surfabergvit localizes in punctuate
cluster (Fig. 5B, a)) as previously reported [Lee et al., 2012].

These results indicate that the levels of expression of specific glutamate transporters, is affected
by the intracellular proline content. Notably, the cellspeassing the inactive RBYFP variant,

that leads to proline intracellular accumulation, exhibit a prominent expression of1GLT
transporters. Altogether these results suggest that the emgpression of PO in U87 cells
modulates the expression of glutangatransporters. Although further studies are required to
confirm that the observed effect is specifically due to the expression of proline oxidase, the
increase in glutamate transporters explains the observed increase in the glutamate extracellular
level Fig. 3C).

Discussion
Proline is a unusual non essential amino acid that might be derived from dietary proteins as well
as from extracellular matrix, connective tissue, and bone breakdown. Proline is released from
0KSAS aNBaSNID2 A NBdh ofBgecifid dpeptidseSapdipBoyidask kenzyméesOvhidh
Oy KeRNRfelS G(GKS LISLIWARS o02yR fAY{SR G2 GKS
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nitrogen is contained within a pyrrolidine ring, proline is not a substrate for the classical amino
acidmetabolizing enzymes édarboxylases, aminotransferases and racemases). Worthy of note,
a family of proline metabolic enzymes evolved with specific cellular localization and regulation
mechanisms [Phang et al., 2001]. Because proline metabolism is distinct from that of the other
amino acids, it can be reserved for special physiological functions [Phang et al., 2008].
LydiSNBaldAay3Itesr LINRtAYyS YSiloz2tA0 SyievySa 02ya
important and complex crossroad with other metabolic pathways, involvitgrdanversion of
proline with glutamate and ornithine through P5C (which is in tautomeric equilibrium with
glutamic* -semialdehyde). Ornithine and glutamate can be precursors of proline with P5C as the
common intermediate; on the other hand, proline itsalin be considered a precursor of
glutamate [Phang et al., 2001; Phang et al., 2008; Wyse and Netto, 2011]. With the exception of
the conversion of P5C to proline, which takes place in the cytosol of the cell, all the other
metabolic steps catalyzed by PEductase take place into mitochondria. Outside this organelles,
proline and P5C patrticipates to the pentose phosphate pathway, the TCA cycle and the urea cycle,
so this makes proline a crucial amino acid in bioenergetic and cellular control [Phang2604l.

All these metabolically relevant relationships shall be taken into account in the attempt to define
the biological functions of this atypical molecule.

Several inborn errors of proline metabolism, caused by impairements in the functionalitye of t
Syl evySa Ay@2ft @SR Ay GKS aLINRBfAYyS O0eoldfSés KIO@
accumulation of metabolic intermediates [Mitsubuchi et al., 2008]. In the present study, we
focused our attention on proline oxidase (PO), a mitochondrial flavoenziatecatalyzes the

first step of kproline degradation. PO deficiency has been related to hyperprolinemia type |, a
disorder characterized by elevated plasma proline levels. Interestingly, in a significant fraction of
hyperprolinemic patients, the disease frequently associated with mental seizures [Cohen and
Nadler, 1997]; moreover several experimental evidences demonstrated that hyperprolinemia
could affect patients with 22q11 deletion syndrome (Di George syndrome;caeethofacial
syndrome). Over theast years it has been shown that the deletion predisposes to a variety of
psychotic conditions: this prompted to propose that the deleted region may contain a
predisposition locus for psychotic illness. Notably, increased frequency of microdeletiomes in t
220911 locus has been found in patients with schizophrenia [Paterlini et al., 2005] and a recent
study on metabolic profiles associated with psychotic disorders demonstrated that increased
levels of serum proline was specific to schizophrenia [Oresil.e2011]. ThePRODHjene,
encoding for proline oxidase, is located on chromosome 22g11. Functional studies BRORH

gene suggested that severe reduction of PO activity caused by inactiP®@@Hnutations, has

the potential for causing substantiakurological abnormalities [Willis et al., 2008]. In particular
among the reported 16 missense mutations that could affect PO functionality [Bender et al.,
2005], the L441P substitution results in severe reduction of PO activity and, worthy of note, is on
of the allele typically found in schizophrenic patients [Willis et al., 2008]. L441P is considered one
of the most deleterious mutations since it affects the active site of the enzyme, by disrupting the
correct interaction between the substrate (proline)d the FAD cofactor [Bender et al., 2005].

