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In the human brain, pLG72 interacts with the flavoenzyme D-amino acid oxi-

dase (hDAAO), which is involved in catabolism of D-serine, a co-agonist of

N-methyl-D-aspartate receptors (NMDAR). Here, we investigated the wild-

type pLG72, the R30K variant associated with schizophrenia susceptibility,

and the K62E variant. The protein conformation, oligomeric state, ligand-,

and hDAAO-binding properties are only slightly modified by the substitu-

tions. All pLG72 variants inhibit hDAAO and lead to an increase in cellular

(D/D+L)-serine. However, the R30K pLG72 is significantly more prone to

degradation than the R30 and the K62E variants in a cell system, thus pos-

sessing a lower ability to interact/inhibit hDAAO. This links R30K pLG72

with the hyperactivity of hDAAO, the decreased D-serine level, and NMDAR

hypofunction observed in schizophrenia-affected patients.
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The G72 gene is located in a 5-Mb region on the long

arm of chromosome 13, giving strong evidence for link-

age with several neuropsychiatric disorders, including

bipolar affective disorder and schizophrenia [1]. The

G72 gene, encoding a small protein (153 amino acids)

named pLG72 or D-amino acid oxidase activator

(DAOA), is of utmost interest as it is present only in

primates; no other homologs have been identified in

the databases, and putative functions were not inferred

from sequence analysis of the putative ORFs [1,2]. Pre-

vious functional data have indicated that pLG72 specif-

ically interacts in the human brain with the

flavoenzyme D-amino acid oxidase (hDAAO, EC 1.4.3.

3)—encoded by what has been termed a ‘master gene’

for schizophrenia susceptibility [3]—modulating both

activity and half-life of this oxidase [4–7]. The main

role of hDAAO in the brain is modulation of D-serine

levels by catalyzing its oxidative deamination [8,9].

D-serine is an endogenous modulator of the glutamate

receptors of the N-methyl-D-aspartate subtype

(NMDAR) [10]: D-serine signaling plays a key role in

developing brain wiring and regulating higher brain

functions [11]. Alterations in D-serine-dependent

NMDAR activation have been reported in various neu-

rological diseases: excessive production/release of D-ser-

ine is implicated in acute and chronic degenerative

disorders, while low D-serine levels have been detected

in patients affected by schizophrenia or bipolar disor-

ders [12–16]. Based on biochemical evidence, we pro-

posed that a decrease in the endogenous levels of

pLG72 might increase hDAAO activity, producing an

excessive depletion of D-serine and thus NMDAR
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hypofunction, which predisposes these individuals to

schizophrenia [1,5,9]. It is remarkable that pLG72 was

proposed to be a mitochondrial protein [17] located on

the cytosolic surface of the external membrane [6],

where it might interact with newly synthesized hDAAO

(before its final targeting to peroxisomes) and modulate

the morphology of the mitochondrial network, indi-

rectly affecting function of this organelle [17].

pLG72 is a small protein largely constituted by

a-helices and encompassing disordered regions. It is

present in solution as a 37-kDa homodimer and inter-

acts with large, hydrophobic compounds and hDAAO.

The latter interaction forms a � 200-kDa complex with

a Kd in the micromolar range, and yields a time-depen-

dent loss of hDAAO activity [5,18–20]. By using low-

resolution techniques, we recently proposed a three-

dimensional model of pLG72 as well as the mode of

interaction with hDAAO [20]. Notably, in cross-linking

experiments, we identified a covalent bond between

Thr182 in hDAAO and Lys62 in pLG72.

In order to delve into the structure–function rela-

tionships of this human protein and to shed light on

its contribution to pathological conditions, we investi-

gated the effect of two point mutations reported in the

dbSNP NCBI database. The pLG72 protein contain-

ing an arginine at position 30 corresponds to the wild-

type sequence. Despite this, when the literature refers

to pLG72, the SNP rs2391191 (M15), which is related

to schizophrenia susceptibility as reported earlier [4], is

usually meant, i.e., the substitution of arginine 30 with

a lysine (R30K), which has been related to decreased

thickness of brain cortex in patients with schizophrenia

[21] and with poor episodic memory function [22].

