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ABBREVIATIONS: AMPA, α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid hydrate; 5-An, 5-

aminonicotinic acid; CBIO, 6-chloro-1,2-benzisoxazol-3(2H)-one; DAAO, D-amino acid oxidase; DASPO or 

DDO, D-aspartate oxidase; DPPD, pyrido[2,3-b]pyrazine-2,3(1H,4H)-dione; hDAAO, human D-amino acid 

oxidase; hDASPO, human D-aspartate oxidase; MT, meso-tartrate; NAC, N-acetyl L-cysteine; NMDAR, N-

methyl-D-aspartate receptor; OPA, o-phthaldialdehyde; RgDAAO, D-amino acid oxidase from Rhodotorula 

gracilis; OA, oxaloacetate; IAsp, iminoaspartate 
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ABSTRACT: D-Amino acids are the “wrong” enantiomers of amino acids: they are not used in proteins 

synthesis but evolved selected functions. On this side, D-aspartate plays several significant roles in mammals, 

especially as an agonist of N-methyl-D-aspartate receptors (NMDAR), and is involved in relevant diseases, 

such as schizophrenia and Alzheimer’s disease. In vivo modulation of D-aspartate levels represents an 

intriguing task to cope with such pathological states. As little is known about D-aspartate synthesis, the only 

option for modulating the levels is via degradation, which is due to the flavoenzyme D-aspartate oxidase 

(DASPO). Here we present the first three-dimensional structure of a DASPO enzyme (from human) which 

belongs to the D-amino acid oxidase family. Notably, human DASPO differs from human D-amino acid 

oxidase (attributed to D-serine degradation, the main coagonist of N-methyl-D-aspartate receptors) showing 

peculiar structural features (a specific active site charge distribution), oligomeric state and kinetic mechanism, 

and a higher FAD affinity and activity. These results provide useful insights into the structure-function 

relationships of human DASPO: modulating its activity represents now a feasible novel therapeutic target. 

 

KEYWORDS: D-aspartate; D-aspartate oxidase; NMDA receptor; flavoprotein; structure-function 

relationships 
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In recent years, a number of studies focused on the physiological role of the “wrong” enantiomer of amino 

acids, namely, the D-amino acids, starting from simple bacteria up to humans (1-3). In mammals, D-serine (D-

Ser) and D-aspartate (D-Asp) have attracted interest owing to their involvement in important physiological 

processes and pathological states (4-6). The metabolism of D-Ser in mammalian brain has been established 

(7,8), providing deep insight into the molecular mechanisms underlying relevant physiological processes (such 

as N-methyl-D-aspartate receptor (NMDAR)-mediated neurotransmission and brain functions such as learning 

and memory) and generating the opportunity to develop novel therapeutic approaches. However, this 

information is lacking for D-Asp, which is present in various mammalian tissues (9,10). In endocrine glands D-

Asp levels rise during postnatal and adult developmental phases and correlate with the synthesis of different 

hormones in rodents as well as to the synthesis and release of melatonin (4, 11). Notably, the temporal 

occurrence of D-Asp in the brain, where it is mainly present in neurons (12,13), is the opposite: levels are 

highest during the embryonic stage and in the first days of life and are greatly reduced later on (14,15). 

Whereas the synthetic pathway of D-Asp in mammals is still under debate - the presence of a specific racemase 

is still questioned, see (16) - it is catabolized by the oxidative deamination reaction catalyzed by the 

peroxisomal (17) flavoenzyme D-aspartate oxidase (DASPO or DDO, EC 1.4.3.1) to yield oxaloacetate, 

ammonia, and hydrogen peroxide. The decrease in brain D-Asp levels during the postnatal phase is due to the 

progressive expression of DASPO (15): in the adult brain D-Asp is localized inversely to DASPO (12). 

D-Asp features many of the signatures of a classical neurotransmitter, for a review see (5). Owing to a relatively 

high affinity, D-Asp acts as an agonist on postsynaptic NMDAR (18). Indeed, it also stimulates mGlu5 

receptors (metabotropic glutamate receptor 5) in neonate rat hippocampal and cortical slices (19) and 

presynaptic AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid hydrate), mGlu5, and NMDA 

receptors (20). D-Asp is able to rescue the age-related synaptic plasticity deterioration observed at the 

hippocampus in mice, likely counteracting the decrease in NMDAR signalling observed during aging (15). 

NMDAR hypofunction has been related to various brain disorders, such as schizophrenia, where a lower 

concentration of D-Asp in prefrontal cortex and striatum has been reported (21). Notably, adult mice with a 

DASPO gene knockout (Ddo-/-) show increased D-Asp concentrations and possess enhanced NMDAR-

dependent long-term potentiation in the CA1 area of the hippocampus (15,22), which has been considered as a 

neural mechanism for the storage of spatial information. Young Ddo-/- mice (4-5 months old) show improved 

spatial memory and cognitive ability, while a worsening of learning and memory abilities is observed in the 

same animals at 13-14 months of age (15). Concerning Alzheimer’s disease, D-Asp influences the process 

leading to Aβ40 and Aβ42 aggregation (23). Furthermore, chronic administration of D-Asp during 

remyelination had beneficial effects on oligodendrocyte lineage cells and improved motor coordination, 
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accelerated myelin recovery, and increased the amount of small-diameter myelinated axons acting on both 

NMDA and AMPA receptors (24). 

As little is known about the synthetic side of D-Asp, the only option to modulate D-Asp levels in the brain is via 

degradation. The human DDO gene encodes for two mRNA forms generated by alternative splicing (25): DDO-

1 encodes a protein of 341 amino acids in length while DDO-2 generates a truncated protein of 282 residues 

(probably an inactive variant). Full-length human DASPO (hDASPO) was overexpressed in E. coli cells: it 

contains one molecule of non-covalently bound FAD per 39 kDa protein monomer, is mainly active on D-Asp 

and NMDA, is stable up to 50 °C and in 8-11 pH range and its activity is not affected by metal ions or 

nucleotides as well as by L-Asp or L-Glu (25, 26). hDASPO is significantly more active on D-Asp than the 

corresponding rat and mouse counterparts (26, 27). So far, efficient inhibitors of hDASPO have not been 

identified: the best tested inhibitor is 5-aminonicotinic acid (5-An), whose Ki is only 3.8 µM (27, 28). Recently, 

the R216Q and S308N hDASPO variants (substitutions corresponding to known single nucleotide 

polymorphisms present in the NCBI database) were characterized: the R216Q substitution significantly affected 

the apparent kcat and Km values for D-Asp and resulted in the ability to oxidize D-Ala (29). Indeed, compared to 

rat tumor GH3 cells transiently expressing the wild-type hDASPO, the cellular level of D-Asp was affected to a 

minor extent by the expression of these two variant enzymes. 

By combining X-ray crystallography with the investigation of steady state and pre-steady state kinetics, 

substrate preference, and interaction with classical inhibitors of amino acid oxidases and with the FAD cofactor, 

we gained deep insight into the structure-function relationships in hDASPO. The results highlight peculiar 

features of hDASPO relevant for controlling D-Asp cellular levels and have now paved the way for the 

challenge to rationally design inhibitors that could reduce D-Asp catabolism and potentially serve as novel 

antipsychotic drugs. 

 

MATERIALS AND METHODS 

Protein expression and purification 

The synthetic cDNA coding for hDASPO was designed from the nucleotide sequence reported in GenBank® 

(accession number NM_003649). 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 (GenBank accession number MK224818) was 

produced by GeneArt®. The cDNA molecule coding for hDASPO was cloned into a custom variant of pET11 

expression vector (Novagen) possessing a sequence coding for a 6xHis upstream of the multiple cloning site. 

hDASPO was cloned between the NheI and BamHI restriction sites, producing the pET11-His-hDASPO 

plasmid coding for a N-terminal 6XHis-tagged recombinant protein. H54A and R237A hDASPO variants were 
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generated by site-directed mutagenesis using the QuikChange Lightning Site-Directed Mutagenesis kit 

(Agilent) as detailed in Supplementary Data 1. 

For protein expression, pET11-His-hDASPO plasmid was transferred into E. coli BL21(DE3) LOBSTR host 

cells (Novagen). Starter cultures were prepared from a single colony of E. coli cells carrying the recombinant 

plasmid and growing at 37 °C on LB broth medium (10 g/L bacto tryptone, 5 g/L yeast extract and 5 g/L NaCl) 

to which the antibiotic ampicillin (100 µg/mL final concentration) was added. For protein purification, 2 L 

baffled flasks containing 500 mL of LB medium were inoculated with the starter culture (initial OD600nm of 0.1) 

and grown at 37 °C under shaking (220 rpm) until a OD600nm of 0.5 was reached. Protein expression was 

induced by adding 0.01 mM IPTG (final concentration); then, the incubation temperature was lowered to 30 °C. 

Cells were harvested 18 h after adding IPTG by centrifugation at 8000 g for 10 min at 4 °C. Cells were lysed by 

sonication (10 cycles of 25 s each, with 60-s intervals on ice) in 50 mM potassium phosphate (pH 8.0), 200 µM 

FAD, 1 mM PMSF, 5 mM 2-mercaptoethanol, 5 mM K/Na tartrate, 5% (v/v) glycerol, and 10 µg/mL DNase I. 

Cell lysates were centrifuged at 39000 g for 1 h at 4 °C. The crude extract was loaded on a HiTrap chelating 

column (GE Healthcare) preloaded with Ni2+ and equilibrated in 50 mM sodium pyrophosphate (pH 7.2), 1 M 

NaCl, 10 µM FAD, 5% (v/v) glycerol, and 5 mM K/Na tartrate. The bound protein was eluted from the column 

using 50 mM sodium pyrophosphate (pH 7.2), 0.25 M imidazole, 10 µM FAD, 10% (v/v) glycerol, and 5 mM 

K/Na tartrate. The purified protein was then transferred to storage buffer (20 mM Tris-HCl and 10% (v/v) 

glycerol, pH 8.0) by dialysis.  