In light of the intriguing putative role of proline oxidase in several human pathological conditions,
we focused our attention on the functional and biochemical characterization of the human PO
enzyme. As a speforward with respect to our previous investigation in which we reported the
production of a soluble and active PO deletion varian€&incoli(PObarreIN-His) the human
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recombinant full length PO was expressed in U87 glioblastoma cells. Thiypeldrd the L441P
inactive mutant PO enzyme, were also expressed as a chimeric protein fused with EYFP at the C
terminus (to leave the Nerminal targeting sequences unmasked). Confocal analysis & YiXP

and PGEYFP L441P showed that both enzyme variantsaareatly targeted to the mitochondria.

This observation suggests that the introduced substitution does not affect the correct folding of
the mutant protein which is targeted to the correct subcellular compartment with no evidence of
protein aggregates. Sie the fused EYFP tag could affect the catalytic activity of the expressed PO
variants, we also expressed the untagged syide and L441P PO variant, as confirmed by
Western blot analysis using a specific &M@ antibody.

To investigate PO biologicalnittion in the U87 cell system, we evaluated the PO activity in the
cell extracts of clones stably expressing PO and PO L441P. Unfortunately we were unable to
obtain consistent proline oxidase activity values previously reported procedure [Pandhare et al.,
2009], we thus decided to evaluate the proline oxidase activity indirectly by measuring variations
in the intracellular proline content in the cells expressing the chimeric-tydd enzyme or the
inactive PO mutant. The proline content is -2o8 lower n U87 PCEYFP with respect to U87
control cells (Fig. 3A). Interestingly, in U87 cells expressing the inactiz#y P® L441P variant, a
progressive accumulation of proline is observed: proline cellular levels arfold.igher
compared to control cellsThese results demonstrate at the cellular level thatlPYJ-P is active,
while POGEYFP L441P is largely inactive.

In order to expande the overview on this particular and complex metabolic network and to take
into account a more complicated and dynamic magism we tempted to correlate proline
oxidase activity with glutamate cellular concentration. U87 cells stably expressiy PP L441P
show higher intracellular glutamate level as compared to U87 cells expressifiy P® and the
control untransfected cedt in this scenario, if we consider glutamate as a precursor of proline it is
conceivable that when the proline degradation is largely prevented (by theexmession of an
AYEFOGABGS th F2N¥YO GKS GLINRBfAYS Oe Oéc@mulationa dzy o+ f |
within the cells.

The extracellular glutamate content significantly differed among cultures of cells expressing the
different PO variants; in particular, higher glutamate level were observed in USEYFO cell
culture medium. Considering that these cells the rate of proline degradation is boosted by the
overSELINB&aaA2y 2F (KS TFtl @2SyTeé&vySs LINRBtAyYyS AGasStT
(being proline the most abundant metabolic glutamate precursors): the excess of glutamate
produced could be subsequently released by these cells.

To better understand the observed results related to the extracellular glutamate levels, we
investigated the expression of two glial glutamate transporters. Under physiological conditions
GLAST and GliTare the two major Nadependent glutamate transporters in CNS. Termination of
glutamatergic activity occurs through the glial uptake of the neurotransmitters: the maintenance
of the extracellular glutamate concentration below neurotoxic levels is &akitunction of glial
glutamate transporters [LopeBayghen and Ortega, 2011]. Interestingly, glioma cells
demonstrate impaired glutamate transporter expression [Maragakis and Rothstein, 2004] and in
particular the transporter results most likely misldeat, drastically reducing the cells capability

