
1 

International Journal of Biological Macromolecules 1 

Research article 2 

3 

First crystal structure of an NADP+-dependent L-arginine dehydrogenase 4 

belonging to the µ-crystallin family 5 

6 

Ryushi Kawakamia, Naoki Takamib, Junji Hayashia, Kazunari Yonedac, Taketo 7 

Ohmorid, and Toshihisa Ohshimad, and Haruhiko Sakurabab, * 8 

9 

aDivision of Bioscience and Bioindustry, Graduate School of Technology, Industrial and 10 

Social Sciences, Tokushima University, 2-1, Minamijosanjima-cho, Tokushima, 11 

Tokushima 770-8513, Tokushima, Japan 12 

bDepartment of Applied Biological Science, Faculty of Agriculture, Kagawa University, 13 

2393 Ikenobe, Miki-cho, Kita-gun, Kagawa 761-0795, Japan 14 

cDepartment of Food and Life Sciences, School of Agriculture, Tokai University, 871-12 15 

Sugido, Mashiki-machi, Kamimashiki-gun, Kumamoto 861-2205, Japan 16 

dDepartment of Biomedical Engineering, Faculty of Engineering, Osaka Institute of 17 

Technology, 5-16-1 Ohmiya, Asahi-ku, Osaka 535-8585, Japan 18 

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/
licenses/by-nc-nd/4.0/
The published version is available via https://doi.org/10.1016/j.ijbiomac.2023.126070.



2 

 

* Corresponding author  1 

E-mail address: sakuraba.haruhiko@kagawa-u.ac.jp (H. Sakuraba) 2 

 3 

Highlights 4 

⚫ The crystal structure of an L-arginine dehydrogenase belonging to the µ-crystallin 5 

family was determined.  6 

⚫ The substrate recognition residues of L-arginine dehydrogenase notably differ from 7 

those predicted for L-alanine dehydrogenase. 8 

⚫ This study provides the first structural insight into the substrate binding mode of 9 

L-arginine dehydrogenase. 10 

 11 

Abstract 12 

Crystal structures of Pseudomonas veronii L-arginine dehydrogenase (L-ArgDH), 13 

belonging to the µ-crystallin/ornithine cyclodeaminase family, were determined for the 14 

enzyme in complex with L-lysine and NADP+ and with L-arginine and NADPH. The main 15 

chain coordinates of the P. veronii L-ArgDH monomer showed notable similarity to those 16 

of Archaeoglobus fulgidus L-AlaDH, belonging to the same family, and Pro-R specificity 17 

similar to L-AlaDH for hydride transfer to NADP+ was postulated. However, the residues 18 
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recognizing the α-amino group of the substrates differed between the two enzymes. Based 1 

on a substrate modeling study, it was proposed that in A. fulgidus L-AlaDH, the amino 2 

group of L-alanine interacts via a water molecule (W510) with the side chains of Lys41 3 

and Arg52. By contrast, the α-amino group of L-arginine formed hydrogen bonds with the 4 

side chains of Thr224 and Asn225 in P. veronii L-ArgDH. Moreover, the guanidino group 5 

of L-arginine was fixed into the active site via hydrogen bonds with the side chain of 6 

Asp54. Site-directed mutagenesis suggested that Asp54 plays an important role in 7 

maintaining high reactivity against the substrate and that Tyr58 and Lys71 play critical 8 

roles in enzyme catalysis. 9 

 10 

Keywords:  11 
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 14 

1. Introduction 15 

Amino acid dehydrogenases, which catalyze NAD(P)+-dependent dehydrogenation 16 

at the α-carbon (C2) position of amino acids accompanied by deamination, can be 17 

classified into several superfamilies. For example, bacterial L-alanine dehydrogenases (L-18 
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AlaDH, EC1.4.1.1) appear similar to the family of D-2-hydroxyacid dehydrogenases [1] 1 

but, with respect to amino acid sequence and 3D structure, stand apart from the ELFVW 2 

superfamily, which includes L-glutamate dehydrogenase (EC1.4.1.2-4) [2], L-leucine 3 

dehydrogenase (EC1.4.1.9) [3], L-phenylalanine dehydrogenase (L-PheDH, EC1.4.1.20) 4 

[4], L-valine dehydrogenase (EC1.4.1.8) [5], and L-tryptophan dehydrogenase 5 

(EC1.4.1.19) [6, 7]. Whereas ELFVW superfamily enzymes show Pro-S stereospecificity 6 

in the hydride transfer from NAD(P)H to oxo acid, bacterial L-AlaDH [1] shows Pro-R 7 

stereospecificity. L-Aspartate dehydrogenases (EC1.4.1.21) observed in the 8 

hyperthermophilic bacterium Thermotoga maritima [8] and hyperthermophilic archaeon 9 

Archaeoglobus fulgidus [9, 10] show Pro-R stereospecificity in the hydride transfer from 10 

NAD(P)H and share no structural similarity with either ELFVW superfamily enzymes or 11 

other families that include bacterial L-AlaDH. On the contrary, those enzymes have low 12 

similarity to the structures of aspartate semialdehyde dehydrogenase, inositol 1-phosphate 13 

synthase, and dihydrodipicolinate dehydrogenase [8]. Moreover, a fourth superfamily of 14 

amino acid dehydrogenases is represented by the L-AlaDH from A. fulgidus, which differs 15 

from many bacterial L-AlaDHs, despite exhibiting the same catalytic activity and showing 16 

Pro-R specificity [11, 12]. That enzyme was initially annotated as an ornithine 17 

cyclodeaminase (OCD) based on the high sequence homology with the µ-crystallin/OCD 18 
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protein family. 1 

NAD(P)+-dependent L-arginine dehydrogenase (EC 1.4.1.25, L-ArgDH) was 2 

recently identified as a novel amino acid dehydrogenase belonging to the 3 

µ-crystallin/OCD family [13]. L-ArgDH was first observed in Pseudomonas aeruginosa 4 