Here, the wild-type protein (pLG72 R30) was studied

to clarify the properties altered by the pathological

R30K substitution. The K62E pLG72 variant was also

investigated, as this substitution is encoded by the

rs9558562 SNP (not directly associated with a specific

pathology) and involves a position corresponding to

the residue cross-linked to hDAAO [20].

Materials and methods

Preparation of pLG72 variants

The gene encoding the R30 pLG72 variant was produced

by mutagenic PCR (QuikChange II XL Site-Directed

Mutagenesis kit; Agilent Technologies, Santa Clara, CA,

USA) using as template the pET11a vector (Novagen,

Madison, WI, USA) containing the G72 R30K gene [18].

The ensuing plasmid was the template to generate the gene

encoding the K62E pLG72 variant. The sequence of the

amplification products was confirmed by DNA sequencing.

For protein expression, the different constructs were used

to transform BL21-Codon plus�(DE3)-RIL (Stratagene,

San Diego, CA, USA) Escherichia coli cells. Cells growth

and protein expression were as stated in Ref. [18].

pLG72 variant proteins were isolated from insoluble

inclusion bodies obtained following cell lysis by sonication

and centrifugation, as reported in Ref. [18]. Proteins were

prepared in 20 mM Tris/HCl, pH 8.5, 100 mM NaCl, 5%

(v/v) glycerol, and 5 mM 2-mercaptoethanol.

Structural and spectral analyses

The oligomeric state of pLG72 variants was studied by size-

exclusion chromatography on a Superdex 200 10/30 column

(GE Healthcare, Uppsala, Sweden) equilibrated in 20 mM

Tris/HCl, pH 8.5, 100 mM NaCl, 0.1% (w/v) N-lauroylsar-

cosine (NLS), and 5 mM dithiothreitol. The interaction of

pLG72 variants with hDAAO was investigated by the same

procedure using 25 nmol of hDAAO, different amounts of

pLG72 variants (12.5, 25, 50, and 75 nmol) and the follow-

ing elution buffer: 20 mM Tris/HCl, pH 8.5, 150 mM NaCl,

5% (v/v) glycerol, 40 lM flavin adenine dinucleotide (FAD),

5 mM 2-mercaptoethanol, and 0.06% (w/v) NLS [5]. The

presence of the two proteins in the eluted peaks was evalu-

ated by western blot analysis by using anti-hDAAO and

anti-pLG72 antibodies [5]. Recombinant hDAAO was pro-

duced as stated in Ref. [23]; hDAAO activity was assayed

by the oxygen consumption assay [5,24].

Real-time binding assays were performed on a Biacore

3000 Surface Plasmon Resonance (SPR) instrument (GE

Healthcare) as stated in Ref. [20]. Recombinant hDAAO

(20 lg�mL�1) was immobilized on a CM5 Biacore sensor

chip by using EDC/NHS chemistry. Binding assays were

carried out by injecting 60 lL of different concentrations

of pLG72 variants at 20 lL�min�1, using 10 mM Hepes,

pH 7.5, 0.1 M NaCl, 3 mM EDTA, and 0.005% (v/v) P20

detergent as running buffer. The values for the SPR

response at equilibrium (RUmax value) vs. the ligand con-

centration were fit based on the one-site binding equation.

UV-Visible absorbance spectra were recorded with a

Jasco V-560 spectrophotometer (Jasco Europe, Cremello,

Italy). Protein fluorescence and ligand-binding experiments

were carried out using a Jasco FP-750 spectrofluorimeter at

0.25 or 0.5 mg�mL�1 protein concentration in 20 mM Tris/

HCl, pH 8.5, 100 mM NaCl, 5% (v/v) glycerol, 0.06%

(w/v) NLS, and 5 mM 2-mercaptoethanol as reported in

Ref. [25]. During titration experiments, spectra were cor-

rected for contribution of the ligand. In this regard, CPZ

and FAD show a strong absorbance at ~ 260 nm and thus

could result in quenching of fluorescence intensity: similar

dissociation constant values for these compounds were pre-

viously obtained both by fluorescence changes and SPR

analyses [5]. 8-anilinonaphtalene-1-sulfonate (ANS) fluores-

cence emission spectra were recorded in the 400- to 600-nm

range (excitation at 370 nm) [26].
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Circular dichroism (CD) spectra were recorded on a

