
A Novel Pyrroloquinoline Quinone-Dependent 2-Keto-D-Glucose
Dehydrogenase from Pseudomonas aureofaciens

Kiwamu Umezawa,a Kouta Takeda,b Takuya Ishida,c Naoki Sunagawa,c Akiko Makabe,a Kazuo Isobe,d Keisuke Koba,a Hiroyuki Ohno,b

Masahiro Samejima,c Nobuhumi Nakamura,b Kiyohiko Igarashi,c Makoto Yoshidaa

Department of Environmental and Natural Resource Science, Tokyo University of Agriculture and Technology, Fuchu, Tokyo, Japana; Department of Biotechnology and
Life Science, Tokyo University of Agriculture and Technology, Koganei, Tokyo, Japanb; Department of Biomaterials Sciences, Graduate School of Agriculture and Life
Sciences, The University of Tokyo, Bunkyo-ku, Tokyo, Japanc; Department of Applied Biological Chemistry, Graduate School of Agriculture and Life Sciences, The University
of Tokyo, Bunkyo-ku, Tokyo, Japand

A gene encoding an enzyme similar to a pyrroloquinoline quinone (PQQ)-dependent sugar dehydrogenase from filamentous fungi,
which belongs to new auxiliary activities (AA) family 12 in the CAZy database, was cloned from Pseudomonas aureofaciens. The de-
duced amino acid sequence of the cloned enzyme showed only low homology to previously characterized PQQ-dependent en-
zymes, and multiple-sequence alignment analysis showed that the enzyme lacks one of the three conserved arginine residues that
function as PQQ-binding residues in known PQQ-dependent enzymes. The recombinant enzyme was heterologously expressed
in an Escherichia coli expression system for further characterization. The UV-visible (UV-Vis) absorption spectrum of the oxi-
dized form of the holoenzyme, prepared by incubating the apoenzyme with PQQ and CaCl2, revealed a broad peak at approxi-
mately 350 nm, indicating that the enzyme binds PQQ. With the addition of 2-keto-D-glucose (2KG) to the holoenzyme solution,
a sharp peak appeared at 331 nm, attributed to the reduction of PQQ bound to the enzyme, whereas no effect was observed upon
2KG addition to authentic PQQ. Enzymatic assay showed that the recombinant enzyme specifically reacted with 2KG in the pres-
ence of an appropriate electron acceptor, such as 2,6-dichlorophenol indophenol, when PQQ and CaCl2 were added. 1H nuclear
magnetic resonance (1H-NMR) analysis of reaction products revealed 2-keto-D-gluconic acid (2KGA) as the main product,
clearly indicating that the recombinant enzyme oxidizes the C-1 position of 2KG. Therefore, the enzyme was identified as a
PQQ-dependent 2KG dehydrogenase (Pa2KGDH). Considering the high substrate specificity, the physiological function of
Pa2KGDH may be for production of 2KGA.

Pyrroloquinoline quinone (PQQ) is a major cofactor in redox
enzymes called quinoproteins and was first identified as a co-

factor in bacterial methanol dehydrogenase (1) and glucose dehy-
drogenase (2), in 1979. The presence of PQQ is a defining feature
of quinoprotein enzymes, which distinguishes them from nicoti-
namide- and flavin-dependent enzymes. In nature, PQQ-depen-
dent quinoproteins have primarily been found as bacterial pro-
teins, localized to the periplasm or bound to membranes, which
catalyze the oxidation of various sugars and alcohols, such as glu-
cose, methanol, and ethanol, in the presence of an appropriate
electron acceptor (3). Because bacterial PQQ-dependent enzymes
require cytochrome c or ubiquinone as an electron acceptor, they
are believed to be involved in cellular respiration (4, 5).