The apoprotein form of hDASPO was prepared by dialysis against halide anions and a mild denaturant at 

physiological pH, a procedure used to weaken the binding of FAD with the apoprotein moiety (30). In details, 

the enzyme was dialyzed at 4 °C against 20 mM TrisHCl, pH 8.0, 5 mM 2-mercaptoethanol, 10% glycerol, 1 M 

urea and: 1.5 M KBr for 8 hours, 2 M KBr for 16 hours, 2.5 M KBr for 8 hours and 3 M KBr for 16 hours. The 

caothropic salt (KBr) and the denaturing agent (urea) were eliminated by dialysis against 20 mM TrisHCl, pH 

8.0, 5 mM 2-mercaptoethanol, 10% glycerol containing: 2 M KBr and 0.5 M urea for 4 hours, 1 M KBr and 

0.25 M urea for 4 hours and no KBr and urea for 16 hours. The apoprotein recovery was 85%. 

 

Spectroscopy and structural analysis 

Absorbance data were recorded at 15 °C in 20 mM Tris-HCl, pH 8.0, 10% glycerol and 5 mM 2-

mercaptoethanol. Dissociation constants for ligands were determined spectrophotometrically by adding small 

volumes (1–10 µL) of concentrated stock solutions to samples containing 1 mL of ∼10 µM enzyme, at 15 °C. 

The change in absorbance at 494, 488, 501, 501, 502, 550, and 497 nm were used for L-(+)-tartrate, meso-

tartrate, 6-chloro-1,2-benzisoxazol-3(2H)-one (CBIO), 5-aminonicotinic acid, pyrido[2,3-b]pyrazine-

2,3(1H,4H)-dione (DPPD), anthranilate, and benzoate, respectively. Photoreduction experiments were carried 
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out at 4 °C using an anaerobic cuvette containing ∼11 µM enzyme, 5 mM EDTA, and 60 nM deazaflavin (31). 

The solution was photoreduced with a 250-W lamp and the progress of the reaction was followed 

spectrophotometrically. All fluorescence measurements were performed at 15 °C and at 1 µM protein 

concentration in 20 mM Tris–HCl, 10% glycerol, and 5 mM 2-mercaptoethanol, pH 8.0. The binding constant 

for the cofactor was determined by titrating 1 µM hDASPO apoprotein with increasing amounts of FAD and 

following the quenching of the protein fluorescence at 341 nm. 

Circular dichroism (CD) spectra were recorded using protein samples at 0.1 or 0.4 mg/mL for far-UV or near-

UV measurements, respectively, in 20 mM potassium phosphate, 10% glycerol (v/v), and 150 mM NaCl at 15 

°C. Temperature ramp experiments were carried out following the change in CD signal at 220 nm using a 

Peltier thermostatic system, from 20 to 100 °C (temperature ramp of 0.5 °C/min) (32). 

The oligomeric state of hDASPO was determined by gel-permeation chromatography on a Superdex 200 

(Amersham Biosciences) column using 20 mM Tris–HCl, pH 8.5, 150 mM NaCl, 5% glycerol, 5 mM 2-

mercaptoethanol, and 40 µM FAD as elution buffer. 

 

Kinetic measurements 

The apparent kinetic parameters on different amino acids as substrate were determined in 100 mM disodium 

pyrophosphate buffer, pH 8.3, containing 40 µM FAD, at 25 °C and air saturation, measuring the oxygen 

consumption with an Hansatech oxygen electrode (31). 

The rapid reaction measurements and the turnover experiments were performed in 100 mM disodium 

pyrophosphate buffer, pH 8.3, containing 1% glycerol, at 25 °C in a stopped-flow Bio-Logic SFM-300 

spectrophotometer equipped with a J&M diode array detector (31). Enzyme monitored turnover data were 

analyzed according to the method described by (33). For reductive and oxidative half-reaction experiments, the 

stopped-flow instrument was made anaerobic by overnight equilibration with a sodium dithionite solution and 

then was rinsed with argon-equilibrated buffer. To eliminate oxygen residues, 2 mM D-alanine, 0.5 µM 

RgDAAO (D-amino acid oxidase from Rhodotorula gracilis) and 10 µg/µL catalase (added to eliminate H2O2 

produced by RgDAAO reaction during O2-depletion) was added to the enzyme before the mixing with D-Asp. 

For the oxidative half-reaction experiments, the enzyme (15-25 µM) was first reduced with a 4-fold molar 

excess of D-Asp under anaerobic conditions. Solutions were made anaerobic in tonometers by 10 cycles of 

evacuation and equilibration with oxygen-purged argon, and substrate solutions were made anaerobic by 

bubbling with argon for at least 10 min in glass syringes (31). In selected experiments, in order to eliminate 

residual oxygen, the enzyme solution containing 2 mM D-Ala and 10 µg/µL catalase was mixed with 1 µM 

RgDAAO after the anaerobiosis (see above). For reoxidation experiments, different oxygen concentrations in 
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the reoxidation mixture were obtained by equilibrating the buffer solutions for ten minutes with commercially 

available N2/O2 mixtures (97.5:2.5, 90:10, 75:25, and 50:50, v/v), or with pure O2.  

Reaction rates were calculated by extracting traces at individual wavelengths (455 and 530 nm) and fitting them 

to a sum of exponentials equation using the program Biokine32 (Bio-Logic). 

 

Crystallization, data collection, structure determination, and refinement 

Extensive preliminary crystallization trials on the native hDASPO were not successful, often leading to 

amorphous precipitation. A general low solubility problem was also noted in solution during protein 

concentration. Therefore, we decided to check whether mutations on the nine Cys residues present in the 

hDASPO sequence could help solubility (by preventing interchain disulfide bridge formation) and 

crystallization. We first generated a 3D model using the I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-

TASSER/) and SwissModel (http://swissmodel.expasy.org/) servers with hDAAO as template (PDB 3G3E, 

39% sequence identity). The conservation analysis by the Consurf server (http://consurf.tau.ac.il) shows that 

among the nine Cys residues present in hDASPO, five are not conserved in hDAAO (namely, Cys29, Cys141, 

Cys143, Cys269, and Cys328) and two of these are not conserved in pig DASPO (Cys141 and Cys143), which 

has been crystallized in the past (34). Only Cys182 and Cys258 are conserved in all the hDASPO homologues 

and predicted to be not solvent exposed by our hDASPO model. Based on these analyses, Cys at positions 29, 

269, and 328 (on the protein surface) and 141 and 143 (not conserved in crystallized hDAAO and pig DASPO) 

were selected for mutagenesis. Details regarding production and characterization of the variants are reported in 

Supplementary Data 1. 

The hDASPO C141Y/C143G variant, which reproduces the pig DASPO amino acid pair (see below), was 

crystallized at 18 mg/mL in the presence of 60 µM FAD. Rod-shaped yellow crystals grew by dehydration of 

0.2 µL drops supplemented with 5-50 mM NaCl after two weeks. Crystals were cryoprotected using a 20 mM 

Tris-HCl, pH 8.0, and 20% glycerol solution, frozen in liquid nitrogen, and tested at the Diamond light source 

(i04 beamline). A data set was reduced using XDS (35) and anisotropically truncated and scaled with 

STARANISO (36). The structure was solved by molecular replacement using the coordinates of hDAAO as a 

search model. Iterative cycles of model building with COOT (37) and refinement with PHENIX (38) were 

carried out to produce the final model. Stereochemical parameters of the final model was checked with 

MOLPROBITY (39). Data processing and refinement statistics are shown in Supplementary Table 1. Atomic 

coordinates and structure factors have been deposited at the Protein Data Bank with the accession code 6RKF. 

 

Molecular docking 
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Molecular docking analysis was performed using the software Autodock Vina (40). The ligands were docked to 

the receptor hDASPO (chain A of the crystal structure) with flexible residues (His54, Arg216, Tyr223, Arg237, 

Arg278, Ser308). Ligands were prepared with the software Avogadro V1.2.0 (41). The search grid size was 25 

× 25 × 25 Å centered on the position occupied by the glycerol ligand of the crystal structure. 

 

RESULTS 

Biochemical properties of hDASPO 

Recombinant hDASPO (DDO-1 isoform) was purified from the crude extract of E. coli BL21(DE3) LOBSTR 

cells bearing the pET11-His-hDASPO plasmid, grown under optimized conditions, see Methods. By using a 

single chromatographic step on a HiTrap chelating column we could purify ∼ 30 mg of hDASPO/L of 

fermentation broth (a figure 10-fold higher than those previously reported, ∼ 2-3 mg/L) (25,26,28) with a purity 

 94% as estimated by analysis by ImageJ software (see Supplementary Fig. 1 and Supplementary Data 1 for 

details about protein expression). 

Recombinant hDASPO is highly specific for D-Asp and its derivative NMDA. It shows a lower activity on D-

Glu and D-Asn (12.8% and 9.5% vs D-Asp, respectively) and also oxidizes D-His and D-Pro (∼ 1%) and D-Ser, 

D-Gln, and Gly (0.1-0.2% vs D-Asp, Supplementary Table 2). hDASPO shows a 5- and > 10-fold higher 

specific activity than the homologous bovine enzyme and the orthologous flavoenzyme human D-amino acid 

oxidase (hDAAO, active on D-Ser), respectively (31,42). 

Gel-permeation chromatography shows that recombinant hDASPO elutes as a single peak corresponding to a 

molecular mass of ∼39.2 kDa (the expected mass for the hDASPO holoenzyme: 38647 Da), i.e., as a 

monomeric protein in the 0.1-15 mg/mL concentration range (Table 1), in agreement with the result by (43). 

The oligomerization state of hDASPO differs from that of pig and yeast DASPOs (which are tetramers) (44) 

and from that of the homologous DAAOs and eukaryotic L-amino acid oxidases, which are stable homodimers 

in solution (31,45,46). 

The purified hDASPO shows the canonical absorbance spectrum of FAD-containing flavoproteins (Fig. 1A). 

The oxidized form of hDASPO is fully converted into the reduced state by adding aerobically the reducing 

agent dithionite (Kd = 419 ± 33 µM) or by a > 2-fold molar excess of D-Asp under anaerobic conditions (Fig. 

