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Abstract 

D-amino acid oxidase (DAAO) is a FAD-dependent peroxisomal 

flavoenzyme significantly enriched in the mammalian brain. DAAO has 

been proposed to play (together with serine racemase) an essential role in 

the metabolism of D-serine, an “atypical”, key signalling molecule acting in 

the nervous system as an allosteric activator of the N-methyl-D-aspartate-

type glutamate receptor. Human DAAO (hDAAO), itself and through the 

interacting partner pLG72, has been related to schizophrenia, an highly 

disabling psychiatric disorder in which a dysfunction of NMDA mediated 
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neurotransmission is widely assumed to occur. We previously 

demonstrated  that a major effect of the hDAAO-pLG72 complex formation 

is the progressive destabilization and inactivation of the flavoenzyme. 

Furthermore, we provided convergent lines of evidence that D-serine 

cellular concentration depends on hDAAO and pLG72 expression levels, 

and that newly synthesized hDAAO interacts with its (negative) modulator 

in the cytosol. Here we investigated the degradation pathways of hDAAO or 

pLG72 in U87 human glioblastoma cells stably expressing EYFP-hDAAO, 

hDAAO-EYFP or pLG72-ECFP fusion proteins. In our cellular system,  

hDAAO is a stable “long-lived protein”: the largest part of the flavoprotein is 

degraded by the lysosomal/endosomal pathway while a minor amount is 

polyubiquitinated and targeted to the proteasome. On the contrary, pLG72 

is characterized by rapid turnover (t1/2 ∼ 25 minutes) and is essentially 

degradated through the UPS. Overexpression of pLG72 increases the 

turnover of hDAAO thus suggesting that pLG72 binding to hDAAO yields an 

instable complex prone to degradation, in turn playing a protective role 

against excessive D-serine depletion. Our results uncover basic molecular 

aspects of D-serine metabolism and open novel perspectives for 

therapeutic strategies to treat schizophrenia by targeting the catabolic side 

of D-serine metabolism. 

 

 

Introduction 

 

Over time, an increasing body of evidence strongly supports a mutual 

communication between neurons and glia (1, 2). Astroglial cells control 

synapse development (3), regulate synaptic function (4), and overall 

synchrony in neuronal network (5, 6). In particular, astrocytes are in close 

structural and functional relation with neurons: their processes unsheath 

the synapses (7); they sense the level of synaptic activity through a 

plethora of ion channels, high affinity transporters and receptors expressed 

at their surface; they respond to changes in neuronal activity through 

intracellular calcium elevation, which in turn triggers other signalling 

mechanisms (8, 9). It has become clear that a significant mechanism of this 

astrocytes-to-neuron “intimate dialogue” is mediated by the release of 

signalling molecules that act as neuromodulators, since they can regulate 

synaptic function and neuronal excitability (2). Among them worthy of note 

is D-serine. This molecule, previously considered an “unnatural amino 

acid”, is a key brain regulator by acting as a physiological ligand for the 
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strychnine-insensitive glycine modulatory site of N-methyl-D-aspartate 

receptors (NMDAr), a pivotal receptor for excitatory transmission and 

cognitive function (10-12). Together with glutamate, endogenous D-serine 

mediates several NMDAr-dependent processes (13, 14) including 

excitotoxicity (15) and synaptic plasticity (16). Its removal decreases 

NMDAr responses (13), and it is required for the long term potentiation of 

the synaptic transmission in the hippocampus, which is thought to be 

involved in memory formation (17). This neuromodulator is produced by the 

isomerization reaction from L-serine catalyzed by the pyridoxal-5' 

phosphate dependent enzyme serine racemase (SR) (18, 19); its 

degradation is due to  SR (through an α,β-elimination reaction) (20, 21) 

and/or by the FAD-containing flavoprotein D-amino acid oxidase (DAAO); 

for extensive reviews see (22, 23). 

D-Serine signalling dysregulation might be involved in the NMDAr 

dysfunction that occurs in several pathologies, including neurodegenerative 

and neuro-psychiatric diseases, such as schizophrenia (24, 25). A number 

of recent studies indicated that the level of endogenous D-serine may be 

decreased in schizophrenic patients (26-28), and that the administration of 

D-serine greatly ameliorated the typical positive, negative and cognitive 

symptoms of schizophrenia when associated with conventional neuroleptics 

(29-31). Indeed, among the identified possible schizophrenia susceptibility 

genes, polymorphisms (SNPs) in the genes encoding for DAAO and SR 

have been reported, as reviewed in (23). Moreover, an association between 

schizophrenia and nucleotide variations in the new human gene G72 was 

also reported: this gene encodes for pLG72, a protein present in primates 

only, expressed mainly in brain, and that specifically interacts with human 

DAAO (hDAAO) (32).  

Despite the important roles proposed for the endogenous D-serine, up to 

now little is known about the regulation of its cellular levels by DAAO-

mediated degradation process. Several evidences strongly support the 

intimate relationship between glutamatergic neurotransmission and DAAO 

activity: D-serine levels are inversely related to the regional expression of 

DAAO during development (33) and application of DAAO to brain slices or 

cell cultures has a considerable effect on NMDAr-dependent synaptic 

transmission and neuronal plasticity (13, 16, 17, 34) or protects neurons 

from the NMDAr-related excitotoxicity (35-37). We recently showed that 

hDAAO and pLG72 are both expressed in human frontal cortex and they 

are localized in the same cell type (astrocytes). We also demonstrated that 

in vitro pLG72 acts as “inactivator” of hDAAO (38) and, by using U87 
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glioblastoma cells trasfected with plasmids encoding for hDAAO and/or 

pLG72, established that the cellular concentration of D-serine depends on 

the expression of the active form of this flavooxidase. Furthermore, the 

newly synthesized hDAAO is transiently cytosolic (and active), where it can 

interact with pLG72 (likely located on the external membrane of 

mitochondria) before being targeted to peroxisomes (39). Both in vitro (40) 

and cellular studies (39), indicated that pLG72 binding alters hDAAO 

stability and significantly affects its cellular half life. We proposed a model 

to explain the role of hDAAO and pLG72 on the D-serine cellular level (and 

thus on schizophrenia onset): a decrease in pLG72 expression yields to an 

anomalous high level of hDAAO activity and therefore to an excessive 

decrease in the local concentration of D-serine (38). All together these 

findings highlight an outstanding role of DAAO in the modulation of NMDAr 

activity: since the co-agonist binding site of the receptor is not saturated 

under normal conditions (41), it is likely that even small changes in D-serine 

level might exert remarkable effects on the functionality of the ionic 

channel. 