PAO1, an opportunistic human pathogen, and was found to function together with 5 

FAD-dependent D-arginine dehydrogenase to convert D-arginine to L-arginine through its 6 

oxo-analog, 5-guanidino-2-oxopentanoate [13]. When the P. aeruginosa gene DauB, 7 

encoding L-ArgDH, was expressed in Escherichia coli, the product catalyzed the 8 

NAD+-dependent deamination of L-arginine to 5-guanidino-2-oxopentanoate. However, 9 

the molecular and catalytic properties of P. aeruginosa L-ArgDH have yet to be reported 10 

owing to the enzyme’s instability. Recently, a gene homolog (PverR02_12350) of DauB 11 

was identified in genomic data from the nonpathogenic bacterium P. veronii JCM 11942 12 

[14]. Its product possesses 67.8% amino acid sequence homology with P. aeruginosa 13 

L-ArgDH and exhibits strong NADP+-dependent L-ArgDH activity. Because this enzyme 14 

is stable in the presence of 10% (v/v) glycerol, its enzymatic properties have been 15 

analyzed in detail. The most notable characteristic of this enzyme is its high substrate 16 

specificity for L-arginine. D-Arginine, L-lysine, L-ornithine, L-citrulline, L-leucine, L-17 

phenylalanine, L-histidine, L-glutamate, glycine and L-alanine are all inert as electron 18 
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donors. A. fulgidus L-AlaDH is not substrate-specific; L-valine, L-serine, L-threonine, L-1 

aspartate, and L-isoleucine can also serve as substrates but at rates 12% or less of that for 2 

L-alanine [12]. The crystal structure of A. fulgidus L-AlaDH complexed with NAD+ has 3 

been determined, and modeling of substrate L-alanine into the active site has been 4 

reported [11]. Structural analysis of P. veronii L-ArgDH may shed light on the substrate-5 

recognition mechanism of this enzyme, which specifically acts on L-arginine. 6 

In the present study, therefore, we determined the molecular structures by protein 7 

crystallography of the inactive P. veronii L-ArgDH complex with L-lysine and coenzyme 8 

NADP+ bound and the abortive enzyme complex with its natural substrate, L-arginine, 9 

and NADPH bound. We then compared the architecture of the active site with that of A. 10 

fulgidus L-AlaDH and P. putida OCD [15]. This is the first description of the structure of 11 

an L-ArgDH belonging to the µ-crystallin/OCD family. 12 

 13 

2. Experimental procedures 14 

2.1. Purification of the recombinant enzyme 15 

The recombinant enzyme was produced using the expression plasmid pET21a-L-16 

ArgDH, and it was purified as previously described [14] with minor modifications. E. coli 17 

BL21 (DE3) CodonPlus RIPL (Stratagene, Tokyo, Japan) cells harboring pET21a-L-18 
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ArgDH were cultivated [14], and gene expression was induced by incubating the cells 1 

with isopropyl--D-thiogalactopyranoside (final 0.1 mM) for 3 h. The cells were then 2 

collected by centrifugation (6,000 ×g, 10 min), suspended in 20 mM NaH2PO4-Na2HPO4 3 

buffer (Buffer A, containing 10% (v/v) glycerol, 0.5 M NaCl, 0.01% (v/v) 2-4 

mercaptoethanol, and 5 mM imidazole; pH 7.2), and disrupted by sonication. After 5 

centrifugation (12,000 ×g, 10 min), the resultant crude extract was applied to a Protino 6 

Ni-IDA column (Macherey-Nagel, Germany) equilibrated with Buffer A, and the column 7 

was washed with the same buffer. The enzyme was eluted with a linear gradient of 5-500 8 

mM imidazole in Buffer A. The L-ArgDH-containing fractions were analyzed using 9 

SDS-PAGE, pooled, and concentrated by ultrafiltration (Amicon Ultra 30K NMWL; 10 

Millipore, Tokyo). The enzyme solution was then loaded onto a HiLoad 26/60 Superdex 11 

200 gel-filtration column (Cytiva, Marlborough, MA, USA) equilibrated with 20 12 

mM NaH2PO4-Na2HPO4 buffer (pH 7.2) containing 10% (v/v) glycerol and eluted with 13 

the same buffer. Column chromatography was performed at room temperature using a 14 

BioLogic Duo Flow fast protein liquid chromatography system (Bio-Rad, Tokyo). 15 

Expression and purification of mutant enzymes were performed using the same method 16 

used for wild-type enzymes, except that the gel-filtration step was omitted for 17 

purification. 18 
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 1 

2.2. Determination of enzyme activity and protein concentration 2 

Enzyme activity was assayed spectrophotometrically using a Shimadzu UV-1280 3 

spectrophotometer (Shimadzu, Kyoto, Japan) equipped with a thermostat. The standard 4 

assay for L-ArgDH activity was performed as previously described [14] with minor 5 

modifications. The standard reaction mixture comprised 200 mM glycine-NaOH buffer 6 

(pH 9.5), 1.25 mM NADP+, 10 mM L-arginine, and the enzyme in a final volume of 1.0 7 

mL. The mixture without the enzyme was incubated at 27C for 3 min in a cuvette with 8 

a 1.0-cm light path length; the reaction was then initiated by addition of the enzyme. The 9 

NADPH concentration was monitored by measuring the absorbance at 340 nm (extinction 10 

coefficient  = 6.22 mM-1 cm-1). The protein concentration was determined using the 11 

Bradford method (Protein Assay Dye Reagent; Bio-Rad), with bovine serum albumin 12 

serving as the standard. 13 

 14 

2.3. Site-directed mutagenesis 15 

Site-directed mutagenesis was accomplished using a QuikChange Lightning site-16 

directed mutagenesis kit (Agilent Technologies, Tokyo) according to the manufacturer’s 17 

instructions. The expression vector pET21a-L-ArgDH served as the template; the primer 18 
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sets used are listed in Supplementary Table 1. 1 

 2 

2.4. Crystallization and data collection 3 

For the crystallization trial, the purified enzyme was concentrated to about 10 4 

mg/mL using ultrafiltration. Crystals of P. veronii L-ArgDH with L-lysine and NADP+ 5 

bound (an inactive complex) were obtained using the sitting drop vapor diffusion method, 6 

in which 1 µL of enzyme solution containing 5 mM L-lysine and 1 mM NADP+ was 7 

mixed with an equal volume of mother liquor composed of 100 mM imidazole buffer (pH 8 