1A). hDASPO is photoreduced in the presence of 5 mM EDTA and 60 nM 5-deazaflavin at pH 8.0, forming a 

high amount (78%) of red anionic semiquinone (Fig. 1B). The conversion of the semiquinone species into a 

complete reduced form at longer illumination time (Fig. 1B, dotted lines and inset) points to a kinetic 

stabilization of the anionic flavin semiquinone, as observed with other flavoenzymes (47). For details, see 

Supplementary Data 1. 
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Structure of hDASPO 

The wild-type hDASPO and several cysteine variants were tested for crystallization. Only the C141Y and 

C143G variant produced crystals suitable for X-ray analysis (named hDASPO*, Fig. 2, see Methods and 

Supplementary Data 2 for the details about the selection of cysteine residues to generate hDASPO variants for 

protein crystallization). The maximal activity of hDASPO* on D-Asp (at 21% oxygen saturation) is ~ 15% 

slower than for the wild-type enzyme, while the thermal stability of this variant resembles that of the wild-type 

protein (Supplementary Table 3); therefore only minor structural changes are expected as a result of the amino 

acid substitutions. Crystals of hDASPO* diffracted to 3.22 Å resolution (Supplementary Table 1) and the 3D 

structure was solved by molecular replacement using the hDAAO structure as the search model. 

The hDASPO* structure is divided into two domains, the FAD-binding domain (FBD: residues 1-46, 143-192, 

282-335) with the canonical dinucleotide binding fold observed in several flavoenzymes (48), and the substrate-

binding domain (SDB: residues 47-142, 193-281) characterized by a large, eight-stranded, mixed β-sheet (Fig. 

3A). 

A structural analysis using DALI (49) indicates that the hDASPO* tertiary structure resembles that of FAD-

binding oxidoreductases, in particular DAAOs. The best match is obtained with hDAAO (PDB code 5ZJA; 

DALI Z-score of 45.2, residue identity of 41%), with an overall root mean square deviation of 1.4 Å. Worthy of 

note is the presence of insertions/deletions and poor residue conservation at three loops in the SBD (54-63, 101-

107, 217-221) between hDASPO* and hDAAO (Fig. 2 and Fig. 3B). These differences have a major impact on 

the main-chain structure of the regions surrounding the substrate-binding site (see below). Despite the overall 

structural conservation between hDASPO* and hDAAO, the latter is dimeric in solution while hDASPO* is 

monomeric. Analysis of the protein surface of hDASPO* corresponding to the dimerization surface in the SBD 

of hDAAO reveals that single substitutions decrease the hydrophobicity (His90, Lys126, Ala135 in hDASPO vs 

Phe90, Met124, Phe133 in hDAAO) or change the polarity (Asn73, Asn80, Ala122 and Glu212 in hDASPO vs 

Asp73, His80, Arg120 and Lys211 in hDAAO) of this region (Fig. 2, Fig. 3C,D and Supplementary Fig. 2), 

thus favoring the hDASPO monomeric form in solution. Interestingly, a hDAAO-like dimeric arrangement is 

apparent in the hDASPO* crystal packing, where the quaternary assembly formation is mediated by the 

presence of a phosphate ion and a Tris molecule (derived from the protein buffer) that fit into two small cavities 

at the dimeric interface (Fig. 3C). Such a region in hDAAO is filled by residues directly involved in protein-

protein packing (Phe133 and Lys211 in hDAAO vs Ala135 and Glu212 in hDASPO, Fig. 2 and Supplementary 

Fig. 2). 

In conclusion, hDASPO* belongs to the FAD-binding oxidoreductase structure family, similar to hDAAO, but 

with insertions/deletions and site-specific substitutions that alter the oligomerization state and substrate-binding 

site of hDASPO* in comparison to hDAAO (see below). 
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Cofactor binding 

FAD binds to hDASPO* in an extended conformation (Fig. 3A,B and Supplementary Fig. 3), matching that 

found in DAAOs (50-54) and structurally related FAD-binding proteins (55). The flavin ring is located at the 

interface between FBD and SBD, with nearly all hydrogen-bond donors and acceptors of FAD interacting with 

protein atoms. Thirty-five residues are directly involved in FAD binding (at a distance below 4.5 Å), eight of 

which establish electrostatic or polar interactions with the cofactor. Only three of the latter interactions involve 

side-chain atoms (residues Ser44, Thr43, and Ser312), the others being due to atoms belonging to the backbone 

(Fig. 2 and Supplementary Fig. 3). The N-terminal dipoles of helices A11 and A1 point toward the O2 position 

of the isoalloxazine ring and the pyrophosphate group of FAD, respectively. These two dipoles represent a 

typical structural fingerprint of glutathione reductase 2 family (55). 

The flavin ring does not show any significant deviation from planarity and it is held in place by several 

interactions with the protein (Supplementary Fig. 3). The most conserved FAD-protein interactions in the six 

hDASPO* molecules of the crystal asymmetric unit are between the N1 atom and Ser308, O2 atom and Ser312, 

and N3 atom and Met50, while the interactions O4-Met50 and N5-Ala48 are less conserved. The benzene ring 

of the flavin extensively interacts with the protein and its two methyl groups are in van der Waals contact with 

Val203 and Gly276. Overall, the FAD-binding mode of hDASPO* resembles that found in hDAAO, with a 

remarkable difference at the FAD ribose moiety, mostly due to the presence of hDASPO Gly186 instead of the 

corresponding Trp185 in hDAAO (Fig. 3). 

Flavin binding modulates the conformation and stability of hDASPO. Gel-permeation chromatography indicates 

that the apoprotein form of hDASPO is present in solution as a 2:1 molar ratio between a monomeric (~ 39 

kDa) and a trimeric species (100 ± 7 kDa). Circular dichroism (CD) measurements indicate that both the 

secondary structure (a 5% lower α-helix content was predicted from the near-UV CD spectra, Supplementary 

Fig. 4A) and tertiary structure of the hDASPO apoprotein (see the far-UV CD spectra in Supplementary Fig. 

4B) are altered compared with the holoenzyme. Thermal stability of hDASPO is increased by the presence of 

the cofactor (the apoprotein form is slightly less stable than the holoenzyme, which is further stabilized by an 

excess of free FAD) or by a saturating 5-An concentration (Table 1, Supplementary Fig. 5). Interestingly, a 

synergistic effect is apparent: in the presence of 1 mM 5-An and 60 µM FAD a 15.3 °C increase in Tm is 

observed. These results indicates a slightly lower thermal stability of hDASPO compared with hDAAO and a 

similar stabilization by the presence of a ligand at the active site of the enzyme (56). 

The FAD dissociation constant (Kd) was determined from changes in hDASPO fluorescence intensity during 

titration of the apoprotein with FAD (Supplementary Fig. 6): a Kd of 33 ± 2.7 nM was estimated. The presence 

of tartrate (a known active-site ligand of bovine DASPO) (57) marginally affects the affinity of hDASPO for 
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the cofactor (Kd of 68 ± 1 nM). Notably, this result is the opposite of that of the ~ 25-fold tighter FAD binding 

observed for hDAAO in the presence of the active-site ligand benzoate (31), a difference mainly due to the 

different active-site loops (see below). Based on the estimated Kd value and brain FAD concentration (~ 2.5 

µM) (58), hDASPO should exist in vivo largely in the active, holoenzyme form, while for the orthologue 

hDAAO the inactive apoprotein represents the predominant form. The kinetics of holoenzyme reconstitution is 

reported in Supplementary Data 3. 

 

Binding of ligands (and substrate specificity) 

In hDASPO* the substrate-binding site can be described as a cavity lined by hydrophobic (Ala48, Met50, Ile52, 

Tyr223, and Tyr225) and charged (His54, Arg216, Arg237, Arg278, and Ser308) side chains, the latter residues 

being clustered at the entrance of the active site (Fig. 4D). Despite the fact that the overall shape and geometry 

of the active site show some similarities to hDAAO, several remarkable differences are evident. In hDASPO*, 

Tyr223 and Arg278 perfectly superimpose to hDAAO Tyr228 and Arg283, which are responsible for binding 

the substrate α-carboxylate group juxtaposed to the flavin C6 atom (54), suggesting a similar D-aspartate α-

carboxylate binding mode for hDASPO*. Indeed, electron density shows the presence of a small ligand in the 

hDASPO* active site which was modeled as a glycerol molecule, possibly derived from the cryoprotectant 

solution (Fig. 4B, and Supplementary Fig. 3B). In contrast, the loop 217-221 in hDASPO*, which shapes the 

active-site surface at the interface with the solvent region, is much shorter than in hDAAO (residues 216-226), 

due to a six-residue deletion (Fig. 2 and Fig. 3B). In hDAAO this loop forms a lid covering and gating the 

substrate-binding site, and providing Tyr224, whose side chain builds the roof of the substrate-binding site 

(50,59). The conformational movement of this lid loop limits the turnover number of mammalian DAAOs as 

compared to the yeast counterpart, where it is absent (14.7 and 350 s-1, respectively) (52,59). In hDASPO* this 

loop region is totally reshaped, with the hDAAO Tyr224 side chain being replaced by His54 and Arg237 side 

chains. These residues, together with Arg216, create a positive surface cleft at the entrance of the active site, 

able to attract the negatively charged D-Asp substrate (Fig. 4D). 

Worthy of note, the His54 and Arg237 side chains show two distinct conformations in the six hDASPO* 

molecules of the crystal asymmetric unit, pointing toward the internal (close conformation) or the external 

(open conformation) part of the substrate-binding cavity (Fig. 4E). A certain degree of structural variability is 

also apparent for the Arg237 side chain, while Arg216 is more rigid, thus suggesting a putative active-site 

gating role for His54 and Arg237. Interestingly, while enzymatic activity of hDASPO is identical in the absence 

and in the presence of 10% glycerol, it decreases ( 50%) in the presence of 20% glycerol. The inverse 

correlation between the buffer viscosity and enzymatic activity is in agreement with the proposed 
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conformational change of residues His54 and Arg237 required for substrate/product exchange at the active site 

of the enzyme. 