In order to clarify the mechanisms that modulate the NMDAr-mediated 

neurotransmission (and the related pathological states) by D-serine, the 

clarification of factors  affecting the amount and activity level of SR and 

DAAO enzymes is a crucial topic. SR is degraded by the ubiquitin 

proteasome system (UPS) (42): moreover, Golga3 (a protein associated to 

the cytosolic surface of the Golgi apparatus) modulates SR ubiquitination 

significantly increasing its half life. Notably, nothing is known about the 

mechanism(s) by which hDAAO and pLG72 expression/degradation is 

regulated. Thus, we here report on the investigation of the degradation 

pathway of this key human flavoenzyme (both the peroxisomal EYFP-

hDAAO enzyme form and its cytosolic hDAAO-EYFP counterpart) and of its 

interacting protein pLG72. 

 

 

Results 

 

pLG72 is a short-lived protein whereas hDAAO is a stable protein (within 

U87 cells) 

 

To deep insight on the mechanisms modulating hDAAO and pLG72 cellular 

levels, we investigated their half lives in U87 glioblastoma cells stably 

expressing the fluorescent-tagged chimeric proteins EYFP-hDAAO, 
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hDAAO-EYFP or pLG72-ECFP (U87 EYFP-hDAAO, U87 hDAAO-EYFP 

and U87 pLG72-ECFP cells, respectively) treated with cicloheximide 

(CHX). A previous investigation revealed that pLG72-ECFP is rapidly 

degraded in treated cells (within 1 hour) (39). Accordingly, U87 pLG72-

ECFP expressing cells were analyzed up to 90 minutes upon the addition 

of the ribosomal inhibitor: at the end of the treatment the amount of pLG72-

ECFP detected by Western blot analysis was ≈10% with respect to control 

cells (Fig. 1A, left panel). Densitometric analysis (shown in Fig. 1A right 

panel) highlighted a fast degradation of pLG72-ECFP, suggesting that 

pLG72 is a short-lived protein, with an estimated half life of ≈25 minutes. 

This result is not related to the degradation of the fluorescent ECFP tag 

itself since the time course of control experiments performed on U87 

ECFP-expressing cells did not show any change in its relative cellular 

concentration (not shown): in our cellular system the fluorescent protein is 

highly stable. 

On the other hand, the same experiments performed on U87 EYFP-hDAAO 

and hDAAO-EYFP (prolonged up to 12 hours from CHX addition) suggest 

that hDAAO is a long-lived protein: at the end of the incubation, no 

significant change in the level of the expressed protein was detected (Fig. 

1B, C, top panels). Densitometric analyses of the corresponding 

immunorecognition signals estimated an half life of ≈ 60 hours for both 

EYFP-hDAAO and hDAAO-EYFP (Fig. 1B, C, bottom panels).  

Taken together these results suggest that when hDAAO and pLG72 are 

individually overexpressed in U87 cells they show a different degradation 

kinetics, pointing to different degradation processes. 

 

hDAAO degradation takes place largely in lysosomes  

 

Since hDAAO is known as a peroxisomal protein and such a sub-cellular 

localization has been confirmed for EYFP-hDAAO fusion protein in the U87 

EYFP-hDAAO cells (39), it is reasonable to assume that it might be mainly 

degraded through macroautophagy processes involved in the disposal of 

proteins and complexes, as well as whole organelles, through the 

lysosomal/endosomal system. To investigate whether EYFP-hDAAO is 

effectively targeted to this degradation pathway, we incubated U87 EYFP-

hDAAO cells overnight in starvation conditions -DMEM + 1% FBS- in order 

to maximize the effect of the subsequent treatment. Then we added 

chloroquine (75 µM, a strong inhibitor of the lysosome degradation 

pathway): cells were collected at different intervals up to 6 hours after 



Paper in preparation                                                                     RESULTS 

 

56 
 

treatment. In treated cells the amount of EYFP-hDAAO detected by 

Western blot analysis was significantly higher than in control ones: an up to 

3-fold increase at 3 hours from the addition of the inhibitor was observed 

(Fig. 2A). Analogous treatments with a different inhibitor (NH4Cl, 10 mM) 

confirmed the accumulation of EYFP-hDAAO (~ 4-fold, data not shown) 

following the blockade of the lysosomal degradation pathway.  

The experiments with chloroquine and NH4Cl were repeated on U87 

hDAAO-EYFP. In these cells the expressed EYFP-tagged protein is 

cytosolic since the fluorescent protein mask the PTS1 targeting sequence (-

SHL) required to address hDAAO to peroxisomes.  Noteworthy, in this case 

the time course of hDAAO-EYFP cellular levels did not show variation 

following the treatment although a significant lower amount of the protein 

was immunodetected in treated cells with respect to control ones (~50%, 

Fig. 2B). This observation suggests that the localization of the protein is a 

key factor in establishing the pathway of hDAAO degradation (and 

regulating its cellular concentration).  