8.0), 200 mM NaCl, and 30% (w/v) polyethylene glycol (PEG) 8,000. Initially, clustered 9 

crystals grew, which were then suspended in the mother liquor and crushed with Seed 10 

Bead (Hampton Research, Aliso Viejo, CA). A new drop was then inoculated with micro-11 

seeds from the slurry according to the manufacturer’s instructions. Diffraction-quality 12 

crystals were obtained following several cycles of seeding. Crystals of the abortive 13 

complex of enzyme with L-arginine and NADPH bound were grown in sitting drops 14 

composed of 1 µL of enzyme solution containing 5 mM L-arginine and 1 mM NADPH 15 

mixed with an equal volume of mother liquor composed of 70 mM sodium acetate buffer 16 

(pH 4.6), 5.6% (w/v) PEG4,000, and 30% (v/v) glycerol. In all cases, the sitting drops 17 

were equilibrated against 0.1 mL of mother liquor, and the crystals were grown for one 18 
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week at 20C. 1 

Data were collected using a Dectris Pilatus3 S6M detector system on the BL5A 2 

beamline at the Photon Factory, Tsukuba, Japan. The measurements were conducted on a 3 

crystal cooled to 100 K in a stream of nitrogen gas. For crystals of the Lys-NADP+-4 

enzyme complex, mother liquor containing 30% (v/v) ethylene glycol was used for 5 

cryoprotection. The mother liquor for crystals of the L-arginine-NADPH-enzyme 6 

complex already contained 30% (v/v) glycerol, which was directly used for 7 

cryoprotection. The data were processed using XDS [16], followed by Aimless [17] in the 8 

CCP4 [18] program suite. 9 

 10 

2.4. Phasing, refinement, and structure analysis 11 

The structure of the Lys-NADP+-enzyme complex was solved to a resolution of 2.2 12 

Å with molecular replacement using MOLREP [19] in the CCP4 [18] program suite. The 13 

structure of the monomer predicted using AlphaFold2 [20] served as the search model. 14 

Data in the resolution range of 46.7-3.0 Å were used for molecular replacement. Model 15 

building was performed using the program Coot [21]. Maximum-likelihood refinement 16 

at 2.2 Å resolution was performed using REFMAC5 [22]. NCS restraints were imposed 17 

during initial refinement. After several cycles of inspection of the 2Fo-Fc and Fo-Fc 18 
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density maps, the model was rebuilt; R = 0.213 (Rfree = 0.260) in the final refined model. 1 

The structure of the L-arginine-NADPH-enzyme complex was solved to a resolution of 2 

2.5 Å with molecular replacement using MOLREP [19]. The structure of chain A from 3 

the 2.2 Å model was used as a search model. Data in the resolution range 47.8-3.0 Å were 4 

used for molecular replacement. The model was then rebuilt using Coot [21], and 5 

refinement at the maximum resolution was performed using REFMAC5 [22] as described 6 

for the enzyme with L-lysine and NADP+ bound; R = 0.228 (Rfree = 0.274) in the final 7 

model. In all cases, water molecules were incorporated using Coot [21], and the model 8 

geometry was analyzed using MolProbity [23]. The data collection and refinement 9 

statistics are listed in Table 1. 10 

Accessible surface areas (ASAs; radius of the probe solvent molecule = 1.4 Å) of 11 

the protein were calculated using the Proteins, Interfaces, Structures, and Assemblies 12 

(PISA) web server [24]. Hydrogen bonds were identified using CCP4mg [25]. For 13 

superposition of the structures, secondary-structure matching [26] was performed using 14 

Coot [21]. Molecular graphics figures were created using PyMOL 15 

(http://www.pymol.org/). The final Fo-Fc omit electron density maps were generated 16 

using Polder Maps [27] in the PHENIX program suite [28]. The atomic coordinates and 17 

structure factors have been deposited in the Protein Data Bank (PDB) 18 
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(http://www.rcsb.org/; IDs: 8J1C and 8J1G). 1 

 2 

3. Results and Discussion 3 

3.1. Overall structure of P. veronii L-ArgDH complexed with L-lysine and NADP+ 4 

The L-ArgDH molecular structure complexed with L-lysine and NADP+ was refined 5 

to a resolution of 2.2 Å (Table 1). The asymmetric unit comprised two homodimers with 6 

a solvent content of 51.2%, corresponding to a Matthew’s coefficient [29] of 2.52 Å3 Da-1. 7 

The crystal structure indicated that the quaternary structure of P. veronii L-ArgDH was a 8 

dimer generated with a crystallographic twofold axis (Fig. 1). Oligomerization state 9 

analysis using PISA [24] confirmed the dimeric arrangement of P. veronii L-ArgDH, 10 

which is consistent with the subunit assembly of the enzyme estimated using gel filtration 11 

and SDS-PAGE (native enzyme, 66 kDa; subunit, 34 kDa) [14]. The model contained 12 

amino acid residues 4-77, 82-165, 170-283, and 288-315 in subunit A; 4-164, 168-177, 13 

181-284, and 291-315 in subunit B; 4-283 and 287-315 in subunit C; and 4-164, 169-178, 14 

and 181-315 in subunit D, as well as three NADP+, three imidazole, one ethylene glycol, 15 

one L-lysine, and 233 water molecules. Only subunit B had both the L-lysine and NADP+ 16 

molecules bound (Supplementary Fig. 1). The structures of subunits A and D were the 17 

NADP+-bound form, while that of subunit C was the L-lysine/NADP+ unbound form. 18 
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PISA analysis showed that subunit B had the smallest ASA (13,170 Å2), while subunit C 1 

had the largest ASA (13,850 Å2). The ASAs for subunits A and D were 13,600 Å2 and 2 