Several Gram-negative bacteria, such as Pseudomonas spp. and
Gluconobacter spp., possess a pathway for the oxidation of mono-
saccharides, known as oxidative fermentation. Among these bac-
teria, Pseudomonas spp. have been reported to accumulate an
oxidized form of glucose in culture (6), producing 2-keto-D-glu-
conic acid (2KGA) from D-glucose, with D-gluconic acid pro-
duced as a metabolic intermediate. The 2KGA biosynthetic path-
way proceeds through the sequential catalytic actions of two
membrane-bound dehydrogenases located on the periplasmic
side of the inner cytoplasmic membrane. In this pathway, a mem-
brane-bound, PQQ-dependent D-glucose dehydrogenase cata-
lyzes the oxidation of D-glucose to D-gluconic acid (7, 8). In a
consecutive reaction, a membrane-bound, flavin adenine dinucle-
otide (FAD)-dependent D-gluconate dehydrogenase oxidizes D-
gluconic acid to 2KGA (9, 10). Both D-gluconic acid and 2KGA
can be transported into the cytoplasm (11, 12), where they are

converted to 6-phosphogluconic acid and enter the Entner-Dou-
doroff pathway, producing pyruvate and glyceraldehyde-3-phos-
phate for energy metabolism (13–15). The physiological signifi-
cance of glucose oxidation is thought to be a strategy for securing
carbon sources, as few microorganisms are able to metabolize
these oxidized substrates (16).

Recently, we identified a novel cellulose-binding hemoquinopro-
tein sugar dehydrogenase from the basidiomycete Coprinopsis ci-
nerea (CcSDH) (17), which is organized into a three-domain
structure consisting of an N-terminal cytochrome electron trans-
fer domain that is similar to the cytochrome b domain, a PQQ-
dependent sugar dehydrogenase catalytic domain, and a C-termi-
nal family 1 carbohydrate-binding module (CBM1; previous
called a cellulose-binding domain). The PQQ-dependent dehy-
drogenase domain has very low sequence homology to known
quinoproteins and showed the highest activity against 2-keto-D-
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glucose (2KG), although the enzyme was able to catalyze the oxi-
dation of various sugars. Using BLAST to search for homologs of
the amino acid sequence of CcSDH, we identified a gene encoding
a protein homologous to CcSDH in the genome databases of Pseu-
domonas spp. In contrast to CcSDH, the putative PQQ-dependent
enzyme was predicted to lack both the N-terminal cytochrome b
domain and the C-terminal CBM1. In the present study, we
sought to better understand the functions of these bacterial en-
zymes. For this purpose, we cloned the corresponding gene from
Pseudomonas aureofaciens, and the recombinant protein was suc-
cessfully produced in Escherichia coli. Characterization of this pro-
tein revealed that it is a PQQ-dependent 2KG dehydrogenase
(2KGDH) which has high specificity for the oxidation of 2KG to
2KGA. Considering these results with previously published work,
we discuss the potential physiological function of this enzyme in
the metabolic pathway of 2KGA synthesis.

MATERIALS AND METHODS
Strains. P. aureofaciens ATCC 13985 was used as the source of genetic
material for target gene cloning. E. coli strains JM109 (TaKaRa, Japan) and
BL21(DE3) (TaKaRa, Japan) were used as hosts for subcloning experi-
ments and heterologous production of recombinant proteins, respec-
tively.

Extraction of genomic DNA from P. aureofaciens. Genomic DNA
was prepared from cells of P. aureofaciens grown in tryptone soy broth
(Difco, Detroit, MI). The cells were harvested by centrifugation at
10,000 � g for 5 min. The cell pellet was resuspended in Tris-EDTA (TE)
and incubated at 100°C for 10 min. Cellular debris was removed by cen-
trifugation at 10,000 � g for 5 min, and the supernatant was collected. The
genomic DNA solution was stored at �20°C until cloning.

Cloning of the gene encoding Pa2KGDH. For determination of the
full-length DNA sequence of 2KGDH from P. aureofaciens (Pa2KGDH),
oligonucleotide primers (forward, 5=-CGACTTCGTGCATTCATAGGG
AAATCAG-3=; and reverse, 5=-GGCTTGACCCTGTGCCGCAAG-3=)
were designed based on the whole-genome shotgun sequence of Pseu-
domonas chlororaphis subsp. aureofaciens 30-84 (accession number
AHHJ01000000). The primers were designed to hybridize to the 5= and 3=
untranscribed regions, respectively, of a gene annotated an L-sorbosone
dehydrogenase gene (accession number gi:397883170). The region con-
taining the full-length DNA sequence of Pa2KGDH was amplified by PCR
by using the above primers, genomic DNA from P. aureofaciens as the
template, and KOD-Plus, version 2, DNA polymerase (Toyobo, Japan).
The PCR product was purified, subcloned into the pGEM-T Easy vector
(Promega, Madison, WI), and sequenced.