In order to address the signal that drives hDAAO to degradation, we 

investigated the ubiquitination state of the chimeric protein.  Samples of 

U87 EYFP-hDAAO cells treated for 3 hours with chloroquine were used for 

immunoprecipitation experiments using rabbit anti-hDAAO polyclonal 

antibodies. The amount of the immunoprecipitated EYFP-DAAO was 

significantly higher (∼ 3-fold, Fig. 2C) in treated cells than in control 

(untreated) ones, confirming a substantial accumulation of the EYFP-

tagged hDAAO upon the addition of the lysosome inhibitor. Interestingly, 

the same increase (∼ 3-fold) in the total ubiquitination signal (detected by 

the anti-P4D1 antibody that recognizes both mono- and polyubiquitin 

chains) was evident in the immunoprecipitated samples from treated cells 

with respect to control ones (Fig. 2C). On the other hand, no change was 

observed for the anti-FK1 immunorecognition signal which specifically 

detects the presence of polyubiquitin chains. These results indicate that the 

blockage of the lysosomal/endosomal degradation pathway affects extent 

the ubiquitination level of EYFP-hDAAO to a significant: i.e. hDAAO is likely 

labelled through the binding of a single ubiquitin molecule. 
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Overexpressed hDAAO is (partially) degraded by the proteasome 

machinery  

 

In order to verify if hDAAO cellular levels are regulated by degradation 

mechanisms alternative to the processes mediated by the lysosomes 

system, U87 EYFP-hDAAO cells were treated with MG132 and ALLN, two 

proteasomal inhibitors which bind to the “chymotrypsin–like” component 

blocking one or more of the peptidase activities within the 20S proteasome 

core (43) but which do not affect the activity of protein-ubiquitinating and -

deubiquitinating enzymes. Intriguingly, MG132 treatment (25 µM in the 

starvation culture medium) resulted in a gradual increase of the observed 

EYFP-hDAAO cellular level. As shown by Western blot analysis, at 6 hours 

from the addition of the inhibitor the amount of the expressed chimeric 

fluorescent protein was 1.7-fold higher in treated than in untreated cells 

(Fig. 3A), suggesting that in U87 EYFP-hDAAO cells a fraction of the 

expressed chimeric protein is eventually targeted to the UPS and 

proteolyzed. The same MG132-induced effect on EYFP-tagged protein 

cellular levels is observed in U87 hDAAO-EYFP cells (Fig. 3B): an up to 2-

fold increase in the immunorecognition signal corresponding to cytosolic 

hDAAO has been detected 6 hours after the addition of the inhibitor.  

Since proteins designed to be degraded through the proteasome machinery 

are labelled by polyubiquitin chains (44) we investigated  the ubiquitination 

state of EYFP-hDAAO in U87 EYFP-hDAAO MG132-treated cells by 

immunoprecipitation experiments. At 6 hours from addition of the 

proteasome inhibitor, Western blot analysis shows that the treatment 

yielded a remarkable increase (up to 4-fold) in the ubiquitination signal 

detected by both anti-FK1 and anti-P4D1 antibodies (Fig. 3C, a-FK1 and a-

P4D1 panels). We confirmed the observed results by treatment with a 

different proteasome inhibitor (ALLN, 60 µM). The amount of 

immunoprecipitated EYFP-hDAAO protein, as well as the corresponding 

immunodetected polyubiquitination signal increased significantly in treated 

cells (∼ 4-fold and ∼ 1.7-fold, respectively, relatively to control samples, 

data not shown). The higher amount of immunoprecipitated EYFP-hDAAO 

following ALLN treatment, as compared to that detected in MG132 treated 

samples, is probably due to ALLN ability to (partially) inhibit lysosomal 

calpaine and cathepsin (45), that prevents EYFP-hDAAO degradation.  

 

 



Paper in preparation                                                                     RESULTS 

 

58 
 

The inhibition of the lysosome degradation system yields to the 

accumulation of active hDAAO 

 

Interestingly, in U87 EYFP-hDAAO cells treated with chloroquine a 

significant increase in hDAAO activity (assayed by means of the Amplex 

UltraRed fluorescent assay) was apparent with respect to control ones (Fig. 

4): the inhibition of the lysosomal system yielded to the accumulation of the 

EYFP-hDAAO active form within the cells. On the contrary, no change in 

hDAAO activity was detected in MG132-treated cells extracts (Fig. 4), this 

suggesting that the polyubiquitinated EYFP-hDAAO protein accumulating 

upon MG132 treatment might be inactive.  

 

The UPS is responsible for pLG72 degradation 

 

The results of the experiments performed using the inhibitors of the 

proteasome machinery (MG132 and ALLN) and U87 EYFP-hDAAO cells 

raise an interesting issue: is hDAAO directly ubiquitinated or is it addressed 

to the UPS through the interaction with other proteins, i.e. substrates of 

ubiquitinating enzymes? In this perspective, the hDAAO interactor pLG72 

seems to be a plausible candidate since it has been demonstrated to be a 

short-lived protein which speeds up the degradation of EYFP-hDAAO (39). 

Moreover, the UPS is known to mediate the selective degradation of many 

short-lived proteins (46). 

To substantiate this hypothesis, we repeated the MG132 treatment on U87 

pLG72-ECFP expressing cells. A large increase in the cellular level of 

pLG72-ECFP was detected by Western blot analysis: 6 hours after MG132 

addition the amount of pLG72-ECFP is ∼ 8-fold higher than that detected in 

untreated cells (Fig. 5A, a-GFP panel). Noteworthy, no change in the 

fluorescent protein level of control cells expressing ECFP alone (U87 ECFP 

stable clone) has been observed upon the addition of the inhibitor and 

during the time course of the experiment (data not shown). These results 

strongly indicate that pLG72 is largely degraded through the proteasome 

pathway. Experiments performed using ALLN confirmed this observation, 

albeit the increase in the pLG72-ECFP levels is less pronounced (∼ 2.5-

fold with respect to the corresponding control cells, data not shown). To 

further straighten our conclusion Western blot analysis on U87 pLG72-

ECFP cells treated with CHX alone or with CHX and MG132 (both the 

inhibitors were added to the complete culture medium) and their relative 

controls was performed. The addition of MG132 together with ribosomal 
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inhibitor restored the steady state levels of the chimeric protein, further 

confirming the role of the UPS in pLG72-ECFP degradation (Fig. 5B). 

On the contrary, no increase in the chimeric protein cellular levels is instead 

observed treating U87 pLG72-ECFP cells with the inhibitors of the 

lysosomal degradation pathway (i.e. chloroquine and NH4Cl). Similarly to 

what observed in the experiments performed on U87 hDAAO-EYFP cells, 

the amount of pLG72-ECFP is halved in treated cells with respect to the 

control ones (Fig. 5C, a-GFP panel). As discussed above, the rationale of 

this result is not clear. We suggest that although starvation conditions do 

not cause any variation in protein cellular levels (data not shown), the 

addition of a further stress such as the blockade of the lysosomal acidic 

hydrolases may raise pLG72-ECFP degradation processes involving the 

proteasome machinery and thus yield to a substantial decrease of the 

cellular levels of ECFP-tagged protein.  