J-810 Jasco spectropolarimeter. Protein samples were used

at 0.1 mg�mL�1 in 20 mM Tris/HCl, pH 8.5, 100 mM NaCl,

5% (v/v) glycerol or at 0.4 mg�mL�1 in 20 mM Tris/HCl,

pH 8.5, 0.1 M NaCl, and 5% (v/v) glycerol for far-UV and

near-UV CD measurements, respectively. All measurements

were performed at 15 °C [18,25].

Temperature ramp experiments, in the 20–100 °C range,

were carried out following the change on CD signals at 210

and 265 nm using a Peltier thermostatic system (tempera-

ture ramp of 0.5 °C�min�1).

GTP/ATPase assay

pLG72 (10, 25, or 50 lg) was incubated in 500 lL of

10 mM HEPES, 0.5 mM MgCl2, 20 mM KCl, 0.5 mM

dithiothreitol, and 1 mM GTP or ATP at 37 °C for 1 h;

10% (w/v) SDS was then added to stop the reaction. An

equal volume of a solution containing 1% (w/v) ammo-

nium molybdate, 6% (w/v) ascorbic acid, 2% (w/v) sodium

citrate, and 2% (v/v) acetic acid was added to the assay

mixture, followed by incubation at 45 °C for 25 min. The

release of inorganic phosphate was quantified by measuring

absorbance at 660 nm [27–29]. ATPase/GTPase activity is

reported as amount of released phosphate.

Docking analysis

Molecular docking studies were performed by employing

AUTODOCK VINA, a package based on an iterated local search

global algorithm [30]. The structure of the ligand GTP and

the structure of a pLG72 model [20] produced by I-Tasser

were used for docking simulations. Docking results were

analyzed using PYMOL software (www.pymol.org).

Cell studies

U87 human glioblastoma cells (ATCC, LCG Standards,

Teddington, UK) were maintained in Dulbecco’s modified

Eagle’s medium supplemented with 10% (v/v) fetal bovine

serum, 1 mM sodium pyruvate, 2 mM L-glutamine, penicillin/

streptomycin, and amphotericin B (Euroclone, Milano,

Italy) at 37 °C in a 5% CO2 incubator as reported in Refs.

[5,6]. Cells were transfected using the FuGENE HD transfec-

tion reagent (Promega, Milan, Italy) and 2 lg of pCDNA3-

pLG72 constructs encoding the different protein variants.

The transfected cells were used to select stable clones by

adding 0.4 mg�mL�1 G418. Protein expression levels were

monitored by western blot analysis using anti-pLG72 and

anti-actin antibodies (Sigma-Aldrich, St. Louis, MO, USA).

The immunoreactivity signals were detected by enhanced

chemiluminescence (ECL Plus; GE Healthcare) and the

Odyssey Quantitative Imaging system (LI-COR, Lincoln,

NE, USA). The intensity of anti-pLG72 signals were normal-

ized to the values obtained with anti-actin antibody.

The stability of pLG72 variants at the cellular level was

investigated using the different U87 pCDNA3 pLG72

clones treated with 100 lg�mL�1 cycloheximide (CHX;

Sigma-Aldrich). At different time points, cells were har-

vested for western blot analysis [6,7].

Cellular D- and L-serine levels were determined employ-

ing 2.5 9 105 U87 cells expressing the different pLG72

variants and HPLC chromatography using a 5-lm Waters

C8 reversed-phase column (Waters Corp., Milford, CT,

USA) [5,7,31]. The analyses were replicated at least three

times for each sample. Variation between groups was evalu-

ated by one-way ANOVA, and post hoc significance tests

were performed using a Student’s t-test (significance was

assessed at P < 0.05).

Results

R30K and K62E substitutions do not alter the

structural/conformational properties of pLG72

The R30 (wild-type) and K62E pLG72 proteins were

expressed in E. coli cells and purified using the condi-

tion previously established for the R30K variant [18]:

an overall production of 250 mg of purified protein�L�1

fermentation broth was obtained for both variants (vs.

a figure of 150 mg�L�1 for the R30K pLG72).