Furthermore, docking of the D-Asp substrate indicates that His54, Arg237, and Arg278 side chains shape the 

active-site internal pocket responsible for stabilizing the negatively charged D-Asp side chain (Fig. 4C). A D-

Glu substrate would, instead, clash against the side chains of Arg216 and Tyr225, in agreement with the 

hDASPO specificity for D-Asp. Furthermore, the pocket lined by Ile52, His54, and Ser308 is wide enough to 

accommodate the methyl group of the NMDA substrate. The negatively charged α-carboxylic group of the 

substrate interacts with the positively charged Arg278 and with the hydroxyl oxygen of Tyr223, and the α-H of 

the substrate pointing toward N(5) of FAD, an ideal setup for promoting an efficient hydride transfer during 

cofactor reduction (Fig. 4C). The substrate-binding network is completed by the H-bond interaction of the α-

amino group of the substrate with the carbonyl oxygen of Ser308 and/or the His54 side chain. 

The binding to hDASPO of various compounds known as D- and L-amino acid oxidase active-site ligands (60) 

was investigated by a spectrophotometric approach (56). The plot of the absorbance change at 501 nm as a 

function of the 5-An concentration showed a hyperbolic behavior with a Kd = 10.2 ± 2.4 µM (Fig. 5A and Table 

1), a value slightly higher than the Ki value previously reported (Ki = 3.80 ± 0.96 µM) (28). The docking 

analysis of 5-An shows that the ligand planar ring is parallel to the His54 side-chain ring while the carboxyl 

group of 5-An has a tilted orientation in comparison with the Arg278 guanidinium group due to the steric 

hindrance of the hydroxyl groups of Tyr223 and Ser308 side chains (Fig. 5A). hDASPO binds two of the three 

stereoisomers of the classical DASPO inhibitor tartrate (42), with a Kd of 0.87 mM and 0.06 mM for L-(+)-

tartrate and meso-tartrate (MT), respectively (Fig. 5B and Supplementary Fig. 7). These latter value is 2-fold 

higher than the binding of MT to the bovine enzyme (Kd = 26.5 μM) (42), which has a proline instead of the 

His54 present in hDASPO (Fig. 2). Interestingly, hDASPO also binds two hDAAO inhibitors, 6-chloro-1,2-

benzoxazol-3-one (CBIO) and pyrido[2,3-b]pyrazine-2,3(1H,4H)-dione (DPPD), which decreases the 453 nm 

absorbance peak and causes a bathochromic shift up to 468 nm (Fig. 5C and Supplementary Fig. 7). The Kd are 

50.8 and 23.4 µM, respectively (Table 1), indicating that these molecules are better suited to bind hDAAO (Kd = 

0.19 μM and 1 μM for the CBIO- and DPPD-hDAAO complexes) (61). Docking analysis shows that the DPPD 

rings do not lie parallel to the isoalloxazine ring system of FAD because of the steric hindrance of Ser308 

carbonyl oxygen and of the side chain of Ile52 (Fig. 5C). hDASPO also binds the canonical hDAAO inhibitors 

such as benzoate and anthranilate (two aromatic carboxylic acids) (Table 1 and Supplementary Fig. 7). 

None of these D- and L-amino acid oxidases active-site ligands appears strong enough to produce a hDASPO 

inhibition effect in vivo (see below). 

 

Site-directed mutagenesis of His54 and Arg237 
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In order to support the proposed gating role of residues His54 and Arg237, which show alternative orientations 

in the different monomers of the asymmetric unit, the H54A and R237A hDASPO variants were generated. 

Both enzyme variants showed a lower maximal activity and kinetic efficiency compared to the wild-type 

hDASPO for all tested D-amino acids except for H54A on D-Asn (~ 50% higher apparent kinetic efficiency) 

and NMDA (see below). In particular, a significant increase in Km,app was apparent for the R237A variant  on D-

Asp (up to ~ 20-fold, Supplementary Table 4). These findings suggest that these residues, that must adopt an 

‘open’ conformation to allow the binding of the substrate and the release of the product, switch to a ‘closed’ 

conformation to interact with the substrate/ligand when it occupies the active site. For all hDASPO variants 

very similar kinetic parameters were determined for D-Glu, indicating that the lower affinity for this substrate is 

probably due to clashes with Arg216 and Tyr225 (see above). Notably, the H54A hDASPO showed the highest 

apparent maximal activity and affinity for NMDA pointing to an enlargement of the active site region that 

accommodate the N-methyl group  of NMDA (Supplementary Table 4). 

Concerning ligand binding, the Kd values for the three representative active site ligands 5-An, CBIO and MT 

were increased for both H54A and R237A hDASPO variants compared to the wild-type counterpart (Table 1). 

The largest increase was apparent for the latter variant and MT due to the loss of the electrostatic interaction 

between a carboxylate of the ligand and the side chain of the residue at position 237 (Kd of 191 µM for R237A 

vs. 57 µM for wild-type hDASPO).  

 

Kinetic mechanism 

The kinetic mechanism of hDASPO was investigated using D-Asp as substrate by both the enzyme-monitored 

turnover method (EMTN) as a function of oxygen concentration and by the rapid kinetic approach using a 

stopped-flow spectrophotometer (detailed in Supplementary Data 4) (62). 

In EMTN, the oxidized enzyme was mixed aerobically with increasing amounts of D-Asp and the changes in 

flavin absorption monitored at 450 nm (see Supplementary Fig. 8). The double reciprocal plot of observed rate 

vs. O2 concentration (inset of Supplementary Fig. 8) shows a set of lines converging on the negative abscissa: 

this behavior is compatible with formation of a ternary complex mechanism (63). Compared to bovine DASPO, 

the Km,D-Asp and kcat  values are ~5-fold higher (Table 2), suggesting a different rate-limiting step in catalysis. 

The reductive half-reaction (studied by anaerobically mixing hDASPO with increasing concentrations of D-Asp 

and recording the absorption spectra during the reaction, Fig. 6A,B) shows a full flavin reduction only at D-Asp 

concentrations ≥ 2.5 mM, suggesting that the reductive half-reaction is reversible. This was confirmed by static 

anaerobic titration of reduced enzyme with oxaloacetate (OA) in the presence of 8.5 mM ammonium chloride to 

generate the product iminoaspartate (IAsp): FAD was reoxidized by adding OA and reduced again by adding 

further D-Asp (Supplementary Fig. 9A). Assuming that all OA is converted into IAsp at the fixed ammonium 
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chloride concentration used, an equilibrium constant of 4.7 ± 1.3 was estimated for the overall Eox + D-Asp ↔ 

Ered + IAsp process. The absorbance change at 450 nm during anaerobic reduction at increasing D-Asp 

concentrations is biphasic: the second, slow phase is insensitive to D-Asp concentration and disappears at high 

D-Asp concentration. The step of IAsp release from the reduced E-FADred-IAsp complex is not evident in 

stopped-flow experiments (k3 in the scheme in Fig. 6 top). A direct plot of the observed rates for the first phase 

of reduction, kobs1, at increasing D-Asp concentration shows a hyperbolic behavior (Fig. 6B), which describes a 

first-order reaction of a binary complex (k2/k-2) that follows a second-order complex formation (k1/k-1) (64). A 

kred (k2) of 1550 s-1 was estimated (at 25 °C), a value 10-fold higher than the kcat value, indicating that the 

substrate oxidation step is not rate limiting in catalysis (Table 2). The inferred value resembles (considering the 

different temperature) that calculated for bovine DASPO (kred = 180 s-1 at 4 °C) (55). Indeed, the apparent Kd for 

D-Asp (23 mM), which is also similar to the value for bovine DASPO and hDAAO (for D-Ala; see Table 2), 

suggests that the substrate concentration largely controls the reaction rate. 

The oxidative half-reaction was investigated by mixing the substrate-reduced hDASPO with a buffer saturated 

at increasing oxygen concentrations and recording the absorbance at 25 °C (Fig. 6C,D). An increase in the 453 

nm absorbance is observed that was satisfactorily fitted with a single exponential process: a reoxidation rate 

constant of ~ 10 x 104 M-1s-1 was calculated (Table 2). The presence of 3.35 mM MT or of 1 mM OA, to mimic 

the presence of the substrate/product in the active site, does not significantly alter the reoxidation rate 

(Supplementary Fig. 10). 

The kinetic mechanism of hDASPO follows a ternary complex mechanism characterized by a very fast step of 

flavin reduction followed by a rate-limiting reoxidation step. The mechanism of hDASPO differs from that of 

the bovine counterpart: the reoxidation rate of the reduced enzyme is significantly faster and no binding of a 

second molecule of D-Asp or of a related, rate-limiting, conformational change is evident (57). 

 

DISCUSSION 

The investigation of D-amino acids sheds light on several relevant physiological functions involving these 

atypical molecules (4,6) and on their contribution to human pathological states. Here, the agonistic effect of D-

Asp at NMDAR and its ability to improve cognition and protect against sensorimotor gating deficits due to 

psychotomimetic drugs in preclinical models highlight its relevance in physiological conditions and 

neuropsychiatric disorders (15,21,65,66). In this work we investigated the structure-function relationships of 

hDASPO, the only human enzyme known to degrade D-Asp, in order to elucidate D-Asp metabolism. 

hDASPO belongs to the family of amino acid oxidase flavoproteins and sequence analysis reveals homology 

with hDAAO (Fig. 2), which is involved in degradation of D-Ser in the brain, the main coagonist of NMDAR 

(7). hDASPO and hDAAO profoundly differ in quaternary structure, substrate-binding site entrance, FAD 
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affinity, kinetic properties (i.e., maximal activity) and mechanism, although they share a similar overall tertiary 

structure (Fig. 3 and Supplementary Fig. 2). These striking differences result in two different modes of 

modulation of the brain levels of D-Asp and D-Ser by the two orthologue flavoenzymes. 

hDASPO is a monomeric, 39-kDa holoenzyme, while hDAAO is an 80-kDa homodimer. Interestingly, we 

identified a vestigial dimeric surface in hDASPO* crystals, stabilized by exogenous molecules (Tris and 

phosphate ion), similar to hDAAO (Fig. 3C,D). However, specific sequence variations at the protein-protein 

interface, in terms of both hydrophobic and polar residue distribution, justify the monomeric state of hDASPO 

in solution (Fig. 2 and Supplementary Fig. 2). This mode of molecular evolution of the dimerization interface 

was also observed comparing human and rat DAAO (67). The different quaternary structure can affect both 

subcellular trafficking (passive translocation into mammalian cell nuclei has a diffusion limit of 40 kDa) and 

modulation by interacting proteins - such as by pLG72, the main hDAAO interacting partner (68,69), which 

also binds hDASPO (unpublished result). 