of glutamate uptake. Moreover these tumor cells display a strong™-ilipendent
cystine/glutamate exchange which induces glutamate efflux outside the cells and outweighs the
inward glutamate transport leadinto the accumulation of glutamate in the extracellular space
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[Ye et al., 1999]. Notably, in the U87 model cell system, we observed that thexperssion of

the POEYFP L441P variant, which increases proline cellular level, might directly influence the
levels of selected glutamate transporter. In fact, in U87-B®P L441P cells, a prominent
expression of GLT at the cellular membrane is apparent. On the other hand, GLAST expression
level in U887 PE&YFP and U87 HEYFP L441P cells appear very similan ehough the amount

of expressed PO between the two cells clones is substantially different. Confocal analysis shows
that the transporters are mainly located in the cell membrane, but also partially diffused in the
cytosol: this result agrees with prewusly reported observations that the transporters are often
mislocalized and their expression and traslocation at the plasma membrane is reduced in glioma
cell indicated [Ye et al., 1999].

Our results represent preliminary but interesting evidence of theygiological relevance of
LINEEAYS 2EARFAS I OGAQGAGE Ay GKS AyGdNA3IdzAay3d &08
metabolic pathways. Further investigations are required to elucidate the mechanism by which
proline might exert its functionsaa putative neuromodulator in physiological and pathological
conditions. Understanding the complex biochemical network linking proline to glutamate in the
CNS and its potential role in regulating the onset of schizophrenia, will pave the way to the design
of new drugs that modulating proline oxidase activity could be potentially used as new
therapeutic target for schizophrenia treatment.
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Fig. 1.Expression of PO in stably transfected U87 clones. Western blot analysis performed using
mouse antiGFP or rabbit arPO antibodies confirm the expmsion of both the fluorescent PO
EYFP wiltype and PEGEYFP L441P fusion proteins (A) or the untagged proteins (B) in transfected
U87 cells. The same amount of sample, corresponding to 5'cell or 50 pg of crude extract
(EG) was loaded in each lares further confirmed by using an a@ctin antibody as internal
control. The level of endogenous PO in U87 control cells is below the detection limit (1 ng). The
PO EYFP L441P variant detected with-B@ti show a further band of lower molecular mass
corresponding to a partial proteolyzed form of the protein. (C, D) Confocal analysis of proline
oxidase subcellular distribution in cultured U87 glioblastoma cells stably expressiayHOwild

type and PCGEYFP L441P. Both the chimeric proteins display adz®ii S NJ & & LI IKS G
distribution (yellow channel) which largely overlap (merge panel) with mitochondria specific
immunostain (red channel). Scale bar 5 pum.

Fig. 2.U87 cells growth monitored over a period of 7 days. U87 control cells and U87 cels sta
expressing PE&YFP wildype, POGEYFP L441P, PO wiige and PO L441P were seeded in 24
wells plate (10.5 x Fcells/well starting density) and incubated at 37 °C in a 5%ir@0bator.
The cells were collected and counted every 24 h. The growthesumere expressed as cell
density/well vs time.

Fig. 3.HPLC analysis pfoline and glutammate cellular level. 8 x*1087 cells stably expressing

POEYFP or REYFP L441P were seeded and growth for 72 h. At different incubation times both

the culture malium and the cells were collected and analyzed to assay the proline and glutamate
content. Panel A shows intracellular proline content: proline concentration remains almost
O2yaidlyd 2SN GAYS Ay O2y(iNRt OSftressingPQEYF®2Y (iAY
L441P variantH, dashed gray line) shows a progressive accumulation; conversdiYPP wild

type variant A, dotted gray line) proline content shows a decrease. Panel B shows intracellular
glutamate content: PE&EYFP L441FE ( dashed grayline) shows significant higher glutamate
O2yGSyd 6AGK NBaLISOG G2 O2yGNRBf |yt1 y2FPONI yaT
expressing cellsA( dotted gray line). Panel C shows extracellular glutamate content; similar
glutamate concentrationare evident until 6 h for all U87 cells, while at later incubation time the
glutamate concentrations decrease with a different time course. *p<0.03; **p<0.003;
***n<0.0003.