13,630 Å2, respectively. The protein packing in the crystals may account for the difference 3 

in the ASA among the subunits. 4 

When the monomer model was uploaded to the DALI server [30] to identify proteins 5 

with similar structures (accessed on March 13, 2023), the amino acid dehydrogenase with 6 

the highest structural similarity was A. fulgidus L-AlaDH [PDB code: 1OMO (NAD+-7 

bound structure); root mean square deviation (r.m.s.d) = 2.4-2.5] [11]. The main chain 8 

coordinates of the P. veronii L-ArgDH monomer were similar to those of A. fulgidus L-9 

AlaDH, as was the dimeric arrangement. The subunit folded into two domains: a small 10 

dimerization/catalytic domain 1 and a large NADP-binding domain 2 (Fig. 1). 11 

 12 

3.2. NADP+ and L-lysine binding sites 13 

In P. veronii L-ArgDH subunit D (or A), the binding mode of the NADP+ molecule 14 

was similar to that of the NAD+ molecule in the structure of A. fulgidus L-AlaDH (Fig. 15 

2A). The adenine ring of NADP+ was recognized by the side chains of Pro161, Thr201, 16 

Ser203, and Val207, mainly via hydrophobic interactions. The adenine ribose phosphate 17 

formed hydrogen bonds with the main chain amide and the side chain of Ser162 in 18 
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addition to the side chain of Ser160 (the observed hydrogen bonds between the enzyme 1 

and NADP+ are listed in Supplementary Table 2). The C3 hydroxyl group (O3B) of the 2 

adenine ribose formed hydrogen bonds with the side chain O and the main chain N atoms 3 

of Ser136. The pyrophosphate moiety formed hydrogen bonds with the main chain N 4 

atoms of Lys138 and Val139. The C2 hydroxyl group (O2D) of the nicotinamide ribose 5 

formed hydrogen bonds with the main chain N atoms of Thr224 and Asn225. The 6 

nicotinamide ring was fixed in a pocket formed by residues Arg111, Thr112, Ile222, and 7 

Ile297, and nicotinamide was recognized by the side chain of Arg111 and the main chain 8 

O atom of Ile222. In A. fulgidus L-AlaDH, the C2 and C3 hydroxyl groups (O2B and 9 

O3B) of the adenine ribose of NAD+ formed hydrogen bonds with the side chains of 10 

Asp157 and Arg159 (Fig. 2B). In P. veronii L-ArgDH, these residues were replaced by 11 

Ser160 and Ser162, respectively (Supplementary Fig. 2A), whose side chains fix the C2 12 

phosphate group of the adenine ribose of NADP+. This change may be responsible for the 13 

difference in the cofactor preference between the two enzymes. A. fulgidus L-AlaDH is 14 

specific for NAD+ [12], whereas P. veronii L-ArgDH prefers NADP+ (four times higher 15 

specific activity) over NAD+ [14]. 16 

The main chain coordinates of subunit D with NADP+ bound were nearly identical 17 

to those of subunit B with L-lysine/NADP+ bound (backbone r.m.s.d. = 0.73 Å). However, 18 
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a clear difference was observed for the mode of cofactor binding to the two subunits. In 1 

subunit B, the nicotinamide ribose, pyrophosphate, adenine phosphoribose, and adenine 2 

moieties of NADP+ occupied positions similar to those observed for NADP+ in subunit 3 

D (Supplementary Fig. 3). By contrast, the nicotinamide moiety of NADP+ was found to 4 

be rotated by about 124 in an anticlockwise direction around C1D of NADP+ relative to 5 

subunit D and was recognized by the side chain O and main chain N atoms of Thr109 6 

(Supplementary Fig. 3). 7 

The structure of A. fulgidus L-AlaDH in complex with NAD+ has been determined 8 

with substrate L-alanine modeled into the active site [11]. It was expected that the 9 

carboxylate group of the substrate would be coordinated by an Arg (or Lys) side chain, as 10 

is observed in other amino acid dehydrogenase structures. The best candidate for the 11 

active site of A. fulgidus L-AlaDH was Arg108, and placement of L-alanine was 12 

performed considering the formation of a bidentate salt-link interaction with the side 13 

chain of Arg108. In this model, the amino group of L-alanine forms hydrogen bonds with 14 

the side chains of Lys41 and Arg52 via a water molecule (W510). 15 

When the structure of A. fulgidus L-AlaDH was superimposed on that of P. veronii 16 

L-ArgDH subunit B, the amino acid residues involved in L-lysine binding differed from 17 

those proposed for the L-alanine molecule (Fig. 3). The epsilon amino group of L-lysine 18 
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was recognized by the side chain OH group of Tyr58 and the main chain O atom of Ile297, 1 

and the C amino group interacted via a water molecule (W200) with the main chain O 2 

atom of His105 (Supplementary Table 2). No interactions were observed between the 3 

carboxylate group of L-lysine and the enzyme, although Arg108 in A. fulgidus L-AlaDH 4 

was conserved as Arg111 (Supplementary Fig. 2A). The binding modes of L-lysine and 5 

NADP+ to subunit B were insufficient for catalysis, which may relate to the inability of 6 

the enzyme to utilize L-lysine as a substrate. 7 

 8 

3.3. Overall structure of P. veronii L-ArgDH complexed with L-arginine and NADPH 9 

To further analyze its mode of substrate binding, we determined the structure of P. 10 

veronii L-ArgDH with its natural substrate, L-arginine, and NADPH bound (an abortive 11 

complex). The structure was refined to a resolution of 2.5 Å (Table 1), and the asymmetric 12 

unit consisted of two homodimers with a solvent content of 60.7%, corresponding to a 13 

Matthew’s coefficient [29] of 3.1 Å3 Da-1. Subunit assembly was the same as that 14 

described for the enzyme with L-lysine and NADP+ bound. The model contained amino 15 

acid residues 4-77 and 82-315 in subunit A; 4-315 in subunit B; 4-77, 82-164, and 180-16 

315 in subunit C; and 4-164 and 171-315 in subunit D, as well as four NADPH, two 17 

ethylene glycol, four L-arginine, and 45 water molecules. Both the L-arginine and 18 
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NADPH molecules were observed in all subunits (Supplementary Fig. 4).  1 