From the analysis of the 3D structure, we can conclude that binding of the α-carboxylate of the substrate occurs 

in hDASPO through the interaction with Tyr223 and Arg278, similar to hDAAO, whereas the D-Asp side chain 

fits a positively charged pocket lined by His54, Arg216, and Arg237. This highly conserved region, which is 

specific to DASPO enzymes (Fig. 2), is located close to the entrance of the active site and fulfils two main 

functions: (i) it creates an electrostatic funnel facilitating D-Asp entrance and (ii) stabilizes the substrate side 

chain into the active site (Fig. 4). This double function is supported by the decreased interaction observed for D-

Asp or ligand binding to H54A and R237A hDASPO variants and by the multiple conformations of the Arg and 

His residues observed in the different hDASPO molecules of the crystal asymmetric unit, with side chains 

facing the interior or the exterior of the active site in different protomers. This active-site gating role of the Arg-

His system (which allows substrate entry and interaction during catalysis) is coupled with a drastic shortening in 

hDASPO of the loop region, which in hDAAO acts as an active-site lid (Fig. 2 and Fig. 3B). This structural 

difference i) narrows the substrate scope as hDASPO is mainly active on D-Asp while it shows a very low 

activity toward D-Glu (and a low affinity for known hDAAO inhibitors, see Table 1) and ii) facilitates 

substrate/product exchange, thus improving the hDASPO activity. The role of Arg216 in substrate selectivity is 

apparent by the lower kinetic efficiency reported for the R216Q hDASPO variant on D-Asp and the gained 

ability to oxidized D-Ala (29). The residue at position 54 seems to be also involved in ligand selectivity: a lower 

Km,app for NMDA ensues from introducing an alanine (compare H54A vs. wild-type hDASPO) and the presence 

of a proline results in a 2-fold lower Kd for binding of MT (such as in the bovine DASPO) (42). 

As a matter of fact, the conformational change of the active-site lid during catalysis limits the turnover number 

of mammalian DAAOs, see Table 2 (50). The rate-limiting step for bovine DASPO corresponds to a 

conformational change related to the binding of a second molecule of D-Asp to the reduced enzyme form (57), 



17 

 

while for hDAAO it has been identified as the flavin reduction step (31). In contrast, the rate-limiting step of the 

enzymatic reaction in hDASPO is reoxidation of the reduced flavin. Notably, the activity of hDASPO is 

significantly higher than that of hDAAO (as well as of bovine DASPO). Both oxidases involved in the 

degradation of the brain D-amino acid neuromodulators show a low affinity for their substrates (D-Asp and D-

Ser, respectively): Km and Kd values are in the millimolar range, indicating that at physiological concentrations 

(lower than 1 mM) the enzymatic activity directly depends on the substrate concentration. 

hDAAO shows a weak FAD interaction (Kd in the micromolar range, see Table 1) and thus exists in solution as 

an equilibrium between the active holoenzyme and the inactive apoprotein. Furthermore, binding of an active-

site ligand (as well as the substrate) facilitates FAD binding, yielding a higher amount of hDAAO holoenzyme 

and thus pushing D-Ser degradation (3259). Such a modulation of the catabolic activity by ligand binding is not 

present in hDASPO since the strong interaction with the FAD cofactor (Kd = 3-7 x 10-8 M, a value 30-fold 

lower than the bovine counterpart) (42) yields a stable holoenzyme. From the structural viewpoint, the protein-

FAD interactions are very similar in the two oxidases, with only minor variations at the adenosine moiety; 

therefore, a different affinity for the cofactor could be ascribed to different dynamics of flavin binding more 

than to specific interactions. Actually, the binding of a ligand in hDAAO results in a conformational change of 

the flexible lid at the entrance of the active site which, in turn, could stabilize the holoenzyme conformation. 

This mechanism was not observed in hDASPO and in yeast DAAO (51,52), which both lack such a lid region. 

Overall, structural and functional data highlight that hDASPO significantly differs from hDAAO, pointing to a 

diverging evolution driven by different metabolic requirements. hDASPO is a specific and efficient catabolic 

enzyme that strictly controls D-Asp cellular concentration. In mammalian brain, the occurrence of D-Asp is 

transient: it is highly concentrated during the embryonic stage (reaching 0.36 µmol/g at gestational week 14) 

and it strongly decreases after the first days of life when DASPO is expressed (70). DASPO knockout mice 

show 10- to 20- fold higher D-Asp levels in the brain (15,22). Indeed, oral administration of D-Asp requires a 

chronic treatment with 20 mM D-amino acid solution for one month to reach a significant increase in the level 

of this neurotransmitter (22,24). While control of D-Asp levels in the brain requires an efficient “scavenger” 

enzyme, D-Ser levels are modulated by an evolution-related flavoenzyme characterized by a low activity and 

which is unable to deplete the NMDAR coagonist. 

Our studies make it now conceivable that cellular D-Asp levels acting on the catabolism of this neuromodulator 

can be increased. In particular, the 3D structure of hDASPO allows to devise a pipeline for rational design of 

selective inhibitors consisting of: (i) in silico screening of clinically exposed compounds/drugs (drug 

repurposing) and small molecules that could bind to hDASPO and interfere with its enzymatic activity; (ii) 

chemical improvement of known hDAAO ligands for hDASPO inhibition; (iii) experimental 

confirmation/validation of enzymatic inhibition by in vitro and cell experiments. The selected hit compounds, in 
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the medium long term, could be chemically engineered to become potential innovative antipsychotic drugs to 

treat neurological diseases related to NMDAR dysfunction, such as schizophrenia, as well as to stimulate 

myelin repair in the disability associated with multiple sclerosis 
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Figure 1. Spectral properties of hDASPO. A) Visible absorbance spectra of hDASPO (~ 16 µM) in the free 

oxidized (1), half- (2), reduced free form (3) and in the oxidized form complexed with 8.6 mM L-(+)-tartrate 

(dashed line), or 23 µM 5-aminonicotinic acid (dotted line). The spectrum of semiquinone form (2) was 

recorded 5.5 min after anaerobic photoirradiation in the presence of 5 mM EDTA and 60 nM 5-deazaflavin. The 

spectrum of reduced hDASPO (3) was recorded 30 min after the anaerobic addition of 52.6 µM D-Asp. Buffer: 

20 mM Tris-HCl, pH 8.0, 10% glycerol at 15 °C. B) Photoreduction of hDASPO. 15.9 µM of enzyme was made 

anaerobic and mixed with 5 mM EDTA and 60 nM 5-deazaflavin (1). Then the spectra were recorded after 1 

(2), 2 (3), 4.5 (4) 5.5 (5), 8.5, 13.5 and 16.5 minutes of irradiation. The semiquinone disappearance at ~ 8.5 min 

of illumination is shown in dotted lines. Inset: plot of absorbance at 455 nm vs 377 nm for each spectrum. 

 

Figure 2. Structure-based sequence alignment of DASPO family members and hDAAO. Sequence alignment of 

hDASPO (Q99489.1), yeast DASPO (Q75WF1), hDAAO (P14920), mouse DASPO (Q922Z0), bovine DASPO 

(P31228) and pig DASPO (A3KCL7). A secondary structure scheme of hDASPO is reported above. 

Structurally different SDB loops are in red for hDASPO and hDAAO. Residues at the dimerization interface 

and those interacting with FAD are shaded in green and yellow, respectively. Key divergent residues in 

hDASPO and hDAAO at the dimerization interface are indicated with green dots. Residues lining the hDASPO 

active site are shown with blue dots. The double residue substitution of hDASPO* is shaded in violet. The 

lacking sequence of hDASPO isoform 2 (DDO-2) is shown in bold. 

 

Figure 3. Structure of hDASPO. A) Ribbon representation of the substrate binding domain (SDB) and the FAD 

binding domain (FBD), labeled and colored in gold and cyan, respectively. FAD molecule is represented as 

orange sticks and labeled. B) Superimposition of hDASPO and hDAAO in green and blue (FBD and SBD, 

respectively). Differences at SBD are highlighted as red loops in the hDASPO structure. C) hDASPO crystal 

packing, and D) hDAAO dimer. The dimeric counterparts are in gray. Tris and phosphate molecules are 

indicated with red arrows at the protein-protein interface of hDASPO. 

 

Figure 4. hDASPO active site. A) Superposition of hDASPO and hDAAO active sites (color code as in Fig. 3). 

B) Glycerol molecule bound to hDASPO* in the active site. C) Docking of D-Asp in the active site of 

hDASPO*. The purple line indicates the distance (3.5 Å) between D-Asp αCa and the N5 of FAD. Ligands and 

FAD are colored in pale blue and orange, respectively. Polar interactions were represented as dashed lines. D, 

E) hDASPO active site entrance. D) Electrostatic surface at the active site entrance (blue positively charged, 

and red negatively charged side chains). Glycerol and FAD are visible inside the protein through the active site 

entrance. E) Detailed view of side-chain flexibility at the active site entrance as derived by superimposing the 



25 

 

six hDASPO* molecules present in the crystal asymmetric unit. His54 and Arg237 different orientations are 

highlighted with red arrows. Different residues are in different colours. For clarity the glycerol molecule is not 

shown. 

 

Figure 5. Ligand binding at the active site of hDASPO. A) 5-AN; B) meso-tartrate (MT); C) DPPD. Left 

panels: spectral changes during titration of hDASPO with the indicated ligand. Selected spectra obtained upon 

adding increasing concentrations of ligands are shown. Arrows indicate the direction of change at increasing 

ligand concentrations. Inset: fit of the data to a hyperbolic binding curve (solid line). Right panels: models of 

the hDASPO-ligand complex inferred by molecular docking. The receptor is chain A. Orange: FAD, pale blue: 

ligand. Predicted H-bonds are shown with dotted lines. 