Fig. 4. Western blot analysis of GLAST and-Giglutamate transporters in &¥ clones. The same
amount of sample corresponding to 1 x>{ane 13-5) or 5 x 16(lane 24-6) cells was loaded in
each lane, as further confirmed by using an adin antibody as internal control. Panel A and B)
the level of PO expression was evaédh using an amtPO specific antiboby. Quantification
analysis (panel B) shows that the GLAST level in U87 cells stably expresEMRPGr REYFP
L441P is at leastfld higher with respect to U87, while the PO expression level ifoldéigher

for POEYFP L441P cells then forr-PXFP wiltlype expressing cells. Panel C and D) Western blot
analysis of GLT glutamate transporter: quantification analysis shows that U87 aneEPEP
expressing cells exhibit a comparable level of expression whild &fdression is-2old higher in
U87 cells stably expressing YFP L441P.
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Fig. 5.Immunohistochemical localization of GLAST and-IGglitamate transporters in control

U87 cells and U87 cells stably expressing-tyipg and PGEYFP L441P. Panel A: aj-@LAST
staining displays predominant signal in correspondence of the plasma membrane with less
intense and less diffused labeling in U87 not transfected cells. b) Signals corresponding to the
expressed chimeric fluorescent FEYFP protein (both the wilgpe and the L441P variants)
displays a mitochondrial distribution (yellow channel). c) Overlap of the two signals corresponding
to the mitochondrial stain (yellow channel) of the overexpressed PO variants and GLAST stain (red
channel) confirm the differensubcellular distribution of the glutamate transporter vs the PO
protein. PanelB): a) antiGLT1 staining displays predominant signal in correspondence of the
plasma membrane with less intense labeling in control U87 not transfected cells and in b7 sta
expressing PEYFP. b) Signals corresponding to the expressed chimeric fluorescent PO protein
(yellow channel) display a mitochondrial distribution. ¢) Overlap of the two signals corresponding
to the mitochondrial stain (yellow channel) of the overesgsed PO variants and the GL$tain

(red channel) confirm the different subcellular distribution of the glutamate transporter (mainly in
the plasma membrane) vs the PO proteins (mitochondria).
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Fig. 2
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Fig. 4
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Fig 5
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4 Discussion

Glutamine and glutamate with proline, histidine, arginine and ornithine, comprise the
Hp: 2F GKS RASGINE FYAYy2 FOAR Aydlr1S FyR O2yad
are disposed to conversion to glutamate [8&lutamate is the most abundant free amino acid in
the brain and it is the major excitatory neurotransmitters of the vertebrate central nervous
system [48]. The reversible cyclization of glutamate produces proline, a key imino acid in
bioenergetics, calilar redox control, apoptosis cancer and as recently observed, neurological and
cognitive dysfunctiors associated to neurodegenerative and psychiatric diseases [9, 33 and
references herein]. Accordingly, there is a great interest in understanding theglmalaoles and
biochemical functions of the enzymes that catalyze proline synthesis and degradation.
Since its nitrogen is contained within a pyrrolidine ring, proline is not a substrate for the classical
amino acidmetabolizing enzymes (decarboxylasesmireotransferases and racemases):
remarkably, a family of proline metabolic enzymes evolved with specific cellular localization and
regulation mechanisms [8]. Starting from proline catabolism, all organisms oxidize proline to
glutamate in two enzymatic stespcoupled by a non equilibrium step: 1) proline is oxidizep'to
pyrroline-5-carboxylic acid (P5C) by the FAD dependent enzyme proline oxidase (PO, EC 1.5.99.8);
P5C forms a non enzymatic joldpendent equilibrium with glutamate semyaldehyde (GSA); 2)
P5Cdehydrogenase (P5CDH, EC 1.5.1.12) completes the transformation of proline to glutamate by
catalyzing the oxidation of GSA, utilizing NASS the electron acceptor. The biosynthetic
pathways for proline has two routes for the formation of GSA from glutenmaitornithine. The
glutamate route involves the reaction catalyzed by P5C synthetase (P5CS). The route from
ornithine to GSA is catalyzed by the pyrodegxgbhosphatedependent enzyme ornithine
aminotransferase (OAT, EC 2.6.1.13). Finally reduction Gf tB5proline is catalyzed by the
NADPKdependent enzyme P5C reductase (P5CR, EC 1.5.1.2) [9; Fig. 1, Fig. 2]. Thus, the
FF2NBYSYGA2ySR Syilavysa O2yadAatddis | GLINREAYS O
crossroad with other metabolic pathway$irough the P5C intermediate which is the connection
in this intermediary pathways [8, 24]. Within the cell, the conversion of P5C to proline takes place
in the cytosol and patrticipates as a metabolic interlock with the pentose phosphate pathway,
while the2 G KSNJ YSiGlIo62fA0 adsSLlAa 2F (GKS aLINRBtAyS OecC
proline and P5C with the TCA cycle and the urea cycle [8]. All these metabolically relevant