Sequence analysis. Homology searches were performed using BLASTP
(18, 19) at the National Center for Biotechnology Information website
(http://www.ncbi.nlm.nih.gov/BLAST/). All searches were performed us-
ing the default settings and the BLOSUM 62 matrix. The presence of a

Pa2KGDH   20  GETSTLQVSDGTGPSPKLPEPNKTLFPTVNIAPAIGWPQGAKPVAAAGTQVAAFAEGLEHPRWLYVLPNGD-VLVAETNAPPSPDDSKGF
CcSDH    240  TFVS----------CPGAPQPRYQM------------------NVANGFRVAPVLGGLTMPRGITLDTRGN-LLVVERG-----------
1CRU      13  ----------------------------------------KSENFD----KKVILSNLNKPHALLWGPDNQ-IWLTERA-------TGKI
3A9G      36  ----------------------------------------FK--------ISEVASDLEVPWSIAPLGGGR-YLVTERP-------GRLV
3DAS      14  ----------------------------------------APPAKGSVKVLRTVATGLNSPWGLAPLPGGD-LLVSSRD-------EATI
2G8S       6  ----------------------------------------N---------VEVLQDKLDHPWALAFLPDNHGXLITLRG-------GELR

Pa2KGDH  109  RGWIASKIMSRAGAGVP-----SPNRITLLRDKDHDGVAETRTVFLEN--LNSPFGMTLVGNDLYVADTDRLLRFP-YKDGDTKINAQPT
CcSDH    290  RGLTGHTL-------------------------DANGCVTSSKVVIQDTQINHGIDVHPSGRRIIASSGDIAWSWD-YDPATMTATNRRT
1CRU      51  LRVNPESGSVKTVFQVPEIVNDADGQNGLLGFAFHPDFKNNPYIYISGTFKN------PKSTDKELPNQTIIRRYT-YNKSTDTLEKPVD
3A9G      70  --LISPSGKK--LVASFDVA--NVGEAGLLGLALHPEFPKKSWVYLYASY---------FAEGGHIRNRVIRGRLD---GSTFKLKEVKT
3DAS      56  TRVDAKTGRKTELGEVPGVS--PSGEGGLLGIALSPDYASDHXVYAYFTS---------ASD-----NRIVRXLYDEKKPSGEQLGAPDT
2G8S      40  -HWQAGKGLSAPLSGVPDVW--AHGQGGLLDVVLAPDFAQSRRIWLSYSE---------VGDDGKAGTAVGYGRLS---DDLSKVTDFRT

Pa2KGDH  191  KVVDLPGGKLNHHWTKNVIASKDGSKLY-VTVGSNSNVGEN------------------GMDQEEGRAAIWEVDRATGKQ----------
CcSDH    354  LVT---GMNNFYHFTRTVHISRKYPNLFALNVGSDGNIDVP------------------TRQQNSGRAQIRVFDYDQLPQNGVPFVS---
1CRU     134  LLAGLPSSKD--HQSGRLVIGPDQ-KIY-YTIGDQGRNQLAYLFLPNQAQHTPTQQELNGKDYHTYMGKVLRLNLDGSIPKDNPSFN--G
3A9G     142  LIDGIPGAYI--HNGGRIRFGPDG-MLY-ITTGDAADPRLA-------------------QDLSSLAGKILRVDEEGRPPADNPFPN---
3DAS     130  VFRGIPKGVI--HNGGRIAFGPDK-XLY-AGTGESGDTGLS-------------------QDRKSLGGKILRXTPDGEPAPGNPFPG---
2G8S     115  VFRQXPKLSTGNHFGGRLVFDGKG-YLF-IALGENNQRPTA-------------------QDLDKLQGKLVRLTDQGEIPDDNPFIKESG