 2 

3.4. NADPH and L-arginine binding sites 3 

The main chain coordinates of a P. veronii L-ArgDH monomer (subunit A) with L-4 

arginine and NADPH bound were nearly identical to those of the enzyme with NADP+ 5 

bound (subunit D with L-lysine and NADP+ bound; backbone r.m.s.d. = 0.74 Å), as were 6 

the interactions between the enzyme and coenzyme. Superposition of the A. fulgidus L-7 

AlaDH structure with NAD+ bound onto that of P. veronii L-ArgDH with L-8 

arginine/NADPH bound showed that the NADPH molecule in the latter was 9 

positioned/configured nearly identically to the NAD+ molecule in the former. This 10 

suggests P. veronii L-ArgDH has Pro-R specificity similar to L-AlaDH for the hydride 11 

transfer to NADP+. As proposed for the L-alanine molecule modeled into the A. fulgidus 12 

L-AlaDH structure, the carboxylate group of L-arginine interacts with the side chain of 13 

Arg111 (Fig. 4), which corresponds to Arg108 in A. fulgidus L-AlaDH but not in a 14 

bidentate manner. The carboxylate group is also recognized by the side chain of Lys71, 15 

corresponding to Lys65 in the A. fulgidus enzyme. The α-amino group of L-arginine forms 16 

hydrogen bonds with the side chains of Thr224 and Asn225. The amino acid residues 17 

corresponding to these two residues are not present in A. fulgidus L-AlaDH 18 
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(Supplementary Fig. 2A). The guanidino group of the substrate L-arginine hydrogen 1 

bonded to the side chain of Asp54 and the main chain O atom of Ser73 (Supplementary 2 

Table 2). To assess the role of Asp54, we constructed a D54A mutant and observed that 3 

the specific activity of the mutant was only about 1.8% of the wild-type enzyme activity, 4 

which suggests recognition of the L-arginine guanidino group by the Asp54 side chain is 5 

essential for maintaining high reactivity for L-arginine. 6 

 7 

3.5. Comparison with OCD 8 

On searching for proteins with similar structures using the DALI server [30], the 9 

OCD from P. putida [PDB code: 1X7D (NADH/L-ornithine-bound structure) [15] 10 

showed high structural similarity with P. veronii L-ArgDH (r.m.s.d. = 2.4-2.5). In P. putida 11 

OCD, the L-ornithine molecule exhibits a binding mode similar to that observed for the 12 

L-arginine molecule in P. veronii L-ArgDH (Fig. 5A, B), although the side chain of 13 

L-ornithine takes an alternative conformation with an occupancy of 0.5. Within this 14 

structure, the carboxylate group of L-ornithine was recognized by the side chains of Arg45, 15 

Lys69, and Arg112. Among these residues, Lys69 and Arg112 are respectively conserved 16 

as Lys71 and Arg111 in P. veronii L-ArgDH (Supplementary Fig. 2B). The α-amino group 17 

of L-ornithine donates a hydrogen bond to the side chain of Asp228, and this side chain 18 
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functions as a proton acceptor that facilitates the formation of the imino substituent [15]. 1 

In P. veronii L-ArgDH, as described above, the α-amino group of L-arginine interacts with 2 

the side chains of Thr224 and Asn225, which occupy the vicinal position of the side chain 3 

of Asp228 in P. putida OCD. To examine the roles of Thr224 and Asn225, we constructed 4 

T224A and N225A mutants and observed that the N225A substitution had little effect on 5 

the specific activity of the enzyme, whereas the specific activity of the T224A mutant was 6 

dramatically reduced (about 0.25% of the wild-type Vmax value). Although the reaction 7 

rate was low, the T224A mutant retained catalytic activity, suggesting Thr224 is not 8 

essential for catalysis. Recognition of the α-amino group of L-arginine by the side chains 9 

of Thr224 and Asn225 may occur, particularly within the active site of the abortive 10 

complex of the enzyme with substrate L-arginine and product NADPH bound. 11 

 12 

3.6. Insight into the reaction mechanism 13 

A preliminary outline of the reaction mechanism based on the model of A. fulgidus 14 

L-AlaDH with L-alanine bound was previously reported [11]. As described above, the 15 

α-amino group of L-alanine modeled into the A. fulgidus enzyme formed a hydrogen bond 16 

with a water molecule (W510), which was also hydrogen bonded with the side chains of 17 

Lys41 and Arg52 (Fig. 4). Consequently, W510 was thought to mediate proton transfer 18 
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for catalysis [11]. However, the amino acid residues and a water molecule corresponding 1 

to those two residues and W510 were not observed in P. veronii L-ArgDH. 2 

In the reaction of amino acid dehydrogenases, which catalyze NAD(P)+-dependent 3 

dehydrogenation at the Cα position of amino acids accompanied by deamination, the -4 

amino group (-keto group in the reverse reaction) of the substrate requires an acid/base 5 

capable of catalytically transferring protons. This role is played by His in Phormidium L-6 

AlaDH [1] and by Lys in Rhodococcus L-PheDH [4]. In P. veronii L-ArgDH, no His 7 

residue is observed within 5 Å of the substrate Cα, but Lys71 is located within 5 Å. In the 8 

above L-AlaDH and L-PheDH, the catalytic acid/base functional group, whether His or 9 

Lys, has an Asp or Glu residue as a partner. This appears to be Asp303 in P. veronii L-10 

ArgDH, which is within 3 Å of Lys 71 (Fig. 4). The residues corresponding to Lys71 and 11 

Asp303 are conserved among the homologs of P. veronii L-ArgDH (Supplementary 12 

Figure 5) [14], suggesting that Lys71 acts as the catalytic acid/base in L-ArgDHs as 13 

predicted for A. fulgidus L-AlaDH [11]. 14 

As shown in Fig. 4, on the other hand, the side chain of Tyr58 (OH) is located nearby 15 

the substrate Cα (about 4 Å) in P. veronii L-ArgDH and it forms a triad with the side 16 

chains of Lys71 (NZ) and Ser73 (OG). In short-chain dehydrogenase/reductase family 17 

enzymes, the Ser-Tyr-Lys catalytic triad is essential for catalysis. The side-chain oxygen 18 
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of the Tyr residue functions as an acid/base catalyst for proton transfer, and the Ser residue 1 

plays a secondary role in the stabilization of substrate binding [31]. The Lys residue has 2 

two critical roles: it interacts with the OH groups of the nicotinamide ribose (cofactor 3 

binding) and lowers the pKa value of the OH group in the side chain of the Tyr residue 4 