relationships shall be taken into account in the attempt to define the prolintbical functions.
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Several inborn errors of proline metabolism caused by impairments in the functionality of the
SyievySa Ay@2t SR Ay (KS GLNRtAYyS 0edftSé¢ wop8:
intermediates. In the present study, we focused outeation on those related to the
mitochondrial inner membrane flavoenzyme PO: PO deficiency has been related to
hyperprolinemia type |, a disorder characterized by elevated plasma proline levels caused by
deficiency or inactivation of proline oxidase aitjiv Interestingly, in a significant fraction of
hyperprolinemic patients, the disease is frequently associated with mental seizures [38];
moreover, several experimental evidences demonstrated that hyperprolinemia could affect
patients with 22g11 deletiosyndrome (Di George syndrome, velardiofacial syndrome). Over

the past years, it has been shown that the 22q11 deletion predisposes to a range of psychotic
conditions prompting the hypothesis that the deleted region represents a predisposition locus for
psychotic illness. Notably, there is a large increased risk of schizophrenia and other mental
disorders in people with 22q11 deletion syndrome [44] and a recent study on metabolic profile
associated with psychotic disorders demonstrated that increasedldeof serum proline was
specific to schizophrenia T8 A common feature of 22g11 deletion syndrome is the hemizygous
deletion of the PRODHjene, encoding for proline oxidase, which is located on chromosome
220911 [53]. Since the identification BRODHyarious mutations (heterozygous and homozygous)
have been identified in hyperprolinemic patients with various phenotypes (patients with
schizophrenia, 22q11 microdeletion, and/or early neurological impairments). These studies show
unambiguously that the seve form of HPI, characterized by neurological manifestation, results
from homozygous inactivation/alteration dRODH35]. In particular, among the reported 16
missense mutation that could affect PO functionality [6], the L441P substitution resultgdrese
reduction of PO activity and, worthy of note, is one of the allele typically found in schizophrenic
patients [4]. ThePRODHene has been proposed as a candidate risk factor for schizophrenia [55];
the selection of candidate genes usually arise frdmirt known function or their chromosomal
localization, and in the last decade it has been established that the most promising susceptibility
loci for the onset of schizophrenia were located on chromosome 6q, 13q, 18 and 22q, where also
the PRODHjene mapd22, 58]. Despite several promising evidences, actually no specific gene
variants could be univocally and functionally associated with the disease, so the products of those
susceptibility loci need to be biochemically characterized in detail in ordemlidate at the
molecular level the genetic evidences.

Considering the possible intriguing role of proline oxidase in several human pathological

conditions, this PhD project focused on the functional characterization of the human PO enzyme
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in order to shedight on the complex net of interconnected metabolic pathways that could link
intracellular proline levels with glutamate and glutamatergic neurotransmission.