 

Figure 6. A,B) Reductive half-reaction of hDASPO. Top) Scheme of the reductive half-reaction of hDASPO 

(IAsp = iminoaspartate). A) Spectral courses of the anaerobic reduction of hDASPO (11 µM) by adding 0.25 

mM D-Asp at 10 °C, followed in a stopped-flow spectrophotometer. Spectra were recorded at 20 ms (1), 40 ms 

(2), 100 ms (3), 250 ms (4), 5 s (5) and 10 s (6) after mixing. Inset: time courses of anaerobic reduction of 

hDASPO followed at 450 nm after mixing with 0.125 mM (1), 0.25 mM (2), 0.5 mM (3), 1 mM (4), 2.5 mM 

(5), 5 mM (6) and 12.5 mM (7) D-Asp (final concentrations). Buffer: 100 mM disodium pyrophosphate pH 8.5, 

1% glycerol, 2 mM D-Ala, 10 µg/µL catalase. B) Dependence of the observed rate of anaerobic reduction of 

hDASPO on D-Asp concentration at 10 and 25 °C. Vertical bars indicate ± SE for five determinations: when 

not shown, the standard error is smaller than the symbols used. C,D). Oxidative half-reaction of free reduced 

hDASPO, at 25 °C. Top) Scheme of the oxidative half-reaction of free, reduced hDASPO. C) Course of 

reoxidation of 12.2 µM reduced hDASPO by 12.5% oxygen (final concentrations). The spectra were recorded 

20 ms (1), 30 ms (2), 50 ms (3), 80 ms (4), 100 ms (5), 200 ms (6) and 500 ms (7) after mixing. D) Time course 

of the 453 nm absorbance intensity during the reaction of 12.2 µM reduced hDASPO with 1.25% (1), 5% (2), 

12.5% (3), 25% (4) and 50% (5) oxygen (final concentrations). Inset: linear fit of the observed rate constants 

(kobs) obtained at each oxygen concentration. Buffer contained 2 mM D-Ala and 0.5 µM RgDAAO. 
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Table 1 

Biochemical and structural properties of hDASPO, compared with those for the homologous enzyme hDAAO 

(31,60,61). 

 hDASPO hDAAO
 

Oligomerization state: 

apoprotein 

holoenzyme 

 

monomer-trimer equilibrium 

monomer 

 

dimer 

dimer 

FAD binding, Kd (M): 

free form 

  ligand complex 

 

3.3 ± 0.3 x 10-8 [1.1 ± 0.1 x 10-6]a 

 6.8 ± 0.3 x 10-8  (L-(+)-tartrate) 

 

8 ± 2 x 10-6 

3 ± 1 x 10-7 (benzoate) 

Ligand binding, Kd (mM): 

benzoate 

anthranilate 

CBIO 

meso-tartrate 

L-(+)-tartrate 

 

7.8 ± 0.6 [69.5 ± 6.8] a 

8.8 ± 1.5 [9.0 ± 0.4] a 

5.1 ± 0.5 x 10-2 (10.9 ± 0.8; 11.6 ± 0.8) b 

5.7 ± 0.3 x 10-2 (7.3 ± 0.5; 19.1 ± 1.0) b 

8.7 ± 0.2 x 10-1 

 

7 x 10-3 

40 x 10-3 

1.9 x 10-4 

n.d. 

n.d. 

5-aminonicotinic acid 10.1 ± 2.4 x 10-3 [3.8 ± 1.0 x 10-3] a 

(12.7 ± 1.6; 15.1 ± 2.3) b 

n.d. 

DPPD 31.5 ± 7.5 x 10-3 1 x 10-3 c 

Tm (°C), far-UV CD (220 nm):   

apoprotein 

free holoenzyme 

45.6 ± 0.1 

48.8 ± 0.1 

50.2 ± 1.5 

50.1 ± 1.2 

holoenzyme + 60 µM FAD 52.5 ± 0.2 51.8 ± 0.2 

ligand complex: L-(+)-tartrate 54.2 ± 0.1 55.7 (benzoate) 

Meso-tartrate 51.7 ± 0.1 n.d. 

5-An (10x Kd) 53.3 ± 0.1 n.d. 

5-An (100x Kd) 57.4 ± 0.2 n.d. 

5-An (100x Kd) + 60 µM FAD 64.1 ± 0.1 n.d. 

n.d. = not determined 
a In square parentheses the Ki values for mDASPO (4,43) 
b In parentheses the Kd values for H54A and R237A hDASPO variants 
c IC50 value, unpublished result 
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Table 2 

Steady state kinetic parameters and reduction and reoxidation rate constants of hDASPO compared to 

homologous enzymes (obtained at 25 °C). 

 hDASPO  bDASPO (57) hDAAO (31) 

Substrate: D-Asp D-Asp D-Ala 

EMTN method:    

double reciprocal plot convergent Convergent Parallel 

kcat (s
-1) 229 ± 27 43.5 14.7 

Km,D-AA (mM) 7.2 ± 1.2 1.6 8.2 

Km,O2 (mM) 0.34 ± 0.11 0.46 1.2 

RHR:    

kred (s
-1), k2 1550 ± 206 (460 at 10 °C) 180* 180 

Kd,app (mM) 23.7 ± 4.9 40 12.7 

OHR (M
-1 s-1):    

Free reduced, k4 10.4 ± 0.6 x 104 5.3 x 102 a  1.7 x 104 

Meso-tartrate complex 9.8 ± 0.7 x 104 n.d. n.d. 

Oxaloacetate complex 

Iminoaspartate(oxaloacetate 

and ammonia) complex, k5 

11.5 ± 1.0 x 104 

~ 15 x 104 

 

 

1.5 x 104 

 

 

1.3 x 105 

 
a determined at 4 °C; n.d., not determined 
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Supplementary Table 1. Data collection and refinement statistics. 

Data set hDASPO (C141Y/C143G) 

Data Collection 

Space Group C2221 

Cell dimensions 

a, b, c (Å) 114.40, 159.72, 288.58 

, ,  (°) 90.0, 90.0, 90.0 

Wavelength (Å) 0.97949 

Resolution range (Å)  
    upper limit along a*, b*, c* 4.72, 3.94, 3.21 (3.66-3.22)‡ 

    lower limit 144.29 

#Rpim 0.133 (0.518)‡ 

+CC1/2 0.986 (0.535)‡ 

<I/σ(I)> 5.9 (1.6)‡ 

Redundancy 5.8 (5.5)‡ 

Completeness (%) 

    spherical 53.5 (8.7) 

    ellipsoidal 92.7 (72.4) 

Wilson B-factor along a*, b*, c* 201.91, 115.10, 41.02 

Refinement 

Resolution (Å) 93.00-3.22 (3.34 -3.22) 

Number of reflections 23110 (114) 

Rwork/Rfree 0.231/0.272 (0.381/0.483) 

Number of molecules  

   Proteins in the AU 6 

   FAD molecules 6 

   Glycerol molecules 6 

   Tris molecules 3 

   Phosphate molecules 2 

   Water molecules 179 
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Average B factors (Å2) 53.93 

   Rmsd bond lengths (Å) 0.004 

   Rmsd bond angles (°) 0.73 

Ramachandran plot statistics 93.32 % in favoured 

 0.00 % outliers 

Highest-resolution shell is shown in parentheses 

‡Anisotropicallly truncated data 

  
+CC1/2 is the correlation coefficient of the mean intensities between two random half-sets of data. 

 

 

  

#Rp.i.m. = 1 n - 1 Ihkl - Ihklj=1

n

å
hkl

å Ihkl, jj
å

hkl
å
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Supplementary Table 2. Comparison of apparent steady state parameters of hDASPO on different 

substrates. 

Substrate kcat,app (s
-1) Km,app (mM) kcat,app/Km,app (mM-1s-1) 

D-Asp 81.3 ± 1.5 1.05 ± 0.06 77.4 ± 2.0 

NMDA 73.6 ± 1.3 2.76 ± 0.12 26.7 ± 0.8 

D-Glu 11.3 ± 0.3 31.5 ± 2.0 0.36 ± 0.02 

D-Asn 8.3 ± 0.2 67.0 ± 4.1 0.12 ± 0.01 

D-His 1.2 ± 0.1 96 ± 15 0.011 ± 0.001 

D-Pro 1.2 ± 0.1 339 ± 65 0.003 ± 0.001 
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Supplementary Table 3. Expression level, thermal stability and apparent kinetic (on D-Asp at 21% oxygen saturation) of hDASPO variants. 

 Expression levels (purified protein) Specific activity Thermal stability Apparent kinetic parameters 

Variants (U/Lfermentation) (mgprot/Lfermentation) (U/mg) Tm ( °C) Km,app (mM) kcat,app (s-1) kcat,app/Km (mM-1s-1) 

Wild-type 2855 29.9 95.5 48.8 1.1 ± 0.1 81.3 ± 1.5 77.4 ± 2.0 

C269S 1313 12.7 103.2 53.1 1.3 ± 0.1 85.9 ± 2.1 68.2 ± 1.7 

C328S 804 9.6 83.3 53.1 1.0 ± 0.1 68.9 ± 1.9 68.2± 1.9 

C328V 493 7.8 63.9 51.6 1.0 ± 0.1 80.6 ± 2.6 82.2 ± 2.6 

C141SC143S 77 0.9 81.7 40.9 1.6 ± 0.3 32.8 ± 1.4 20.5 ± 0.9 

C141Y/C143G (hDASPO*) 311 3.8 81.4 48.1 1.3 ± 0.1 68.6 ± 1.9 53.1 ± 1.5 

C269S/C328S 518 7.0 74.5 53.5 2.5 ± 0.3 69.7 ± 2.1 28.0 ± 1.1 

C141Y/C143G/C328S 164 1.1 153.8 52.8 1.2 ± 0.2 72.9 ± 2.9 59.3 ± 2.3 

C29S/C269S/C328S 646 6.2 104.3 45.0 1.8 ± 0.5 69.9 ± 5.6 39.7 ± 1.6 
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Supplementary Table 4. Comparison of apparent steady state parameters of wild-type, H54A and 

R237A hDASPO variants on selected D-amino acids. 