The size-exclusion chromatography elution profile at

0.1% (w/v) NLS of the R30K and K62E pLG72 vari-

ants resembled that of the wild-type (R30) protein, i.e.,

all pLG72 variants eluted in a main peak at � 14.5 mL.

Light-scattering analysis of the eluted peak demon-

strated that all pLG72 variants were dimeric: estimated

molecular mass � 35 kDa (data not shown).

Analysis of the spectral properties revealed that both

point substitutions altered to a limited extent the

pLG72 protein conformation as compared to the wild-

type counterpart. Tryptophan fluorescence showed an

emission maximum at 339 nm for all pLG72 variants:

the emission intensity was slightly lower for the R30K

pLG72 than for the wild-type (R30) and K62E vari-

ants (the latter showing the comparatively higher

intensity, Fig. 1A). Analogously, both the near- and

the far-UV CD spectra showed overlapping signals for

all pLG72 variants (Fig. 1C).

For all protein variants, binding of the fluorescent

compound ANS increased the fluorescence of this

hydrophobic probe remarkably, accompanied by a red

shift in its emission fluorescence maximum (from 467

to 475 nm). The ANS fluorescence intensity at (the

same) saturating probe concentration was slightly

higher in K62E pLG72 than in R30 and R30K proteins

(Fig. 1B). The Kd value determined for the binding of

ANS was slightly higher in the R30K and K62E
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variants than in the R30 pLG72; likewise, the calcu-

lated DEmax/Kd ratio was also decreased (Table 1).

These results indicate that the two pLG72 variants

expose similar amounts of hydrophobic surfaces with

a comparatively larger accessibility for the wild-type

protein.

Temperature-induced unfolding of pLG72

variants

The temperature sensitivity of pLG72 structural deter-

minants was evaluated in temperature ramp experi-

ments by following the near-UV CD signal and the

protein fluorescence intensity at 340 nm. Monitoring

the CD signal at 265 nm, the tertiary structure of all

the protein variants was substantially modified upon

shifting from the native to the unfolded state. The

highest transition temperature was determined for

R30K pLG72 (~ 3 °C higher, Table 1). Analogously,

following the protein fluorescence signal at 340 nm,

the melting temperature for the R30K variant was

~ 8 °C higher than for R30 pLG72. Intermediate Tm

values were apparent for the K62E variant. Notably,

the melting temperature values indicate that the

change in protein fluorescence comes before that of

the near-UV signal.

R30K and K62E substitutions do not alter ligand

binding to pLG72

R30K pLG72 was previously reported to bind large,

hydrophobic molecules such as the drug

Fig. 1. Analysis of spectral properties

related to the protein conformation of

different pLG72 variants. (A) Protein

fluorescence spectra (excitation at

280 nm), recorded at 0.75 mg�mL�1

protein concentration. (B) ANS

fluorescence following the addition of 0.3–

0.6 mM (saturating concentration) ANS to

0.25 mg�mL�1 pLG72 variants. (C) Far-UV

CD spectra recorded at 0.1 mg�mL�1

protein concentration (left) and near-UV

CD spectra recorded at 0.4 mg�mL�1

protein concentration (right). All the

spectra were recorded at 15 °C. (——):

R30 pLG72; (���): R30K pLG72; (– –): K62E

pLG72.

Table 1. Comparison of binding of the hydrophobic probe ANS to three pLG72 variants and of the melting temperatures related to loss of

tertiary structure. Values are reported as mean � SD (n = 3). a.u., arbitrary units (relative intensity).

pLG72 variants

R30 (wild-type) R30K K62E

ANS titration DEmax (a.u.) Kd (lM) DEmax/Kd DEmax (a.u.) Kd (lM) DEmax/Kd DEmax (a.u.) Kd (lM) DEmax/Kd

273 51.3 � 2.1 5.32 274 73.2 � 15.3 3.74 335 93.5 � 8.3 3.58

Melting temperature (°C)