The first part of the project was aimed to the expression of the human recombinant PCcali

the most used organism for heterologous protein expression, to subsequently proceed to the
biochemical characterization of the flavoprotein. However, the expression of a foreign protein in
E. coliis often hampered by the presence of peculiar proteintdieas (e.g., post translational
modification, the presence of transmembrane domains and/or targeting sequences for specific
compartments) and this is exactly the case of proline oxidase: a very low amount of the full length
flavoenzyme was produced (< Omg/L of fermentation broth). Thus were designed deletion
variants of human PO lacking the protein regions potentially affecting the expression. We
identified the catalytic domain by aligning the sequence of the human enzyme with ttkataufii

PutA, and w generated a model of its three dimensional structure by using {haesker server.
Moreover,in silicoanalysis of the primary sequence of the protein revealed the presence of two
regions with high propensity to structural disorder in theddminal endof PO that might affect

the solubility of the recombinant protein. Based on these analyses, seven deletion variants were
designed encompassing a core region corresponding to the entire predicted catalytic site; the
variants differ for the presence or thévsence of additional upstream or downstream sequences.
Among the seven deletion variants designed, only thebB@elNHis variant was produced as a
soluble active holoenzyme. Despite the produced variant possesses the typical spectral properties
and flavn reactivity of flavoprotein oxidases (i.e. a tight interaction with the flavin cofactor and
with the inhibitor THFA), RBarrelN-His specific activity is-®ld lower than the value previously
estimated for the full length PO (0.032 and 0.1 U/mg, respebt) and high Kvalues forproline

[89]. Different factors, ranging from differences in the sequences of the gene used for the design
of the recombinant PO to differences in activity assay and/or protein preparation, might account
for the observed disepancy. Furthermore, we assumed that the fold of-lBarelN-His variant
strictly resembles that of the full length human PO based on the investigated properties, but we
cannot rule out that the structural determinants deleted in the PO variants affecnresvay the
overall conformation, preventing the enzyme from reaching full activity. Nevertheless the
purification of a soluble, active human PO variant represents a crucial step in elucidation of the
structure-function relationships of this enzyme. Moremvthe expressed variant represents the
starting point for the generation of activete variants containing those substitutions that have
been shown to be related to human pathologies, and the elucidation of their actual effect on the

enzyme functionality
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In the second part of the project we reported the expression of the human recombinant full
length PO in U87 glioblastoma cells: we obtained both the-yj)¢ and the L441P inactive
variant enzyme as chimeric proteins fused with EYFP at tieen@inus (n order to leave the N

terminal mitochondrial targeting sequences unmasked). By confocal analysis of U87 cells stably
expressing PEYFP and PEYFP L441P we observed that both enzyme variants were properly
localized to the mitochondria, this suggestingat neither the EYFP fused protein nor the
substitution introduced to inactivate the flavoenzyme (L441P) affected the correct folding of the
protein, since the protein variants were correctly targeted and no evidence of protein aggregates
was apparent.

Bythe way, since the fused EYFP tag could in some way affect PO catalytic activity we expressed
also both wildtype and L441P PO variant as untagged recombinant proteins. To investigate PO
biological function in the U87 cell system, we tried to evaluateabtivity of the PO variants in

the cell extracts of U87 cells stably expressing PO EYFP, PO EYFP L441P, PO and PO L441P by using
the 0-AB method 90]. Unfortunately we were unable to obtain consistent activity values. In order

to evaluate PO activity irhe cell, the variation in the intracellular proline content was assessed

by HPLC analyses. U87 cells expressing¥&» and PEYFP L441P were used (chosen because

we can verify at each step the fraction of cells expressing the chimeric proteins at the
fluorescence microscope). In U87 cells stably expressingYHEP a 2-fld lower intracellular

proline content with respect to U87 control cells was observed, while in U87 cells stably
expressing the PEYFP L441P inactive variant, a progressive accumutdtigoline was evident:

a 1.6fold higher intracellular concentration compared to control cells was detected. These results
show that PGEYFP is active, while I&YFP L441P activity is largely affected by the introduced
substitution.