Enzyme form kcat,app (s
-1) Km,app (mM) kcat,app/Km,app (mM-1s-1) 

D-Aspartate: 

Wild-type 81.3 ± 1.5 

 

1.05 ± 0.06 

 

77.4 ± 2.0 

H54A 65.2 ± 0.1 1.45 ± 0.04 45.0 ± 0.9 

R237A 55.7 ± 1.3 22.2 ± 2.1 2.5 ± 0.3 

NMDA: 

Wild-type 73.2 ± 0.9 

 

2.75 ± 0.10 26.6 ± 0.8 

H54A 114.0 ± 2.9 1.89 ± 0.2 60.3 ± 6.6 

R237A 65.5 ± 1.8 11.3 ± 1.1 5.8 ± 0.6 

D-Glutamate: 

 

Wild-type 11.3 ± 0.3 

 

31.5 ± 2.0 0.36 ± 0.02 

H54A 11.2 ± 0.2 59.4 ± 4.5 0.19 ± 0.02 

R237A 9.8 ± 0.2 43.3 ± 5.9 0.23 ± 0.02 

D-Asparagine: 

Wild-type 8.3 ± 0.2 

 

67.0 ± 4.1 

 

0.12 ± 0.01 

H54A 29.1 ± 3.2 ≥ 250 ≤ 0.12 

R237A 11.2 ± 0.2 59.0 ± 4.5 0.19 ± 0.02 
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Supplementary Data 1. Protein purification and spectral properties 

H54A and R237A hDASPO variants were generated by site-directed mutagenesis using the 

QuikChange Lightning Site-Directed Mutagenesis kit (Agilent) and the following primers: H54A: 

primer up: 5’-GCCGGAATGCTTATTCCTGCCACTTATCCAGATACACCG-3’, primer down: 5’- 

CGGTGTATCTGGATAAGGCTGAGGAATAAGCATTCCGGC-3’; R237A: primer up: 5’-

ACCCTGGGTGGAACTGCTCAAAAAGGGGACTGG-3’, primer down: 5’- 

CCAGTCCCCTTTTTGAGCAGTTCCACCCAGGGT-3’. 

Recombinant hDASPO (both the wild-type and the variants) was purified from the crude extract of 

E. coli BL21(DE3) LOBSTR cells bearing the pET11-His-hDASPO plasmid, grown under optimized 

conditions (i.e. collecting the cells 18 h after adding 10 μM IPTG at an OD600nm ≈ 0.5). SDS-PAGE 

analysis of the whole cells showed the appearance of a band at ≈ 39 kDa corresponding to hDASPO 

following IPTG addition, with the highest productivity at 18 h from the inducer addition 

(representing ≈ 4% of the protein content for wild-type DASPO) (see Supplementary Fig. 1, lane 3). 

A comparison between the amount of hDASPO in the crude extract and in the insoluble fraction of 

the cell lysate (based on densitometry analysis) shows that more than 90% of the recombinant 

enzyme was expressed as a soluble protein (Supplementary Fig. 1, lanes 5 and 6). A single 

chromatographic step on a HiTrap chelating column allowed the purification of 29.9 mg of wild-type 

hDASPO/liter of fermentation broth – a value significantly higher than those previously reported (≈ 

2-3 mg/liter) [1-3]. A higher degree of homogeneity was apparent eluting bound hDASPO at 250 



mM than at 500 mM imidazole, see lanes 9 and 10 in Supplementary Fig. 1: a purity > 95% was 

obtained, as judged by SDS-PAGE analysis. The purification yield of recombinant H54A and R237A 

hDASPO variants was 18 and 31.1 mg/liter. 

The purified wild-type hDASPO shows the canonical absorbance spectrum of FAD-containing 

flavoproteins with three main peaks at 273, 379, and 453 nm (Fig. 1A). The ratio between the 

absorbance at 273 and 453 nm is 10.4, and the estimated molar extinction coefficient is 12,185 M-1 

cm-1 at 454 nm (Fig. 1A). The oxidized form of hDASPO is fully converted into the reduced state by 

adding a > 2-fold molar excess of D-Asp under anaerobic conditions (Fig. 1A). hDASPO is 

photoreduced in the presence of 5 mM EDTA and 60 nM 5-deazaflavin at 4 °C and pH 8.0 forming a 

red anionic semiquinone: three isosbestic points were observed during the semiquinone formation 

(at 345, 407, and 502 nm, Fig. 1B) pointing to the presence of only two forms, i.e. the oxidized and 

semiquinone species. A high amount of semiquinone form is stabilized by hDASPO (≈ 78%). At > 6 

minutes of irradiation, the amount of semiquinone species decreased and a complete reduced form 

was observed after 16 minutes (Fig. 1B, dotted lines and inset). A complete re-oxidation of the 

cofactor was observed when the enzyme was kept in the dark for 16 hours under anaerobic 

conditions, even in the absence of a mediator such as benzyl viologen. This result points to a kinetic 

stabilization of the anionic flavin semiquinone, as observed with other flavoenzymes [4]. 
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Supplementary Data 2. Selection of cysteine residues to generate hDASPO variants for protein 

crystallization 

A model of hDASPO three dimensional structure has been generated using the I-TASSER 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and SwissModel 

(http://swissmodel.expasy.org/) servers and the structure of hDAAO as template (PDB 3g3e, 39% 

sequence identity). The quality of the model has been validated by SAVES metaserver and six 

different programs, such as PROVE and ERRAT (https://services.mbi.ucla.edu/SAVES/) [5]. 

The conservation analysis by the Consurf server (http://consurf.tau.ac.il) shows that among the nine 

cysteine residues present in hDASPO, five are not conserved in hDAAO (namely C29, C141, C143, 

C269 and C328) and two of these are not conserved in pig DASPO (C141 and C143, Fig. 2). Three 

cysteines are solvent exposed in the model (C29, C269 and C328) thus putatively prompted to 

generate interchain disulfide bonds. Only C182 and C258 are internal residues conserved in all the 

hDASPO homologues. 

Based on these analyses, cysteines at positions 29, 269 and 328 (on the protein surface) and 141 

and 143 (not conserved in pig DASPO and hDAAO) have been selected for mutagenesis. Cysteines 

29, 269 and 328 were substituted to serine; cysteines 141 and 143 were substituted in tyrosine and 

glycine (to resemble the sequence of pig DASPO); cysteine 328 in valine as in pig DAAO. 

The hDASPO C269S, C328S and C328V single point variants, the C269S/C328S, C141S/C143S and 

C141Y/C143G double point variants, and the C29S/C269S/C328S and C141Y/C143G/C328S triple 



variants have been generated by site directed mutagenesis using the Quick Change II XL kit (Agilent). 

The expression level and specific activity on D-Asp of the purified hDASPO variants is reported in 

Supplementary Table 1: the lowest expression yield was obtained for the C141S/C143S and 

C141Y/C143G/C328S variants ( 1 mg enzyme/L fermentation). All hDASPO variants were purified 

as holoenzymes. The apparent kinetic parameters on D-Asp and thermal stability (estimated by 

temperature ramp experiments) demonstrate that all variants are active: only for the C141S/C143S 

a  8 °C lower Tm and a 2.5-fold lower kcat,app was apparent. This hDASPO variant also slightly differs 

in the far-UV CD spectrum. 

All hDASPO variants purified to a high degree of homogeneity (see lane 10 in Supplementary Fig. 1) 

have been tested in preliminary crystallization trials, with only the C141Y/C143G variant (named 

hDASPO*) providing well diffracting crystals. 

 

5. J. Pontius, J. Richelle, S.J. Wodak, Deviations from standard atomic volumes as a quality measure for 

protein crystal structures. J. Mol. Biol. 264, 121-136 (1996). 
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Supplementary Data 3. hDASPO holoenzyme reconstitution 

The kinetics of the holoenzyme reconstitution was studied under pseudo-first-order conditions (5- 

to 50-fold excess of FAD) by following the quenching of protein fluorescence. The reaction was 

biphasic. In the first rapid phase (approx. 30-40 s) the quenching in protein fluorescence 

represented 20-40% of the total change and the rate was proportional to the FAD concentration 

(Supplementary Fig. 6B): a k = 9.6 x 105 M-1s-1 was calculated. On the other hand, the changes in 

protein fluorescence related to the slower, second phase did not depend on the FAD concentration, 

k = 0.13 s-1. Considering the appearance of the catalytic activity (by the polarographic method) after 

the FAD injection (20-fold molar excess), the oxygen consumption rapidly increased reaching the 

maximal activity (100 U/mg) in 30-40 s, consistently to the completion of the first phase observed 

following protein fluorescence changes. 
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Supplementary Data 4. Kinetic mechanism of hDASPO 

Steady-state kinetics. In EMTN, the oxidized enzyme, 6.1 μM, was mixed aerobically with increasing 

amounts of D-Asp (0.5 - 5 mM) and the changes in flavin absorption monitored at 450 nm. A very 

rapid decrease in absorbance during the first 100 ms was observed, accounting to 55-60% of the 

total change and corresponding to a flavin reduction reaction, followed by an increase of 

absorbance up to 0.2-2 s (which intensity depended on the initial D-Asp concentration); then the 

reaction entered into a steady state phase which lead to the fully reduced enzyme (Supplementary 

Fig. 8). The 450 nm traces were analyzed as function of oxygen concentration (the limiting substrate) 

according to [6]. The double reciprocal plot in the inset of Supplementary Fig. 8 shows a set of lines 

converging on the negative abscissa: this is compatible with formation of a ternary complex 

mechanism [7]. Using the Dalziel approach, the kcat and Km values for D-Asp and O2 were calculated 

(Table 2). While the Km,O2 is very similar to the value for bovine DASPO, the Km,D-Asp and kcat  values 

are ~5-fold higher, suggesting a different rate limiting step in catalysis. 

Reductive half-reaction. The reductive half-reaction was studied at 10 and 25 °C. For these 

experiments, 21.9 μM hDASPO was anaerobically mixed with increasing concentrations of D-Asp 

(0.125-12.5 mM). The absorbance change at 450 nm is biphasic, both at 10 °C and 25 °C (Fig. 6A,B): 

the first, rapid phase was interpolated with a single exponential curve. A full flavin reduction is only 

apparent at D-Asp concentration ≥ 2.5 mM, suggesting that the reductive half-reaction is reversible. 

This was confirmed by static anaerobic titration of reduced enzyme with oxaloacetate (OA) in the 

presence of 8.5 mM ammonium chloride to generate the product iminoaspartate (IAsp): FAD is 



reoxidized adding OA and newly reduced adding further D-Asp (Supplementary Fig. 9). Assuming 

that all OA is converted into IAsp, an equilibrium constant of 4.7 ± 1.3 was estimated for the overall 

Eox + D-Asp ↔ Ered + IAsp process. Adding OA to the reduced hDASPO in the absence of ammonium 

chloride does not allow flavin reduction. 