 

 

Discussion 

 

Over- and down-stimulation of NMDARs are crucial initial (pathological) 

events in a number of neurodegenerative and psychiatric disorders. Worthy 

of note, diminished glutamatergic neurotransmission mediated by NMDAR 

has been implicated in the biological mechanisms underlying 

schizophrenia: genetic studies have identified several risk genes for 

schizophrenia influencing NMDAR activity (47, 48). These include genes 

encoding for enzymes involved in the metabolism of D-serine, a selective 

endogenous NMDAR glycine site agonist (32, 49). D-Serine is a key 

contributor to NMDAR activation: a reduction in D-serine concentration has 

been shown to down-regulate the receptor mediated signaling (13, 16, 17). 

These findings suggest that diminished NMDAR function in schizophrenia 

might be related to lower D-serine availability. In brain cells, endogenous D-

serine concentration is determined by the enzymatic reactions catalyzed by 

SR and DAAO (which synthesized and degrade the neuromodulator), and 

by various glial and neuronal transporters (11, 20).  Different SR regulation 

mechanisms have been recently unravel (50, 23). In particular, SR is 

ubiquitinated and degraded by the UPS; its ubiquitination state might be 

modulated through the interaction with the Golgin subfamily A member 3 

(Golga3) protein, which significantly increases SR half-life and steady state 

levels (42). On the other hand, the modulation of DAAO enzymatic activity 

and stability has not been clarified yet.  
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For this reason, here we reported about the degradation pathway of 

hDAAO and pLG72. In U87 cells stably expressing EYFP-tagged hDAAO 

and pLG72-ECFP we observed that hDAAO is a long-lived proteins, while 

pLG72 is a short-lived one (Fig. 1). These results suggest that the two 

protein are degraded by different cellular processes. Subsequent 

investigations confirmed this hypothesis: for the peroxisomal form of 

hDAAO, the cellular steady state levels are largely controlled by the 

lysosome/endosome system (Fig. 2A), as demonstrated by the strong 

accumulation of the active form of the protein in U87 cells expressing 

EYFP-hDAAO treated with inhibitors of this degradation pathway (Fig. 4). It 

is tempting to speculate that this could happens through pexophagy i.e. 

those macroautophagy processes involved in peroxisomes “turn-over” and 

renewal: further investigations are needed to confirm this assumption. 

Moreover, immunoprecipitation analyses revealed that EYFP-hDAAO is 

ubiquitinated (mono- or multiple mono-ubiquitinated, but not 

polyubiquitinated) before being addressed to the lysosomal degradative 

pathway (Fig. 2C). This finding agrees with the knowledge that ubiquitin 

tagging also participates to selective autophagic degradation - 

monoubiquitination or/and multiubiquitination are required in some cases 

for cargo proteins to entry into vesicles of the lysosomal/endosomal 

degradative pathway (51).  

On the other hand, the blockade of the lysosomal system determined a 

decrease in the level of the cytosolic form of the flavoprotein (hDAAO-

EYFP, Fig. 2B). Beside sharing some of the ubiquitin recognizing 

molecules or shuttle factors, an increasing body of evidences suggest a 

cross-talk between the UPS and the lysosome system. Cells respond to 

blockage of the UPS by up-regulating macroautophagy, whereas persistent 

blockage of macroautophagy has been shown to affect UPS activity (52). 

Our results suggest that the hDAAO subcellular localization might be a 

determinant factor for the addressing of the flavoprotein to a specific 

degradation pathway.   

Unexpectedly, by treating U87 cells stably expressing EYFP-hDAAO or 

hDAAO-EYFP chimeric proteins with inhibitors of the UPS, a significant 

increase in their cellular level was observed, thus indicating that the 

enzyme degradation is partially prevented under these conditions: the 

hDAAO cellular levels might be regulated by this degradative pathway too 

(Fig. 3A,B). Immunoprecipation analyses performed on U87 EYFP-hDAAO 

cells treated with MG132 revealed that the accumulated protein is labeled 

by polyubiquitin chains (Fig. 3C) and thus is likely addressed to the 
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proteasome machinery. These data suggest that cytosolic hDAAO is mainly 

targeted to the UPS for its degradation, while the peroxisomal form of the 

flavoprotein is largely degraded by the lysosomal/endosomal pathway but, 

to a lower extent, also by the ubiquitin dependent system.  

This latter assumption raises an important question: is hDAAO itself directly 

ubiquitinated or is it addressed to UPS through its interaction with pLG72? 

The second possibility is plausible since we have demonstrated that pLG72 

is a short-lived protein and thus it should speed up the degradation of 

EYFP-hDAAO. Moreover, we demonstrated that pLG72 is a mitochondrial 

protein (supposed to be exposed on the cytosolic side of the external 

membrane) (39) and, in agreement with studies indicating that 

mitochondrial outer membrane proteins are mostly ubiquitinated and 

degraded through the UPS (51), it is presumable that pLG72 degradation is 

mediated by the proteasome. This latter hypothesis is strongly supported 

by results obtained treating U87 pLG72-ECFP cells with inhibitors of the 

proteasome machinery: in this condition a strong increase (up to 8-fold) in 

the cellular amount of the protein was apparent (Fig. 5A). Furthermore, the 

treatment of cells with CHX and MG132 simultaneously restored pLG72-

ECFP level (rapidly and substantially decreased in CHX treated cells) to a 

value comparable with that observed in untreated cells (Fig. 5B). Further 

experiments aimed to elucidate the effective mechanism of pLG72-driven 

degradation of hDAAO are currently in progress.   

In conclusion, these studies clarify how the steady state cellular levels of 

hDAAO and pLG72 are regulated, a prerequisite to shed light on their role 

in D-serine metabolisms. Since alteration of the cellular concentration of 

this neuromodulator have been related with the schizophrenia, the 

definition of the mechanism of regulation of the proteins involved in its 

metabolism will promote therapeutic approaches targeting the molecular 

pathogenesis rather than the symptoms. 