Subsequently, we tenipd to correlate proline oxidase activity with glutamate cellular
02y OSYiNI GA2Y Ay 2NRSNJ G2 SELFIYR G(KS 20SNBASs 2
metabolic network. PEEYFP L441P cells show higher intracellular glutamate level compared to
U87 POEYFP and the control cells. An explanation of this scenario is possible, if we consider
glutamate as a precursor of proline, in this perspective it is conceivable that when proline
degradation is prevented (by the ovekpression of an inactive prolieEA R 8 S0 G LINRf Ay S
unbalanced and the shift in the equilibrium results in the intracellular glutamate accumulation.
We analyzed also the extracellular glutamate content, detecting significant differences among
cultures of cells expressing the éifént PO variants. In particular, higher glutamate level were
observed in the medium of U87 PO EYFP cells then in control ones. Considering that in these cells

the rate of proline degradation is boosted by the owspression of the flavoenzyme, we

56



suppos® G KIF G LINRPEtAYS AlGasStT Oty dzyol tlyO0S GKS
metabolic glutamate precursor) and cause the release by the cells of the glutamate produced.

We then investigated the expression of two glial glutamate transporters: GhAGEGLIL which

(in physiological conditions) are the two major ‘NM&pendent glutamate transporters in CNS.
Termination of glutamatergic activity occurs through the glial uptake of the neurotransmitters:
the maintenance of the extracellular glutamate centration below neurotoxic level is a critical
function of glial glutamate transporters [91]. Interestingly, glioma cells demonstrate impaired
glutamate transporter expression [84]: they most likely results mislocalized, drastically reducing
the cells capbility of glutamate uptake. Moreover these tumor cells display a stron§ Na
independent cystine/glutamate exchange which induces glutamate efflux outside the cells and
outweighs the inward glutamate transport leading to the accumulation of glutamate én th
extracellular space [91]. Notably, in the U87 model cell system, we observed that the over
expression of the PEYFP L441P variant, which increases proline cellular levels, influences the
level of expression of the selected glutamate transporter. Onatier hand, GLAST levels in U87
cells expressing PEYFP and U87 HEYFP L441P cells appear very similar, even though the
amount of expressed PO between the two cells clones is substantially different. Moreover,
confocal analysis showed that even thoude ttransporters are mainly located in the cell
membrane, in part they appeared diffused in the cytosol: this result agrees with previously
reported observations that in glioma cell the transporters are often mislocalized and their
expression and traslodain at the plasma membrane could be reduced [92]. These findings
suggest that the U87 glioblastoma cell system is too complex to investigate the effect of the
variation of proline cellular concentration on the synthesis and release of glutamate. Further
studies in a most physiological cellular system are needed in this regard. However, the produced
U87 cells represent a suitable expression system to produce significant levels of human full length

PO variant and to assess its role on proline levels.

The «pression of the soluble active RarrelN-His variant, as obtained in the first part of this
PhD project represents a fundamental step in elucidating the strudtumetion relationships of
human proline oxidase: to our knowledge, this is the first biocieal characterization of the
human PO. This result paves the way for studying the effect of the reported polymorphisms
associated with pathological conditions (HPI and psychiatric diseases) at the molecular level
allowing to answer the many question regarg proline/P5C redox cycle and possibly to design
new structurebased drugs that will modulate the cellular concentration of proline (and

glutamate) by affecting PO activity. The L441P mutation we introduced to inactivate PO
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flavoenzyme, is considered erof the most deleterious mutation: Leu 441 is located in the active
site of the enzyme, and its substitution by Pro has been shown to inactivate PO by disrupting the
correct interaction between the substrate (proline) and the FAD cofactor [6].

Further stidies, will allow to design new molecules that by specifically binding to PO active site
will modulate its activity and consequently proline cellular concentration, likely inducing a
concomitant variation in glutamate levels. In this regard, we demongtratiethe molecular and
cellular level that the expression of an active or an inactive form of PO differently affect the
AYGNY OSt fdzf F NJ SljdzAf AOGNARdzY 2F GKS YSGFro2ftAdGS LI GK
further investigations are requiretb elucidate the mechanisms by which proline might exert its
function as a putative neuromodulator in physiological and pathological conditions. Considering
our preliminary results it is tempting to speculate that proline and glutamate are strictly
interconnected and that proline is not less important than glutamine as metabolic precursor of
glutamate.