Pa2KGDH  252  ---RIFASGLRNPNGMAWEPQSGQLWTAVN-----------ERDEIGSDLVPDYITSVKDGA-----FYGWPFSY-YGQHVDVRVTPQNP
CcSDH    420  QYGRVLGYGLRNDVGIT-EDRAGNIHSIENSLDNAYRMVNGQRRDIHTNNPAEKVYNLGDPSNPRAIFGGYPDCYTVWEPSDFTDSPKQP
1CRU     218  VVSHIYTLGHRNPQGLAFTP-NGKLLQSEQ-----------------GPNSDDEINLIVKGG-----NYGWPNVAGYKDDSGYA------
3A9G     206  --SPIWSYGHRNPQGIDWHRASGVMVATEH-----------------GPVGHDEVNIILKGG-----NYGWPLATGKAGRGEFV------
3DAS     194  --SPVYSYGHRNVQGLAWDDKQR-LFASEF-----------------GQDTWDELNAIKPGD-----NYGWPEAEGKGGGSGFH------
2G8S     184  VRAEIWSYGIRNPQGXAXNPWSNALWLNEH-----------------GPRGGDEINIPQKGK-----NYGWPLATWGINYSGFKIPEAKG

Pa2KGDH  322  D---------------LVAKAIAPDYAVG-PHTASLGLAFAEG-----------------------------------------------
CcSDH    509  GDWFTQDNSGQYTDAWCNANAVKPTLLLP-PHTAPLDMKFGLG-----------------------------------------------
1CRU     279  ------------------YANYSAAANKSIKDLAQNGVKVAAGVPVTKESEWTGKNFVPPLKTLYTVQDTYNYNDPTCGEMTYICWPTVA
3A9G     266  ----------------------DPVIDTGSETWAPSGASFVHG-----------------------------------------------
3DAS     253  ----------------------DPVAQWSTDEASPSGIAYAEG-----------------------------------------------
2G8S     252  E---------------IVAGTEQPVFYWK-DSPAVSGXAFYNS-----------------------------------------------

Pa2KGDH  349  --SKLPAPFTQGVFIGQHGSWNRKPHSGYKVIFVP--------FANGKPVG-QP----VDVLTGFLSADEKAMG-----RPVGVVIDKQG
CcSDH    551  --ND------TNLYVALHGSWNRQPPQGYKVVVVPGQYSASGEWSPTAPLA-QSRTAWSDLLTNRNENQCSGFGNANCFRPVGLVWSADG
1CRU     351  PSSAYVYKGGKKAITGWENTLLVPSLKRGVIFRIK--------LDPTYSTTYDD----AVPMFKSNN------------RYRDVIASPDG
3A9G     287  -----------DMFPGLRGWLLIACLRGSMLAAVN--------FGDNMEVR-KI----STFFKNVFG------------RLRDVVIDDDG
3DAS     274  -----------SVW--------XAGLRGERLWRIP--------LKGTAAAA-DP----QAFLEGEYG------------RLRTVAPAGGD
2G8S     279  -----------DKFPQWQQKLFIGALKDKDVIVXS--------VNGDKVTE-DG----R-ILTDRGQ------------RIRDVRTGPDG

Pa2KGDH  419  -DLLVADDVGNK---------VWRVSAAKAQ
CcSDH    632  QNLYVSSDTSGE---------VFIIK----R
1CRU     417  NVLYVLTDTAGN------------V-----Q
3A9G     341  GILISTSNRDGRGSLRAGDDKILKI-----V
3DAS     320  KLWLVTSNTDGRGDAKGGDDRILELE----V
2G8S     332  YLYVLTDESSGE---------LLKV-----S

▲

▲▲

▲

FIG 1 Alignment of the Pa2KGDH amino acid sequence with those of known six-bladed quinoproteins. Perfect matches are boxed with a black background.
Open boxes represent amino acid residues predicted to interact with PQQ via direct hydrogen bonding in known enzymes. The black arrowhead indicates the
predicted catalytic histidine residue. Open arrowheads indicate conserved residues involved in PQQ binding in Pa2KGDH and known quinoproteins (27, 33, 34).
1CRU, glucose dehydrogenase from A. calcoaceticus; 3A9G, Asd from Pyrobaculum aerophilum; 3DAS, Asd from Streptomyces coelicolor; 2G8S, Asd from E. coli.
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signal peptide was predicted using the SignalP, version 4.1, server (20) on
the Center for Biological Sequence Analysis website (http://www.cbs.dtu
.dk/services/SignalP/). Multiple-sequence alignment analysis was per-
formed using MAFFT, version 6.85 (21), on the European Bioinformatics
Institute website (https://www.ebi.ac.uk/Tools/msa/mafft/). For phyloge-
netic analysis of the bacterial PQQ-dependent enzymes, complete amino
acid sequences were initially aligned using MAFFT and then manually
edited using SeaView (22). A phylogenetic tree was constructed from this
alignment by using the neighbor-joining method (23) in ClustalX soft-
ware (24), with 1,000 bootstraps.