 

 

Experimental Methods 

 

Expression vectors 

 

hDAAO was expressed in human glioblastoma cells by using pEYFP-

hDAAO-C3 or –N1 expression vectors. The constructs were obtained as 

reported previously (39). Briefly, the pEGFP-hDAAO vector (38) was used 

as template for subcloning hDAAO cDNA into the pEYFP-C3 (EcoRI and 
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HindIII restriction sites) mammalian expression vector (Clontech 

Laboratories). The pEYFP-hDAAO-N1 construct was instead obtained by 

the amplification of the region encoding for hDAAO was amplified using  5’- 

CTCAAGCTTGCCACCATGCGTGTGGTGGTGATTGG-3’ (introducing a 

HindIII restriction site and the Kozak consensus sequence upstream to the 

hDAAO ORF) and 5’-CGGTACCGTGAGGTGGGATGGTGGCATTCTG-3’ 

(which suppresses a stop signal and introduce a KpnI restriction site 

downstream the coding region) as primers. These vectors  express of 

hDAAO fused with EYFP downstream (EYFP-hDAAO) or upstream 

(hDAAO-EYFP) to the fluorescent protein. 

 

Cell culture and transfection 

 

All experiments were performed using the U87 human glioblastoma cell line 

(ATCC), and in particular stable clones as reported in (39), constitutively 

expressing EYFP-hDAAO or  hDAAO-EYFP or pLG72-ECFP. These cells 

were maintained in DMEM supplemented with 10% fetal bovine serum 

(FBS), 1 mM sodium pyruvate, 2 mM L-glutamine, penicillin/streptomycin 

and amphotericin B (Euroclone) at 37 °C in a 5% CO2 incubator (38). 

Indeed, U87 and U87 pLG72-ECFP cells were transiently transfected using 

the FuGENE HD transfection reagent (6 µL, Roche) and 2 µg of pEYFP-

hDAAO (-C3 and -N1). The levels of expression of the fusion proteins were 

monitored by detecting the corresponding fluorescence emission using a 

FITC filter on a fluorescence microscope (Olympus IX51). For 

immunoprecipitation experiments or Western blot analyses the cells were 

detached, counted, collected, and stored at -80 °C. To investigate hDAAO 

and pLG72 degradation pathways, U87-EYFP-hDAAO, U87 DAAO-EYFP 

or U87-pLG72-ECFP cells were treated with specific inhitors of the 

ubiquitin-proteasomal system or the endosomal/lysosomal pathway. The 

cells were grown one night in starvation condition (a culture maintained in 

DMEM supplemented with 1% fetal bovine serum) and then added with the 

proteasomal inhibitors MG132 (Z-Ley-Leu-Leu-A, 25 μM) or ALLN (N-

Acetil-L-Leucil-L-Norleucinal, 60 μM), or the lysosomal hydrolases inhibitors 

chloroquine (75 μM) or NH4Cl (10 μM). All inhibitors were purchased by 

Sigma. In order to study the stability of hDAAO and pLG72 within the cell 

and assess their rate of degradation, the same cell line were treated with 

the potent inhibitor of protein synthesis cycloheximide (100 μg/mL, Sigma). 

Control experiments were performed on U87 cells stably trasfected with 
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pECFP-C3 plasmid and thus constitutively expressing ECFP fluorescent 

protein (U87 ECFP cells). 

 

Immunoblot and immunoprecipitation 

 

For Western blot analysis both stably transfected clones and transiently 

transfected cells were resuspended in SDS-PAGE sample buffer (25 mM 

Tris-HCl, pH 6.7, 6% SDS, 10% glycerol and 25 mM DTT) to have 2500 

cells/µL and 20 µL of each sample were subjected to SDS-PAGE 

electrophoresis and Western blot analysis.  

For immunoprecipitation experiments, the cells were resuspended in lysis 

buffer (20 mM Tris-HCl pH 8, 150 mM NaCl, 0.06% NLS, 1 mM EDTA) 

supplemented with protease inhibitors (2 μM leupeptin, 1  μM pepstatin, 

500  μM phenylmethylsulfonyl fluoride) and subjected to sonication. The 

cell lysates were centrifugated at 16000 g for 30 min at 4 °C (Pre-IP). The 

total protein concentration in the supernatants was quantified by the 

Bradford assay (Sigma) based on the classical method of Lowry. 

Equivalent amount of total proteins were subjected to immunoprecipitation. 

The samples were precleared with 50 μL of Dynabeads Protein G 

(Invitrogen) for 1 hour at 4 °C with rotation. At the meantime, 10 μg of rabbit 

anti-DAAO andibody (Davids Biotecnologie) were crosslinked to 50 μL of 

Dynabeads Protein G (Invitrogen) using dimethyl pimelimidate (20 mM 

DMP dissolved in 0.2M triethanolamine pH 8.2, 30 min incubation at room 

temperature with rotation). The cross linker was subsequently removed and 

the Dynabeads were incubated with 50 mM Tris-HCl pH 7.5 for 15 min at 

room temperature with rotation and then extensively washed with PBS + 

0.1% Tween. The precleared samples were added to the Dynabeads-Ab 

complex and incubated over night at 4 °C with rotation. The supernatant 

(Post-IP) was collected through separation on the magnet. The beads were 

extensively washed with lysis buffer and resuspended in 50 μL of non-

reducing SDS-PAGE sample buffer (IP) and heat denaturated. 20 μg total 

protein of Pre-IP and Post-IP samples and 35 μL of the IP samples were 

subjected to SDS-PAGE electrophoresis (on a 8-15% polyacrylamide gel) 

and used for Western blot analysis. The polyvinylidene difluoride 

membranes (Immobilon-P, Millipore) were incubated 2 hours at room 

temperature or overnight at 4 °C in a blocking solution containing 4% dried 

milk in Tris-buffered saline (TBS: 10 mM Tris-HCl, pH 8.0, 0.5 M NaCl) to 

which 0.1% Tween-20 (TTBS) was added and then incubated for 1.5 hours 

at room temperature with the primary antibodies. Membranes were then 
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washed extensively in TTBS containing 2% dried milk and incubated 1 hour 

at room temperature with specific peroxidase-conjugated immunoglobulins. 