Thermal unfolding

Near-UV CD

(265 nm)

59.5 � 2.7 61.4 � 1.7 60.5 � 1.6

Protein

fluorescence

(340 nm)

48.3 � 4.8 56.5 � 8.6 53.2 � 3.7
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chlorpromazine (CPZ) and the cofactors FAD and

FMN [5]. CPZ binding to the R30 and K62E variants

of pLG72 was investigated by following the changes in

protein fluorescence at increasing concentrations of

this compound (results for R30 shown in Fig. 2A). A

similar CPZ binding affinity was observed for all the

pLG72 variants (Table 2). By the same experimental

procedure, binding of FAD and FMN to the different

pLG72 variants was also investigated, again showing

quite similar Kd values (Table 2). Notably, the overall

protein conformation of all pLG72 variants (as evalu-

ated by recording far- or near-UV spectra) was not

altered by the presence of a hydrophobic ligand such as

FAD (40 lM) or by 0.5 mM Mg2+ (data not shown).

To shed light on the ability of pLG72 to bind

nucleotides, the binding of GTPcS, a nonhydrolyzable

form of nucleotide triphosphate, to the different

pLG72 variants was studied (Fig. 2B). The Kd value

estimated for the R30K pLG72 is 1.5-fold lower than

for the R30 and K62E variants (Table 2). Indeed,

pLG72 variants also bind GDP but with a 4- to 10-

fold lower affinity compared to GTPcS.
Interestingly, docking analysis performed by means

of AUTODOCK VINA software on a three-dimensional

model of the pLG72 structure [20] shows a close prox-

imity of the R30 side chain with the triphosphate moi-

ety of the nucleotide (Fig. 2C). The ability of pLG72

to hydrolyze GTP was assessed by assaying the

amount of phosphate released from 1 mM GTP after

60 min of incubation at 37 °C [27–29]. For all vari-

ants, the absorbance intensity at 660 nm could not be

distinguished from the control performed in the

absence of pLG72. Similarly, no ATPase activity was

detected under identical conditions.

R30K and K62E substitutions alter to a limited

extent the binding of pLG72 to hDAAO

The size-exclusion chromatography profile of all

pLG72 variants at 0.06% (w/v) NLS (a detergent con-

centration that preserves full solubility of pLG72) [5]

showed a main peak at ~ 14.7 mL and a second one in

the dead volume (whose intensity corresponds to 25–
30% of the principal peak). As previously observed for

the R30K protein [18], the titration of a fixed amount

of hDAAO (elution volume of 14.2 mL) with

increasing amounts of wild-type (R30) or K62E pLG72

variants resulted in the formation of a ~ 200 kDa

complex at 12.8 mL that is assumed to contain

two hDAAO dimers and one pLG72 dimer

(2 9 80 kDa + 2 9 18 kDa) (Fig. 3A–C). A satura-

tion of the 200-kDa peak area was observed at 1 : 2

hDAAO : pLG72 molar ratio for R30K and K62E

variants and at a larger hDAAO molar ratio for the

R30 pLG72. The interaction between hDAAO and

pLG72 was also investigated by SPR technology. From

the response at increasing pLG72 concentration a

stronger interaction was determined for the R30K vari-

ant (Kd = 2.2 � 0.5 lM): a slightly weaker interaction

was apparent for both the R30 and K62E pLG72 pro-

teins, but the decrease was not statistically significant

(Table 2).

Fig. 2. Binding of ligands to pLG72

variants. (A) Increasing amounts of CPZ

(0–45 lM) were added to a fixed amount

of R30 pLG72 (0.8 lM) and the changes in

protein fluorescence were recorded. (B)