[31]. In L-ArgDHs, therefore, Tyr58 may serve as the acid/base catalytic residue instead 5 

of Lys71. To examine the role of Tyr58 and Lys71, we constructed Y58F and K71A 6 

mutants and observed that these substitutions completely abolished enzyme activity. This 7 

indicates that Tyr58 and Lys71 play critical roles in enzyme catalysis. The residues 8 

corresponding to Tyr58, Lys71, and Ser73 in P. veronii L-ArgDH are completely 9 

conserved among the L-ArgDH homologs (Supplementary Figure 5) [14], though Tyr58 10 

and Ser73 are respectively replaced by Met and Val in A. fulgidus L-AlaDH and P. putida 11 

OCD (Supplementary Figure 2). In particular, the Tyr58 in the active site of P. veronii L-12 

ArgDH may be a benchmark that distinguishes L-ArgDHs from L-AlaDHs/OCDs in the 13 

µ-crystallin/OCD family, although further experimental verification should be necessary. 14 

 15 

4. Conclusions 16 

In the present study, we determined the crystal structures of P. veronii L-ArgDH 17 

with L-lysine and coenzyme NADP+ bound as well as with its natural substrate, L-arginine, 18 
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and NADPH bound. The substrate recognition residues differed from those of A. fulgidus 1 

L-AlaDH. Asp54 plays a critical role in maintaining high reactivity against the substrate 2 

L-arginine. In addition, Tyr58 and Lys71 were found to play critical roles in enzyme 3 

catalysis. The Tyr58 in the active site of P. veronii L-ArgDH may serve as a criterion for 4 

distinguishing L-ArgDHs from L-AlaDHs. These findings will facilitate a better 5 

understanding of the structure-function relationships within amino acid dehydrogenases 6 

belonging to the µ-crystallin/OCD family. 7 

 8 
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Figure legends 1 

 2 

Fig. 1. Overall structure of P. veronii L-ArgDH with L-lysine and NADP+ bound. Binding 3 

of both the L-lysine and NADP+ molecules is observed only in subunit B. The structures 4 

of subunits A and D are the NADP+-bound forms, while that of subunit C is the 5 

L-lysine/NADP+-unbound form. L-lysine and NADP+ molecules are shown in magenta 6 

and yellow, respectively. The smaller dimerization/catalytic domain 1 and the larger 7 

NADP-binding domain 2 of subunit A are shown. 8 

 9 

Fig. 2. A, Stereographic close-up of NADP+ bound to subunit D of P. veronii L-ArgDH. 10 

Residues surrounding the NADP+ molecule are shown in green. NADP+ is shown in 11 

magenta. B, Stereographic close-up of the adenine and adenine ribose moieties of NAD+ 12 

bound to A. fulgidus L-AlaDH. The networks of hydrogen bonds are shown as dashed 13 

lines. 14 

 15 

Fig. 3. Comparison of the active site structures in subunit B of P. veronii L-ArgDH with 16 

L-lysine/NADP+ bound (green and red labels) and A. fulgidus L-AlaDH with NAD+ bound 17 

(cyan and black labels) (stereo representation). NADP+, L-lysine, and water (W200) in P. 18 

veronii L-ArgDH are shown in magenta, yellow, and red, respectively. NAD+ and water 19 
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(W510) in A. fulgidus L-AlaDH are shown in orange and gray, respectively. The networks 1 

of hydrogen bonds are shown as dashed lines. 2 

 3 

Fig. 4. Comparison of the active site structures in P. veronii L-ArgDH with 4 

L-arginine/NADPH bound (green and red labels) and A. fulgidus L-AlaDH with NAD+ 5 

bound (cyan and black labels) (stereo representation). NADPH and L-arginine in P. 6 

veronii L-ArgDH are shown in magenta and yellow, respectively. NAD+ and water 7 

(W510) in A. fulgidus L-AlaDH are shown in orange and gray, respectively. The networks 8 

of hydrogen bonds are shown as dashed lines. 9 

 10 

Fig. 5. A, Stereographic close-up of the L-ornithine binding site in P. putida OCD (cyan). 11 

L-Ornithine is shown in yellow. B, Stereographic close-up of the L-arginine binding site 12 

in P. veronii L-ArgDH (green). L-Arginine is shown in yellow. The networks of hydrogen 13 

bonds are shown as dashed lines. 14 

 15 

 16 

 17 

 18 
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Supplementary Figure 1.

Stereographic close-up of subunit B of P. veronii L-ArgDH with L-

lysine/NADP+ bound. NADP+ and L-lysine are shown in magenta and yellow, 

respectively. The final Fo - Fc omit electron density map for NADP+ and L-

lysine was generated using Polder Maps [23] (contoured at 3.5). 