The immunoreactivity signals were detected by enhanced 

chemiluminescence (ECL plus, GE Healthcare). Both the primary and the 

secondary antibodies were diluted in TBS added with 0.05% Tween-20 and 

2% dried milk. Primary antibodies were at the following diluition: rabbit 

polyclonal anti-DAAO (1:5000, Davids Biotecnologie), mouse monoclonal 

anti-GFP (1:200, Santa Cruz Biotechnology ), mouse monoclonal anti-

P4D1 (1:400, Santa Cruz Biotechnology) and rabbit  anti-actin  (1:200, 

Santa Cruz Biotechnology), mouse IgM anti-FK1 (1:1000, Enzo Life 

Science).   

 

Densitometric analysis 

 

For the quantification of the different immunorecognition signals the 

Quantity One software (BioRad) which provides a densitometric estimation 

of bands intensity, was used. In cellular stability experiments and studies of 

degradation pathways following Western blot analysis of treated and control 

cells, the intensity values immunodetected by anti-GFP, anti-hDAAO or 

anti-P4D1 antibodies was normalized for the values obtained with the anti-

actin antibody. After normalization, the ratio between the signals 

corresponding to treated and control cells at the same time of incubation 

was calculated. In immunoprecipitation experiments the results of Western 

blot analysis (using anti-FK1, anti-GFP or anti-P4D1 antibodies) and 

densitometric evaluation, are expressed as the ratio between treated and 

control samples. 

 

Activity assay 

 

DAAO activity measurements on U87 EYFP-hDAAO cells treated or not 

with inhibitors of  degradation pathways were performed by the Amplex 

UltraRed kit (Invitrogen) based on the detection of H2O2 by the peroxidase 

mediated oxidation of the fluorogenic Amplex UltraRed Dye. 30,000 cells 

were suspended in 750 μL of 50 mM sodium phosphate buffer pH 7.4, 

containing 1  μM pepstatin, 2  μM leupeptin and 10  μM FAD, sonicated and 

cleared by centrifugation at 16000 g for 30 min (4 °C). Each solution was 

then diluted 1:2 in the activity assay solution containing 50 μM Amplex 

UltraRed, 0.2 units/mL horseradish peroxidase, 10 mM NaN3, 10 μM FAD, 

50 mM D-serine and incubated for 1 hour in the dark at room temperature 
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in agitation. The reaction was blocked adding 20 μL of Amplex UltraRed 

stop reagent, and fluorescence emission at 590 nm was measured. For 

each sample a control without the substrate D-serine was prepared; DAAO 

activity was expressed as the difference in fluorescence emission between 

sample and control assay mixture. Furthermore, 1 mM sodium benzoate (a 

well known DAAO inhibitor) (22, 46) was added to verify whether the 

observed fluorescence changes were effectively due to DAAO activity.  

 

Calculation and statistics                       

 

Kinetic data for the estimation of pLG72 half-life were fit to a single 

exponential decay equation by using KaleidaGraphTM (Sinergy software).  

Each experiment was replicated 3-4 times and statistical analyses were 

performed using KaleidaGraphTM (Sinergy software). Variation between 

groups was evaluated by one-way ANOVA, and post-hoc significance tests 

were performed using a Student’s t test.  
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Figure legends: 

 

Fig. 1: Analysis of pLG72 and hDAAO degradation rate. U87 cells 

stably expressing pLG72-ECFP, EYFP-hDAAO (peroxisomal) or hDAAO-

EYFP (cytosolic) proteins were treated with 100 μg/mL cycloheximide 

(CHX). A) The pLG72-ECFP signal detected using the anti-GFP antibody 

strongly decreases following CHX treatment (left panel). The quantified 

values were fit using a single exponential decay: an half life of ≈ 25 minutes 

was estimated (right panel). B-C) No significant variation in the signal 

detected by the anti-DAAO antibody in U87 EYFP-hDAAO (B) or hDAAO-

EYFP (C) CHX-treated cells was apparent up to 12 hours upon the addition 

of the inhibitor with respect to control ones. Quantification analysis 

confirmed that the levels of the expressed chimeric proteins are 

substantially unchanged during the time course of the experiment (bottom 

panels). For both EYFP-hDAAO and hDAAO-EYFP an half life of ≈ 60 

hours was estimated. Values are the average ± standard error (n=3), 

normalized to actin and expressed relatively to controls value (lane C in 

Western blot panels). 

 

Fig. 2: Effect of chloroquine treatment on U87 cells expressing EYFP-

hDAAO or hDAAO-EYFP. U87 EYFP-hDAAO and U87 hDAAO-EYFP 

cells were incubated in starvation conditions and treated with 75 μM 

chloroquine or 0.1% PBS as a control and incubated for up to 6 hours. A) 

The chimeric EYFP-hDAAO (peroxisomal) protein is largely degraded 

through the lysosome pathway. Western blot analysis using anti-DAAO 

antibody (left, top panel) and quantitative analysis (right panel) demonstrate 

that the fusion protein significantly accumulates at 3 h upon the inhibitor 

addition (~ 3-fold with respect to control cells). B) Western blot and 

quantification analyses indicate that the amount of the hDAAO-EYFP 

(cytosolic) expressed protein is decreased in treated cells with respect to 

control ones (up to ~ 2-fold) but its level does not modify up to 6 hours from  

treatment with the lysosomial inhibitor. C) Western blot analysis shows an 

increase (up to ~ 3-fold) in immunoprecipitated protein (by using anti-GFP 

antibodies, α-GFP panel) and a similar increase in the ubiquitination signal 

immunodetected using the anti-P4D1 antibody (α-P4D1 panel). On the 

contrary, no increase was apparent in the polyubiquitination signal (using 

the anti-FK1 antibodies, α-FK1 panel). Values are the average ± standard 

error (n=3), normalized to actin and expressed relatively to controls value 

(lane C in Western blot panels). 
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Fig. 3: Effect of MG132 treatment on U87 cells expressing EYFP-

hDAAO and hDAAO-EYFP. U87 EYFP-hDAAO or U87 hDAAO-EYFP 

cells were incubated in starvation conditions and treated with 25 μM 

MG132 or 0.1% DMSO as a control, and incubated for up to 6 hours. A 

(minor) fraction of EYFP-hDAAO is addressed to the proteasome 

degradation pathway. A) After 6 h from MG132 addition a significant 

accumulation of EYFP-hDAAO (~ 2-fold) is observed in U87 EYFP-hDAAO 

cells as detected by Western blot analysis (α-DAAO panel) and the 

quantification of the corresponding signal. B) The treatment with MG132 

induces a similar effect on U87 hDAAO-EYFP cells (expressing the 

cytosolic EYFP-tagged hDAAO): Western blot and quantification analyses 

reveal the same accumulation observed in U87 EYFP-hDAAO cells. C) 