Titration of R30 pLG72 with increasing

amounts of GTPcS (0–1.5 mM). Insets

show the change in fluorescence intensity

at 340 nm vs. ligand concentration. All

measurements were carried out in 20 mM

Tris/HCl, pH 8.5, 100 mM NaCl, 5% (v/v)

glycerol, 0.06% (w/v) NLS, and 5 mM 2-

mercaptoethanol, at 15 °C. (C) Proposed

complex between GTP and pLG72 model

[20] corresponding to the R30 (left) and

R30K variant (right). Residues interacting

with GTP are shown as sticks; the residue

at position 30 is highlighted.
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A main effect of R30K pLG72 binding on hDAAO

function is a time-dependent inactivation of the

flavoenzyme [5]. As shown in Fig. 4A, the R30 pLG72

was the less-effective variant in inhibiting hDAAO

after 30 min of incubation. In particular, at 1 : 2

hDAAO : pLG72 molar ratio, residual activity was

15% and < 10% with the R30K and K62E variants

vs. 50% for the R30 pLG72. Indeed, the time course

of hDAAO inactivation slightly differed for the vari-

ous pLG72 variants at different molar ratios (Fig. 4B–
D): the R30K variant showed the fastest and most ele-

vated inactivation at 1 : 0.5 molar ratio, while at

higher ratios, the K62E pLG72 induced the fastest

inactivation. Altogether, at hDAAO : pLG72 ratios

> 1 : 4 and after 120 min of incubation, all pLG72

variants fully inactivated the flavoenzyme.

Cellular studies: D-serine concentration and

pLG72 half-life

U87 glioblastoma cells stably transfected for R30K

pLG72 and/or hDAAO fused to ECFP and EYFP,

respectively, were previously used to investigate the

effect of their expression levels on the cellular

D-serine concentration [5,6,31]. Now, U87 cell clones

stably transfected for R30, R30K, or K62E untagged

pLG72 variants were selected based on the level of

expression (i.e., the chosen clones possessed compara-

ble levels by western blot analysis, not shown). In all

cases, the relative level of cellular D-serine (expressed

as D-/(D+L)-serine ratio) moderately increases as com-

pared to cells transfected with the empty pcDNA3

plasmid (Table 3), indicating inhibition of endogenous

hDAAO by overexpressed pLG72 variants. The mod-

est increase in D-serine level as compared to control

is due to the very low level of DAAO expression in

this cell system [6,32]. Notably, the observed increase

was stronger for the clones expressing the R30K and

K62E pLG72 variants than the wild-type (R30) pro-

tein; in all cases, the change was not statistically sig-

nificant (P > 0.05).

We investigated the half-lives of pLG72 variants in

U87 glioblastoma cells stably expressing the human

protein following cycloheximide treatment. Previous

studies revealed that pLG72-ECFP is rapidly degraded

Table 2. Binding of different ligands to three pLG72 variants.

pLG72 variants

R30 (wild-type) R30K K62E

Kd,CPZ (lM) 1.69 � 0.09 1.56 � 0.20 1.28 � 0.03

Kd,FAD (lM) 54.2 � 9.3 50.7 � 3.5 84.4 � 3.2

Kd,FMN (lM) 68.9 � 1.9 36.4 � 3.2 50.5 � 4.5

Kd,GTPcS (lM) 72.5 � 14.9 40.0 � 8.2 64.6 � 14.8

Kd,GDP (lM) 287 � 22 546 � 82 690 � 55

Kd,hDAAO (lM)a 3.30 � 1.00 2.15 � 0.45 3.40 � 1.07

Binding was determined following changes in protein fluorescence.

The Kd values are the average of three independent experiments

(mean � SD).
aDetermined from SPR analysis.

Fig. 3. Analysis by size-exclusion chromatography of pLG72

variants binding to hDAAO. (A–C) Elution profiles of mixtures

containing 25 nmol of hDAAO (peak at 14.2 mL) and different

amounts of pLG72 variants (from 12.5 to 75 nmol, gray curves;

peak at ~ 14.7 mL): panel (A) R30 pLG72; panel (B) R30K pLG72;

panel (C) K62E pLG72. The 200-kDa hDAAO : pLG72 complex

shows an elution volume of 12.8 mL. Analyses were performed in

20 mM Tris/HCl, pH 8.5, 150 mM NaCl, 5% (v/v) glycerol, 40 lM

FAD, 5 mM 2-mercaptoethanol, and 0.06% (w/v) NLS. Protein

mixtures were incubated for 10 min at 4 °C and centrifuged before

injection. Dotted curves: 25 nmoles hDAAO; dashed curves:

25 nmoles pLG72 variants. Insets: effect of hDAAO : pLG72 ratio

on the area of the peak corresponding to the protein complex.
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in CHX-treated U87 cells (within 1 h) [6] and a half-

life of ~ 40 min was estimated [7]. As shown in Fig. 5,

the untagged R30K pLG72 shows a significantly faster

turnover than the R30 and the K62E variants

(13.6 � 3.1, 23.9 � 3.4, and 21.0 � 0.9 min, respec-

tively).