ArgDH      ---TPHVIQQAQARELLAQI-------DVPQILHKLFRDLAAGLAVQPPQQLVAFPKGAG  53 

AlaDH      --METLILTQEEVESLISMD-------EAMNAVEEAFRLYALGKAQMPPKVYLEF--EKG  49 

OCD        ----TYFIDVPTMSDLVHDIGVAPFIGELAAALRDDFKRW-—QAFDKSARVASHS--EVG  53 

                          *                    *                      * 

 

ArgDH      DFINYLGVLAEDGVYGVKTSPYIVGEQGP---LVTAWTLLMSMHSGQPLLLCDAHELTTA 110 

AlaDH      DLRAMPAHL--MGYAGLKWVNSHPGNPDKGLPTVMALMILNSPETGFPLAVMDATYTTSL 107 

OCD        VIELMPVADK--SRYAFKYVNGHPANTARNLHTVMAFGVLADVDSGYPVLLSELTIATAL 111 

                            *               * *   *     * *         *   

 

ArgDH      RTAATTALAVDALAPLAARRLAIIGSGKVAQAHLRYVQNLRDWQHISLFSPSLASASPAT 170 

AlaDH      RTGAAGGIAAKYLARKNSSVFGFIGCGTQAYFQLEALRRVFDIGEVKAYDVREK-----A 162 

OCD        RTAATSLMAAQALARPNARKMALIGNGAQSEFQALAFHKHLGIEEIVAYDTDPL-----A 166 

           ** *    *   **         ** *                                  

 

ArgDH      LAQLTGLDP-----RLSIADSCAAAVADADVIMLCTSS--AGPVLDPAHLSKPALITSIS 223 

AlaDH      AKKFVSYCEDRGI-SASVQ-PAEEASR-CDVLVTTTPS--RKPVVKAEWVEEGTHINAIG 217 

OCD        TAKLIANLKEYSGLTIRRASSVAEAVKGVDIITTVTADKAYATIITPDMLEPGMHLNAVG 226 

                                   *    *     *                         

 

ArgDH      TNAPRAHEVPPHSLNAMQVFCDYRQTTPDAAGEMLIASEQHGWDKRAVMGDLPELLSDMA 283 

AlaDH      ADGPGKQELDVEILKKAKIVVDDLEQAKHGGE-INVAVSKGVIGVEDVHATIGEVIAGLK 276 

OCD        GDCPGKTELHADVLRNARVFVEYEPQTRIEG-EIQQL----PADF-PVVD-LWRVLRGET 279 

              *   *     * 

 

ArgDH      -QRPD-YQRPVFFRSIGLGLEDIALANALYQLQR-------------------------- 315 

AlaDH      DGRES-DEEITIFDSTGLAIQDVAVAKVVYENALSKNVGSKIKFF--------------- 320 

OCD        E-GRQSDSQVTVFDSVGFALEDYTVLRYVLQQAEKRGMGTKIDLVPWVEDDPKDLFSHTR 338 

                       * * *    *                                       

Supplementary Figure 2.

Structure-based amino acid sequence alignments of P. veronii L-ArgDH (ArgDH), 

A. fulgidus L-AlaDH (AlaDH), and P. putida OCD (OCD). Sequences were aligned 

using the DALI server [30]. Asterisks indicate conserved residues. Tyr58, Lys71, and 

Ser73 in P. veronii L-ArgDH are shown on a yellow background.
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Supplementary Figure 3.

Comparison of the modes of cofactor binding to P. veronii L-ArgDH subunit B 

with L-lysine/NADP+ bound and subunit D with NADP+ bound. NADP+

molecules in subunits B and D are shown in cyan and magenta, respectively.



NADP+ 

L-Arginine

NADP+ 

L-Arginine

Supplementary Figure 4.

Stereographic close-up of P. veronii L-ArgDH with L-arginine/NADPH bound.

NADPH and L-arginine are shown in magenta and yellow, respectively.

The final Fo - Fc omit electron density map for NADPH and L-arginine was 

generated using Polder Maps [23] (contoured at 3.5). 



 
PverJCM11942 ArgDH     -MSSTPHVIQQAQARELLAQIDVPQILHKLFRDLAAGLAVQPAQQLVAFPKGAGDFINYL  59 

PverR02_12350          -MSSTPHVIQQAQARELLAQIDVPQILHKLFRDLAAGLAVQPPQQLVAFPKGAGDFINYL  59 

PaerPAO1_PA3862        MSAATPLIVQQAEAEQLLARIDVLQAMRQLFLDLAAGQALQPAQQLVEFPAGRGDFINYL  60 

                           **   *** *  *** *** *    ** ***** * ** **** ** * ******* 

 

PverJCM11942 ArgDH     GVLAEDGVYGVKTSPYIVGEQGPLVTAWTLLMSMHNGQPLLLCDAHELTTARTAATTALA 119 

PverR02_12350          GVLAEDGVYGVKTSPYIVGEQGPLVTAWTLLMSMHSGQPLLLCDAHELTTARTAATTALA 119 

PaerPAO1_PA3862        GVLAQEQVYGVKTSPYIVREQGPLVTAWTLLMSMQTGQPLLLCDAARLTTARTAATTAVA 120 

                       ****   *********** ***************  *********  *********** * 

 

PverJCM11942 ArgDH     VDALAPLAARRLAIIGSGKVAQAHLRYVQNLRDWQHISLFSPSLASASPATLAQLTGLDP 179 

PverR02_12350          VDALAPLAARRLAIIGSGKVAQAHLRYVQNLRDWQHISLFSPSLASASPATLAQLTGLDP 179 

PaerPAO1_PA3862        VDALAPAEACRLALIGSGPVAHAHLQYVKGLRDWQGVRVHSPCLDERR---LQSLRAIDP 177 

                       ******  * *** **** ** *** **  *****     ** *       *  *   ** 

 

PverJCM11942 ArgDH     RLSIADSCAAAVADADVIMLCTSSAGPVLDPAHLSKPALITSISTNAPRAHEVPPHSLNA 239 

PverR02_12350          RLSIADSCAAAVADADVIMLCTSSAGPVLDPAHLSKPALITSISTNAPRAHEVPPHSLNA 239 

PaerPAO1_PA3862        RAEAAGSLEEALDEADVILLCTSSARAVIDPRQLKRPALVTSISTNAPRAHEVPAESLAA 237 

                       *   * *   *   **** ******  * **  *  *** **************  ** * 

 

PverJCM11942 ArgDH     MQVFCDYRQTTPDAAGEMLIASEQHGWDKRAVMGDLPELLSDMAQRPDYQRPVFFRSIGL 299 

PverR02_12350          MQVFCDYRQTTPDAAGEMLIASEQHGWDKRAVMGDLPELLSDMAQRPDYQRPVFFRSIGL 299 

PaerPAO1_PA3862        MDVYCDYRHTTPGSAGEMLIAAEQHGWSPEAIRGDLAELLSAQAPRPEYRRPAFFRSIGL 297 

                       * * **** ***  ******* *****   *  *** ****  * ** * ** ******* 

 

PverJCM11942 ArgDH     GLEDIALANALYQLQR-- 315 

PverR02_12350          GLEDIALANALYQLQR-- 315 

PaerPAO1_PA3862        GLEDVALANALYRLRQAG 315 

                       **** ******* *    

Supplementary Figure 5

Amino acid sequence alignments of L-ArgDH homologs.