Our work is aimed at shed light on the role exerted by proline oxidase in the framework of
glutamatergic neurotransmission; this will be useful to eluciddte molecular mechanism
responsible of the schizophrenia onset. In this prospective the flavoenzyme would become a new

putative therapeutic target.
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Abstract.

We report the expression of recombinant RNASET2, the only
human member of the Rh/T2/S family of acid ribonucleases, in
the yeast Pichia pastoris and the baculovirus-insect cell
heterologous systems. In both models, the yield of
recombinant protein was comparable and ranged between

5 mg/L (for a catalytically impaired mutant version of
RNASET2) and 30 mg/L for the wild-type protein. Thus, the
produced protein version rather than the expression system
used appears to influence protein yield after optimization of
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1. Introduction

Ribonucleases have been the subject of extensive studies in
recent years, due to their involvement in several biological pro-
cesses besides RNA metabolism. Indeed, RNAses have been
involved in a host of cellular processes such as viral infections,
cell proliferation, tumor cell growth, and angiogenesis [1],[2].
The transferase-type ribonucleases have long been ranked into
three main families (ribonuclease A, Rh/T2/S, and T1) accord-
ing to their biochemical properties [1]. The main feature of the
Rh/T2/S family of ribonucleases is represented by two con-
served active-site segment (CAS) motives, in which two histi-
dine residues play an essential role in catalysis [1],[2]. These
proteins are acid ribonucleases displaying a pH optimum below
6.0 for catalytic activity and are either secreted extracellularly

Abbreviations: CAS, conserved active-site segment; H65 /118F, mutant RNASET2 version
with histidine at positions 65 and 118 substituted with phenylalanines; BEVS, baculovirus
expression vector system; anti-HA, anti-hemagglutinin; Mut =, methanol utilization plus;
Mut®, methanol utilization slow; MOI, multiplicity of infection.
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culture conditions. The recombinant protein was found to
undergo heterogeneous glycosylation in both systems,
particularly in P. pastoris. Most importantly, the wild-type
protein purified from both systems was found to be
catalytically competent. The expression of recombinant
RNASET2 in both systems will allow the implementation of
functional assays in vivo and in vitro to better define the
antioncogenic properties of this member of the Rh/T2/S
ribonuclease family.

Keywords: RNASET2, tumor suppressor, ribonuclease,
heterologous protein expression, protein glycosylation

or targeted to the vacuolar or lysosomal compartments after
their transit through the secretory pathway, where they usually
undergo N-glycosylation and chaperone-assisted folding[2].

RNASET2 is to date the only member of the Rh/T2/S family
described in humans [3]. Besides its activity as a ribonuclease
[4], we previously demonstrated an oncosuppressive function
for this protein [5-7]. Strikingly, this role appeared to be inde-
pendent of catalytic activity because a mutant RNASET2 protein
in which the two key CAS histidine residues were replaced by
phenylalanine (H65/118F RNASET2) was found to be still highly
effective in suppressing tumorigenesis in vivo when compared
with the wild-type protein [6],[7]. However, in order to further
characterize this protein (both structurally and functionally) and
to better define its potential as an antitumorigenic agent, it
would be crucial to have recombinant RNASET2 available.

Ribonucleases of the Rh/T2/S family have been purified
from different sources, either directly from the host organisms
in which they are expressed (such as in fungi or plants) or in
different heterologous protein expression systems [1][2]. As
these proteins are usually modified post-translationally by N-
glycosylationand targeted to the secretory pathway, the expres-
sion strategy of choice usually relies on a eukaryotic system, in
particular the baculovirus expression vector system (BEVS) or
the yeast Pichia pastoris.

However, finding the system that grants the best expres-
sion levels is mandatory for obtaining sufficient amounts of
pure protein for in vivo experiments and for conformational and
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