Fig. 4. Effect of pLG72 binding on hDAAO

activity. (A) Residual activity of hDAAO

(1.3 nmol) 30 min after adding increasing

amounts of pLG72 variants (0.65, 1.3, 2.6,

and 5.2 nmol) at 25 °C. Results for R30,

R30K, and K62E pLG72 are represented by

gray, light gray, and black bars, respectively.

(B–D) Time course of hDAAO inactivation

(4.55 nmol) when increasing amounts of

pLG72 variant are added (B: 2.275; C: 4.55;

D: 9.1 nmol) at 25 °C. Results are shown

for hDAAO alone (○), and with addition of

the variants R30 (●), R30K (■), or K62E

pLG72 (▲). The enzymatic activity was

assayed by the oxygen consumption

method with 100 mM D-serine, and

withdrawing aliquots of the incubation

mixtures at different times. The activity of

hDAAO alone at the beginning of the

incubation was fixed as 100%. Experimental

values are reported as mean � SD (n = 3).

Table 3. Effect of stable overexpression of three different pLG72 variants on cellular D-serine level in human glioblastoma U87 cells.

Control
pLG72 variants

Empty vector R30 (wild-type) R30K K62E

D-/(D+L)-serine 9 100 (%) 2.81 � 0.63 3.09 � 1.06 3.52 � 1.07 3.68 � 0.97

The values are the average of three independent experiments (mean � SD). In all cases, the change was not statistically significant

(P > 0.05).

Fig. 5. Analysis of pLG72 degradation rate. U87 cells stably expressing pCDNA3-pLG72 R30, -pLG72 R30K, or -pLG72 K62E were treated

with 100 lg�mL�1 CHX (or 0.1% DMSO as control). Cells were harvested at the times shown and the proteins were separated by SDS/

PAGE and immunoblotted. (A) Western blot analysis using an anti-pLG72 antibody reveals that the pLG72 signal strongly and quickly

decreases following CHX treatment. (B) The values from the densitometric analysis were fitted using a single exponential decay: control (no

CHX addition, ○); pLG72 R30 (●); R30K (■); K62E (▲). Values are the mean � SD (n = 3), normalized to actin and expressed relative to the

untreated control.

652 FEBS Letters 591 (2017) 646–655 ª 2017 Federation of European Biochemical Societies

pLG72 structure-function relationships S. Sacchi et al.



Discussion

In the last few years, a number of candidate genes

have been proposed that may be responsible for

increased susceptibility to schizophrenia. Now it seems

that schizophrenia is influenced by genetic variation of

hundreds of different loci [33]. With the discovery of

the correlation between G72 and DAAO genes and

schizophrenia, a biochemical system was identified that

might be responsible for symptoms of a psychiatric

disorder by affecting NMDAR function [1,4,5]. In

order to demonstrate a link between the pLG72-

hDAAO system and schizophrenia, we compared the

features of three pLG72 variants: the R30 pLG72 cor-

responding to the wild-type protein, the R30K pLG72

variant that was associated to schizophrenia suscepti-

bility (SNP rs2391191, M15) [4], and the K62E point

variant corresponding to SNP rs9558562.

All pLG72 proteins were dimeric and their confor-

mation was only slightly modified by the substitution

at position 30 or 62 (Table 1). A moderately more

rigid conformation for the pathological R30K variant

was apparent as assessed by thermal denaturation, as

its melting temperature was 2–8 °C higher than that of

wild-type pLG72 (Table 2). The small alterations in

protein conformation did not affect the binding of

hydrophobic ligands such as CPZ, FAD, FMN, or

GDP/GTPcS (Table 3). Notably, no GTPase or

ATPase activity was seen for any of the pLG72 vari-

ants. Concerning the binding of the physiological pro-

tein partner hDAAO, all pLG72 variants formed the

200-kDa complex (as shown by size-exclusion chro-

matography, Fig. 3) and interacted with similar affin-

ity with hDAAO, as was apparent by SPR analyses.