PverJCM11942 ArgDH, P. veronii L-ArgDH, PverR02_12350, P. veroni putative L-ArgDH [14],

and PaerPAO1_PA3862, P. aeruginosa L-ArgDH. Sequences were aligned using Clustal W [32].

Asterisks indicate conserved residues. The putative Ser-Tyr-Lys triad is shown on a yellow

background.



 

 

Supplementary Table 1. 

Sequences of primers used for site-directed mutagenesis. 

D54A_Fw GGTAGTTGATGAAGGCGCCGGCGCCCTT 

D54A_Rv AAGGGCGCCGGCGCCTTCATCAACTACC 

Y58F_Fw GCCGGCGACTTCATCAACTTCCTGGGCGTG 

Y58F_Rv CACGCCCAGGAAGTTGATGAAGTCGCCGGC 

K71A_Fw ATGTACGGCGAAGTCGCGACCCCGTACACGCC 

K71A_Rv GGCGTGTACGGGGTCGCGACTTCGCCGTACAT 

T224A_Fw CGGGGCGCATTGGCGCTGATCGAAGTG 

T224A_Rv CACTTCGATCAGCGCCAATGCGCCCCG 

N225A_Fw ATGGGCGCGGGGCGCCGCGGTGCTGATCGAAGT 

N225A_Rv ACTTCGATCAGCACCGCGGCGCCCCGCGCCCAT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2  
 
Descriptive table of the observed hydrogen bonds between enzyme and 
coenzyme/substrates. 
 

Atoms participating in the hydrogen interactions 

 Distance (Å)  

NADP+ 

(Subunit D) 

Adenine ribose phosphate 

O2X 3.32 Ser160 OG 

 2.72 Ser162 OG 

O3X 2.60 Ser162 OG 

 2.98 Ser162 N 

Adenine ribose 
O3B 3.20 Ser136 OG 

 3.05 Ser136 N 

Pyrophosphate 
O2N 3.14 Lys138 N 

 3.01 Val139 N 

Nicotinamide ribose  
O2D 2.80 Thr224 N 

 2.81 Asn225 N 

Nicotinamide 
O7N 2.71 Arg111 NH1 

N7N 2.83 Ile222 O 

L-Lysine 

(subunit B) 

Epsilon amino group 
NZ 2.97 Tyr58 OH 

 3.38 Ile297 O 

Alpha amino group N 2.58 Wat200 

Wat200 O 2.66 His105 O 

L-Arginine 

Carboxylate group 
O 3.24 Arg111 NH2 

OXT 2.70 Lys71 NZ 

Alpha amino group 
N 3.44 Thr224 OG1 

 3.29 Asn225 OD1 

Guanidino group 

NH1 2.60 Asp54 OD1 

 2.91 Ser73 O 

NH2 2.77 Asp54 OD1 

 

 

 



Table 1. Data-collection and refinement statistics. 

 

 L-Lysine/NADP+-bound  

L-ArgDH 

L-Arginine/NADPH-bound  

L-ArgDH 

PDB code 8J1C 8J1G 

Data collection   

  Synchrotron light source Photon Factory Photon Factory 

  Beamline  BL-5A BL-5A 

Wavelength (Å) 1.0 1.0 

No. of frames 180 720 

Oscillation width (deg) 1.0 1.0 

Detector distance (mm) 429.05 451.90 

Exposure per frame (s) 1 1 

Temperature (K) 100 100 

Indexing and scaling   

Space group P212121 P1 

Unit cell parameters   

a (Å) 91.1 63.5 

b (Å) 92.6 70.3 

c (Å) 162.5     100.1 

 () 90 89 

 () 90 73 

 () 90 87 

Resolution range (Å) a 46.7–2.20 

(2.25–2.20) 

47.8–2.50 

(2.57–2.50) 

Total No. of reflections 474464 393701 

No. of unique reflections 70419 56308 

Redundancy a  6.7 (7.0) 7.0 (6.7) 

Completeness (%)a 100 (100) 98.7 (98.1) 

< I/σ(I)> a 16.8 (1.7) 18.9 (1.8) 

Rpim
 a, b 0.030 (0.49) 0.026 (0.50) 

CC1/2
 a, c 0.992 (0.730) 0.999 (0.657) 

No. of chains per 

asymmetric unit 

4 4 

Refinement   

Resolution range (Å)  46.7–2.20 47.8–2.50 



R/Rfree (%) a, d 21.3/26.0 

(30.7/35.1) 

22.5/27.4 

(34.1/38.3) 

No. of protein atoms  9119 9200 

No. of water molecules  233 45 

No. of ligands  Ethylene glycol, 1 Ethylene glycol, 2 

 Imidazole, 3 NADPH, 4 

 NADP+, 3 L-Arginine, 4 

 L-Lysine, 1  

   

Average B-factors (Å2) 41.9 57.2 

R.m.s.d.   

Bond lengths (Å) 0.006 0.007 

Bond angles (°) 1.4 1.4 

Ramachandran statistics    

Favored (%) 96.9 96.3 

Allowed (%) 3.1 3.7 

Outliers (%) 0 0 

a Values in parentheses: highest resolution data shell; r.m.s.d.: root-mean-square deviation. 

b Rpim = Σh [1/ (/nh − 1)]1/2 Σi| < Ih> − Ih,i|/Σh Σi Ih,I, where h enumerates the unique reflections, i represents 

their symmetry-equivalent contributors, and nh denotes multiplicity. 

c CC1/2 = Correlation between intensities from random half-data sets. 

d Rfree calculated with randomly selected reflections (5%). 

 