Immunoprecipitation experiments further support that EYFP-hDAAO is 

partially addressed to the proteasome machinery. The immunoprecipitation 

was performed on cell lysates from treated and untreated cells as a control 

(100 µg total protein), using rabbit anti-hDAAO polyclonal antibody. An 

increase in the amount of the immunoprecipitated protein is apparent in 

treated cells with respect to control ones (~ 1.5-fold, a-GFP panel). This 

change is associated with an increase in the signal corresponding to 

polyubiquitinated (a-FK1 panel) and to generally ubiquitinated proteins (a-

P4D1 panel).  

 

Fig. 4: Effect of inhibitors treatment on the activity level of EYFP-

hDAAO. The accumulation of EYFP-hDAAO in chloroquine treated cells as 

active enzyme was confirmed by the activity values on the different cell 

lysates using the Amplex UltraRed reagent. No change in DAAO activity 

was instead measured in MG132-treated cells compared to control ones. 

The activity values are reported as relative activity of treated cells with 

respect to mean activity value of the corresponding control, and as mean ± 

st. dev. (n=5, *p<0.015). 

 

Fig. 5: Effect of inhibitors treatment on pLG72 cellular levels. U87 

pLG72-ECFP cells were incubated in starvation conditions and treated with 

different inhibitors, as detailed previously. The quantification of pLG72-

ECFP immunorecognition signals indicates that the ECFP-tagged protein is 

mainly degraded through the UPS. A) The amount of pLG72-ECFP 

detected by anti-GFP antibody strongly increases following MG132 

treatment (up to 9-fold at 6 hours from the addition of the inhibitor). B) 
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Treatment of U87 pLG72-ECFP cells with CHX and MG132 simultaneously 

substantiates the key role of the UPS in the degradation of the chimeric 

protein. The addition of the proteasome inhibitor to CHX-treated cells 

maintained the cellular level of the expressed pLG72-ECFP at the steady 

state level whereas the addition of CHX alone yields to a fast degradation 

of the chimeric protein. C) Chloroquine affects the cellular level of pLG72-

ECFP. The signal detected by the anti-GFP antibody at 1 hour from the 

addition of the inhibitor is halved with respect to that immunodetected in 

control ones. The cellular level of the protein then remains stable until the 

end of the treatment. Values are the average ± standard error (n=3), 

normalized to actin and expressed relative to controls value (lane C in 

Western blot panels). 

 



Paper in preparation                                                                     RESULTS 

 

73 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Paper in preparation                                                                     RESULTS 

 

74 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Paper in preparation                                                                     RESULTS 

 

75 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Paper in preparation                                                                     RESULTS 

 

76 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



 DISCUSSION 

 

77 
 

Synapses are the sites of neurons-glia intense cross-talk: glial cells sense 

and integrate the levels of synaptic activity responding to their excitation 

state by the release of several signaling molecules. Among them, worthy of 

note is D-serine, a D-amino acid present at high concentration in 

mammalian brain where it acts as an endogenous coagonist of NMDA 

receptors (42). A relationship between D-serine signaling deregulation, 

NMDAR dysfunction and neuropsychiatric diseases is widely assumed (34, 

35). In particular, hypoactivation of NMDAR is related to the onset of 

schizophrenia (43), a severe debilitating disorder that affects ~ 1% of the 

population worldwide (138).  

In neurons and glial cells D-serine concentration is regulated by the PLP-

dependent enzyme serine racemase (SR) and the FAD-containing 

flavoenzyme D-amino acid oxidase (DAAO). SR is responsible for both the 

synthesis of the D-amino acid (through the isomerization from the L-isomer) 

and its elimination (through an a-elimination reaction) (60), while DAAO 

catalyzes the oxidative deamination of the neuromodulator (56, 77). 

Genetic studies have identified several risk genes for schizophrenia 

influencing NMDAR activity (139, 146), including those encoding the 

enzymes involved in D-serine metabolism. This yields to the hypothesis 

that an imbalance between D-serine production and degradation 

determined by alterations in the expression level and/or activity of SR and 

DAAO could be responsible for an abnormal decrease of its availability in 

the proximity of synapses, thus entailing NMDAR dysfunction and 

consequently to the onset of the disease. 

Notably, while there are still weak evidences that SR might be a risk gene 

and that alteration in its expression levels occurs in affected individuals, 

consistent data from genetic and biochemical studies indicate an 

involvement of DAAO in schizophrenia susceptibility. In 2002, Chumakov 

and collaborators reported that pLG72, a small protein encoded by the 

newly identified human gene G72 linked to schizophrenia through a single 

nucleotide polymorphism (SNPs) analysis, interacts with DAAO and 

modulates its activity (117). Afterwards, DAAO itself was associated with 

schizophrenia in a number of studies, see (43) for a review. 

Our laboratory recently, confirmed in vitro the specific interaction of human 

DAAO (hDAAO) and pLG72 recombinant proteins. We demonstrated that 

pLG72 affects the flavoenzyme activity: the main effect of hDAAO-pLG72 

complex formation is a time-dependent inactivation of the flavoenzyme 

resulting from the modification of its tertiary structure (107). This 

observation prompted our group to propose a model to explain the 
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relationship between hDAAO-pLG72-D-serine and schizophrenia 

susceptibility: an anomalous hypoexpression of pLG72 yields to an 

increase of hDAAO activity, then to a decrease of D-serine released at the 

synapse and finally to the hypoactivation of NMDAr (107). 

 

This PhD project was focused on the analysis of the interaction between 

hDAAO and pLG72 in a model cell line system represented by U87 human 

glioblastoma cells and on the study of the mechanisms that control the 

cellular steady state level of the two  proteins, in order to shed light on the 

regulation of D-serine levels (and NMDAR activity) in the brain. 