The second, slow phase of absorbance change at 450 nm was insensitive to D-Asp concentration 

and tends to disappear at high D-Asp concentration. The step of IAsp release from the reduced E-

FADred-IAsp complex is not evident in stopped-flow experiments (k3 in the scheme in Fig. 6top). 

A direct plot of the observed rates for the reduction of the first phase, kobs1, at increasing D-Asp 

concentration shows an hyperbolic behavior (Fig. 6B), that describes a first-order reaction of a 

binary complex (k2/k-2) that follows a second-order complex formation (k1/k-1), according to [8]. The 

step of binding (k1 and k-1) is not observed spectrophotometrically. The linearity of double reciprocal 

plot (not shown) is compatible with a situation in which k2 is > k-2 (see the scheme in Fig. 6top). 

From the direct plot reported in Fig. 6B, a kred (k2) of 1553 s-1 and 460 s-1 was estimated (at 25 °C and 

10 °C, respectively), a value 10-fold higher than the kcat value, indicating that this step is not rate 

limiting in catalysis. 

Oxidative half-reaction. For the oxidative half-reaction 24.4 μM hDASPO was reduced by adding a 

4-fold molar excess of D-Asp under anaerobic conditions, in the absence (from the E-FADred form, 

Fig. 6C,D) or in the presence of 3.35 mM meso-tartrate (MT, Supplementary Fig. 10, from the E-

FADred-ligand form). The reduced enzyme was then mixed in the stopped-flow instrument with a 

buffer containing increasing oxygen concentrations, at 25 °C. In both cases, an increase in the 453 

nm absorbance was observed that was satisfactory fitted with a single exponential process: a 

reoxidation rate constant (k4 or kreox) of 10.4 ± 0.6 x 104 M-1s-1 for the free enzyme form and of 9.8 ± 

0.7 x 104 M-1s-1 in the presence of MT, respectively, was determined, a figure significantly faster 

than the value reported for bovine DASPO (0.053 x 104 M-1s-1 at 4 °C) [9]. 

In order to measure the rate of reoxidation of the reduced enzyme in complex with the product 

iminoacid (k5, see scheme on top of Supplementary Fig. 10), we mixed the reduced enzyme with 10 

mM OA and 0.1 M ammonium chloride (final concentrations): because of the reversibility of the 



reductive half-reaction, the reoxidized enzyme species was largely generated. The reaction with 

dioxygen of the residual, small amount of reduced enzyme that was not reoxidized following IAsp 

generation showed rates similar to those determined for the free or the MT complex (Table 2). 

Previous studies on bovine DASPO employed OA to mimic the substrate bound species instead of 

D-Asp (to avoid enzyme turnover after being reoxidized) [9]. Using increasing concentrations of OA 

in the absence of ammonium chloride (from 5 μM to 5 mM) the observed rate constant of 

reoxidation doubled at OA concentration > 0.5 mM with respect to the free enzyme form (~ 30 vs. 

19 s-1). The kinetics of reoxidation of the reduced enzyme added of 1 mM OA at increasing O2 

concentration yielded a kreox of 11.5 ± 0.1 x104 M-1s-1, slightly faster than the free reduced hDASPO 

(see Table 2). This result confirms that the reoxidation rate constant k5 from the E-FADred-ligand 

(representing the complex of the reduced enzyme with IAsp or with a second molecule of D-Asp) is 

only slightly faster than that of the free reduced species, k4. Altogether, we do not have any evidence 

of the binding of a second molecule of D-Asp as well as of a related, rate-limiting, conformational 

change. 
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Supplementary Fig. 1. SDS-polyacrylamide gel electrophoresis of samples at various stages of hDASPO 

purification. Gel was stained with Coomassie blue. (1) Molecular-weight marker proteins; (2) whole cells 

before IPTG addition; (3) whole cells after 18 hours from IPTG addition; (4) crude extract (40 μg) and (5) 

insoluble fraction of cell lysate (40 μg); HiTrap chromatography flow-through (lane 6, 40 μg), proteins eluted 

at low imidazole concentration (lanes 7 and 8), and purified hDASPO eluted at 500 mM imidazole (lane 9, 10 

μg: 93.7% purity); lane 10: hDASPO* eluted at 250 mM imidazole and used for biochemical and crystallization 

trials. 
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Supplementary Fig. 2. hDASPO* crystal packing vs hDAAO (dimer). hDASPO* and hDAAO are colored as in 

Fig. 2, with the subunit/protomer counterpart in gray. hDASPO* panels are on the left and hDAAO on the 

right, in the same orientation. Key residues for the monomer-monomer interaction are represented as sticks 

and the hydrogen bonds and salt bridges as dashed lines. 
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Supplementary Fig. 3. Details of hDASPO structure. A) hDASPO-FAD interactions. The figure was 

rendered using the program LIGPLOT. B) Electron density 2Fo-Fc map (green net, contoured at 1 σ) 

at the hDASPO* active site for the modeled glycerol molecule. 
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Supplementary Fig. 4. Comparison of CD spectral properties of holo- and apoprotein forms of 

hDASPO. A) Far-UV CD spectrum (0.1 mg protein/mL). B) Near-UV CD spectrum (0.4 mg protein/mL). 

Buffer: 20 mM potassium phosphate pH 8.0, 10% (v/v) glycerol; all measurements were performed 

at 15 °C. 
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Supplementary Fig. 5. Analysis of thermal denaturation of holo- (----) and apo-(———) hDASPO 

obtained following the 220-nm CD signal, in the absence or in the presence of exogenous cofactor 

and/or ligands (solid lines). A) Denaturation thermal curves of apoprotein and holoenzyme in the 

absence or in the presence of 60 μM FAD; B) in the absence or in the presence 0.1 mM 5-An, 1 mM 

5-An, 1 mM 5-An and 60 μM FAD; C) in the absence or in the presence of 8.6 mM meso-tartrate, 8.6 

mM L-(+)-tartrate. Enzyme concentration: 0.1 mg/mL. Buffer: 20 mM potassium phosphate pH 8.0, 

10% glycerol, 150 mM sodium chloride.  
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Supplementary Fig. 6. A) Binding of FAD to hDASPO apoprotein in the presence of 40 mM L-(+)-

tartrate. Increasing amounts (0-5 μM) of FAD were added to a fixed amount of hDASPO apoprotein 

(1 μM) and the quenching in protein fluorescence was recorded (excitation wavelength: 280 nm). 

B) Time course of fluorescence emission at 341 nm during the reconstitution of hDASPO 

holoenzyme: 0.15 μM hDASPO apoprotein was mixed with 0.75 (black), 1.5 (grey) or 7.5 μM (light 

grey) FAD. The buffer composition was 100 mM sodium pyrophosphate, pH 8.5, 10% glycerol at 15 

°C. 
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Supplementary Fig. 7. Effect of ligand binding on the visible absorbance spectrum of hDASPO 

(approx. 12-21 μM). A) L-(+)-tartrate; B) CBIO; C) benzoate; D) 2-aminobenzoate (anthranilate). The 

latter spectral perturbation is due to the formation of a charge-transfer complex between the ligand 

and the FAD cofactor: binding affinity is lower compared to tartrate. Selected spectra obtained upon 

adding increasing concentration of ligands are shown. Inset: fit of the data to an hyperbolic binding 

curve (solid line). Buffer: 20 mM Tris-HCl and 10% (v/v) glycerol, pH 8.0 at 15 °C. Arrows indicate the 

direction of absorbance change at increasing ligand concentrations. No spectral perturbations were 

evident up to 40 mM D-(−)-tartrate or 64 mM L-Asp, suggesting that hDASPO does not bind these 

tartrate and aspartate enantiomers (not shown). 
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Supplementary Fig. 8. Enzyme monitored turnover of hDASPO on D-Asp in the presence of 0.253 

mM oxygen using a stopped-flow spectrophotometer, at 25 °C. The oxidized enzyme, 6.1 μM, was 

mixed with (1) 0.5 mM, (2) 0.75 mM, (3) 1 mM, (4) 1.5 mM, (5) 2.5 mM and (6) 5 mM D-Asp. The 

reaction was monitored at 450 nm. Inset: Lineweaver-Burk plot of reciprocal apparent turnover 

numbers (1/TN) versus the reciprocal [O2] as obtained by the mathematical elaboration of the data 

reported in the main panelBuffer: 100 mM disodium pyrophosphate, pH 8.5, 10% glycerol. 
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Supplementary Fig. 9. Reversibility of the reductive half-reaction of hDASPO. A) 20.5 μM hDASPO 

(1) was reduced anaerobically with 28 μM D-Asp in the presence of 8.5 mM ammonium chloride; 

the reduced enzyme (2) was added of 21 (3) or 38 μM (4) OA (dotted lines). The reoxidized enzyme 

was newly reduced adding 42 (5) or 124 μM (6) D-Asp. The isosbestic point at 340 nm is indicated 

by an arrow. B) 24.6 μM hDASPO (1) was reduced anaerobically with 47.6 μM D-Asp in the absence 

of ammonium chloride (2); the reduced enzyme (2) was then added of 1 mM OA (3). 
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Supplementary Fig. 10. Oxidative half-reaction of reduced hDASPO-MT complex, at 25 °C. A) Course 

of reoxidation of 11.9 μM reduced hDASPO in complex with 3.35 mM MT at 25 °C by 12.5% oxygen 

(final concentrations). The spectra were recorded 20 ms (1), 30 ms (2), 50 ms (3), 70 ms (4), 100 ms 

(5) and 1 s (6) after mixing. B) Time course of the 453 nm absorbance intensity during the reaction 

of 10.2 μM reduced hDASPO in complex with 3.35 mM MT at 25 °C, in the presence of 1.25% (1), 

5% (2), 12.5% (3), 25% (4) and 50% (5) oxygen (final concentrations). Inset: linear fit of the observed 

rate constants (kobs) obtained at each oxygen concentration. Buffer: 100 mM disodium 

pyrophosphate, pH 8.5, 1% glycerol, 2 mM D-Ala, 10 μg/μL catalase, 0.5 μM RgDAAO. 
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