A significant difference among pLG72 variants was

apparent following the time course of hDAAO inacti-

vation at increasing pLG72 molar ratios: the R30

pLG72 was less effective at inhibiting the flavoenzyme

after 30 min of incubation, while the K62E variant

gave the highest degree of inhibition (Fig. 3A). How-

ever, at hDAAO : pLG72 ratios > 1 : 4 and after

120 min of incubation, the flavoenzyme was fully

inhibited by all the three pLG72 variants. Notably, the

stronger in vitro hDAAO inhibition by the two single-

point variants as compared to the R30 pLG72 agrees

with the observed increase in cellular D-/(D+L)-serine

levels in human glioblastoma U87 cells stably overex-

pressing the different pLG72 variants (Table 3).

Overall, the small alteration in protein conformation

due to the conservative substitution of R30 with a

lysine—a residue proposed to line the binding pocket

for hydrophobic ligands [20]—results in a more rigid

conformation, yielding a stronger hDAAO inhibition

at the lowest molar ratios. On the other hand, the

nonconservative substitution of K62—a residue pro-

posed to be located on the protein surface [20]—with a

glutamate yields a stronger inhibition at the highest

hDAAO : pLG72 ratios. This can be due to the addi-

tional charge-dipole interaction between E62 in the

pLG72 variant and the side chain of T182 in hDAAO,

the interaction residues identified by cross-linking

experiments [20].

All pLG72 variants show the ability to inhibit

hDAAO, yielding an increase in D-serine concentration

when overexpressed in a cellular system. This generates

a condition opposite than that reported in schizophre-

nia, i.e., a decrease in D-serine concentration [34,35].

This apparent discrepancy is solved taking into consid-

eration the half-life of pLG72 variants. The R30K

variant is significantly more prone to degradation com-

pared to its R30 counterpart (half-life of 13.6 vs.

23.9 min). This seems to be a specific effect of the

R30K substitution, as it was not observed for the

K62E pLG72. The faster turnover of R30K pLG72

decreases the cellular concentration of this negative

modulator of the flavoenzyme, leading to a less effec-

tive inactivation of hDAAO and in turn generating a

decrease in D-serine cellular concentration, a condition

that affects neurotransmission. This observation

matches with NMDAR hypofunction, which is a cen-

tral component in the glutamatergic hypothesis of

schizophrenia onset [36].

hDAAO activity has been reported to be increased

in schizophrenia [37,38] and D-serine levels reduced in

specific brain areas and in serum [34,35,37]. pLG72

affects the neuromodulator availability at synapses by

influencing on hDAAO activity and stability. Accord-

ingly, we previously proposed that pLG72 hypoexpres-

sion promotes NMDAR hypofunctionality and

schizophrenia onset [1,5]. On the other hand, the prop-

erties of wild-type (R30) and R30K variants do not

correlate with the proposal that pLG72 is an inactive

inhibitor of hDAAO [21] or an activator of hDAAO

function [4,39]. Concerning the hypothesis that pLG72

binds to the FMN-containing oxidoreductase of com-

plex I in mitochondria and thus modulates its activity,

as proposed earlier [40], we can exclude that the

pathological R30K substitution favors this direct inter-

action with the cofactor as Kd values for FMN/FAD

were similar for wild-type and variants of pLG72.

Elucidating the role of pLG72 is of utmost relevance

as the pharmacological modulation of hDAAO-pLG72

interaction is expected to open up possibilities to tar-

get complex diseases by acting on D-serine levels

[9,24,41]. Modulation of hDAAO activity exerted by

pLG72 binding was recently investigated by developing
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novel classes of hDAAO inhibitors. ‘Class C’ com-

pounds are less active when pLG72 is present, while

‘class A’ compounds are more potent hDAAO inhibi-

tors when pLG72 is present [24].
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