In a critical review focused on the neurobiology of hDAAO, Verral and 

collaborators emphasized that “the subcellular distribution of hDAAO is 

relevant to the question of how it 'sees' its substrates. For hDAAO located 

outside of the peroxisomes, accessibility of hDAAO to its substrates would 

likely not be an issue” (91). Moreover, D-serine regulation mechanism 

relying on hDAAO-pLG72 interaction does not match with the subcellular 

localization proposed for hDAAO (peroxisomes) and pLG72 (mitochondria). 

Here we provide convergent line of evidences solving this apparent 

discrepancy: we  demonstrated that the newly synthesized hDAAO is 

transitorily present in the cytosol before being delivered to the peroxisomes, 

and that it colocalizes and interacts with pLG72, which we propose to be 

expressed on the cytosolic side of the external membrane of mitochondria. 

We suggest that the hDAAO-pLG72 complex formation is transitory and 

dependent on specific spatiotemporal stimuli are to be elucidated.  

We also demonstrated, for the first time to our best knowledge, that 

cytosolic hDAAO is active and that its specific activity resembles that of the 

peroxisomal form of the enzyme. The activity of hDAAO in the cytosol has 

relevant implications since, in this way, hDAAO could directly impact on D-

serine cellular concentration; the concomitant formation of H2O2 in the 

reaction catalyzed by hDAAO on D-serine could be deleterious and 

responsible for the induction of cytotoxicity and oxidative stress within the 

cell. Our results also indicated that pLG72 binding to cytosolic hDAAO 

negatively affects its half-life by boosting the enzyme degradation. We thus 

support our previous hypothesis that pLG72 binding plays a protective role 

against hDAAO-induced depletion of D-serine and in case of cellular 

oxidative stess.  

Another interesting issue is the comprehension of how the proteins involved 

in D-serine metabolism are regulated at cellular level. Recently, Dumin and 

collaborators reported that SR is degraded by the ubiquitin proteasome 
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system (UPS) (63); however nothing in known about the mechanisms 

responsible for the regulation of the cellular level of DAAO.  

We demonstrated that pLG72 is a short-lived protein degraded by the UPS 

whereas hDAAO has a long half-life and its degradation takes place largely 

in the lysosomes. However, the hDAAO cellular levels are partially 

regulated also by the proteasome through the binding of polyubiquitin 

chains to the flavoprotein. This latter observation raises the important 

question whether hDAAO is directly ubiquitinated or if it is addressed to the 

UPS through its interaction with pLG72. The second possibility is plausible 

since we demonstrated that pLG72 is a short-live protein degraded by the 

UPS and that it is able to speed up the degradation of hDAAO. One 

possible explanation is that pLG72 could interact with a still unidentified 

ubiquitin ligase (a class of proteins that promote the transfer of activated 

ubiquitin to proteins) (149). Further investigations are needed in order to 

investigate if pLG72 plays a role in targeting hDAAO to proteasome; in this 

way the pLG72-hDAAO interaction would be crucial for both the modulation 

of the flavoenzyme activity and regulation of its steady state cellular levels. 

Therefore, pLG72 could play an additional role in the regulation of hDAAO 

and thereby in D-serine cellular concentration. In order to answer to this 

important question, immunoprecipitations experiments on U87 EYFP-

hDAAO cells, transiently transfected with pLG72-ECFP and treated with 

proteasomal inhibitors will be performed in order to verify if the presence of 

pLG72 leads to an alteration in the steady state and/or the 

polyubiquitinaton levels of hDAAO. 

It has been suggested that the ubiquitin system is implicated in the protein 

turnover at synaptic site, but the mechanisms regulating synaptic proteins 

by degradation only started to be unveiled recently (150). Popiolek and 

collaborators have suggested a novel localization of hDAAO in the 

presynaptic active zone, where the authors had identified 24 putative 

hDAAO-interacting proteins (from rat cerebellum). The most robust 

interaction occurred with Basson (BSN, a known component of the 

prsynaptic active zone) leading to a significant inhibition of hDAAO 

enzymatic activity (124). 

 

Given the fundamental and unquestioned role of hDAAO in D-serine 

metabolism, its enzyme activity is likely to be finely tuned. The analysis of 

hDAAO interactome, as well as the investigation of the mechanisms 

regulating the enzyme functionality might provide key information for  

understanding the molecular mechanisms responsible for the  regulation of 
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the expression and the acquisition of the enzyme's catalytic activity. On this 

regard, preliminary data obtained by our team through mass spectrometric 

analysis carried out on immunoprecipitated samples from U87 cMyc-

hDAAO expressing cells, identified 48 new putative hDAAO interactors. 

Moreover, the identification of post-translational forms of hDAAO and the 

definition of how these modifications might affect the enzyme functionality 

are also important findings that have to be analyzed in order to understand 

how they could eventually impact on D-serine cellular concentration. 

Interestingly, Shoji and collaborators proposed that in U87 cells 

nitrosylation regulates the activity of both SR and hDAAO: they proposed 

that NO inhibits SR but enhances DAAO activity (80), thus tightly controlling 

the D-serine cellular levels in glia. However, the molecular effect of 

nitrosylation on the structural and functional properties of the flavoenzyme 

is still unknown. Finally, it will be of interest to understand if there are 

differences in the hDAAO-nitrosylation mechanisms as well as the effect of 

this post-translational modification on the flavoenzyme's activity in various 

brain areas. 

 

In conclusion, the definition of the mechanisms that regulate the levels of 

D-serine within the cell by acting on the catabolic enzyme hDAAO (and on 

its interacting partner) might allow the identification of new molecular 

targets for the treatment of pathologies in which the NMDAR mediated 

neurotransmission is likely to be affected by D-serine level, such in 

schizophrenia. In fact, current treatments for this psychiatric disease is only 

symptomatic and novel approaches are urgently needed. Inhibitors of 

hDAAO have recently begun to emerge as potential drugs: they were 

proposed to be a safer alternative to D-serine addition to antipsycothic 

treatments, as hDAAO catabolism of high doses of D-serine has been 

shown to produce metabolites with a cytotoxic effect (151).   
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