Heterologous expression of recombinant Pa2KGDH. The DNA
fragment encoding mature Pa2KGDH was obtained by a PCR using oli-
gonucleotide primers (forward, 5=-CATATGGGCGAAACCTCCACCCT
CCAG-3=; and reverse, 5=-GCGGCCGCTTGCGCCTTGGCTGCTGACA
CG-3=) designed from the nucleotide sequence for cloned Pa2KGDH,
with genomic DNA from P. aureofaciens as the template. The primers
contain restriction endonuclease sites for NdeI and NotI (underlined) for
insertion into the corresponding sites within the pET-21a(�) expression
vector (Novagen, Madison, WI). The PCR product was purified and li-
gated into the pGEM-T Easy vector. The sequence of the cloned gene was
confirmed by DNA sequencing. The target gene was digested with NdeI
and NotI and then ligated into the multiple-cloning site of the pET-
21a(�) vector. E. coli BL21(DE3) was transformed with the resultant plas-
mid. Transformants were grown in LB medium containing 100 �g/ml
ampicillin with shaking (180 rpm) at 37°C until they reached an optimal
optical density at 600 nm of 0.2, and expression was induced with 0.1 mM
isopropyl-�-D-thiogalactopyranoside at 18°C. After an 18-h induction,
cells were harvested by centrifugation at 10,000 � g for 5 min, suspended
in 20 mM potassium phosphate buffer (pH 7.4) containing 0.5 M NaCl and
20 mM imidazole, and disrupted using a VP-050 ultrasonic homogenizer
(Titech Co., Ltd., Japan). The sonicated cell suspension was centrifuged at
5,000 � g for 5 min to remove cellular debris and unbroken cells. The result-
ing supernatant was used as a cell extract for protein purification.

Purification of recombinant Pa2KGDH. All buffers used for purifi-
cation were kept at 4°C. The cell extract was applied to a HisTrap FF crude
5-ml column (GE Healthcare, Sweden). Recombinant Pa2KGDH was pu-
rified using standard immobilized-metal affinity chromatography as de-
scribed by the manufacturer. After purification, the protein solution was
dialyzed against 20 mM HEPES (pH 7.0). The solution was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
to confirm the purity of the preparation. The N-terminal amino acid
sequence was determined using the Procise cLC 491 protein sequencing
system (Applied Biosystems, Foster City, CA).

UV-Vis spectral characterization. The UV-visible (UV-Vis) spectra
of recombinant Pa2KGDH were recorded in both the oxidized and re-
duced states by using a UV-Vis spectrophotometer. The holoenzyme was
prepared by incubating the apoenzyme at 4°C for 30 min in 50 mM
HEPES (pH 7.0) with 100 �M PQQ and 100 mM CaCl2. Excess PQQ and
CaCl2 were removed by ultrafiltration with a 5,000-molecular-weight
(MW)-cutoff Vivaspin 500 filter (Sartorius Stedim, Germany) at 15,000 �
g, followed by addition of 20 mM HEPES (pH 7.0). Ultrafiltration was
repeated until all excess additives were removed completely. The reduced
form of the holoenzyme was prepared by addition of 2KG.

Enzyme activity assay. Enzyme activity was measured spectrophoto-
metrically by reduction of 2,6-dichlorophenol indophenol (DCPIP) at 600
nm, coupled with phenazine methosulfate (PMS), at 37°C. Enzyme activity
was calculated using an extinction coefficient of DCPIP of 600 nm (21.0
mM�1 cm�1). For substrate specificity testing, the reaction mixture con-
tained the enzyme solution, 0.1 mM PQQ, 1 mM CaCl2, 50 mM HEPES (pH
7.0), 1 mM substrate, 0.7 mM PMS, and 0.1 mM DCPIP in a total volume of
500 �l. Substrates added were as follows: D-allose, L-allose, D-galactose, L-ga-
lactose, D-glucose, L-glucose, D-gulose, L-gulose, D-mannose, L-mannose, D-
tallose, L-tallose, D-arabinose, L-arabinose, D-lyxose, L-lyxose, D-xylose, L-xy-
lose, D-fructose, L-fructose, D-tagatose, L-tagatose, L-sorbose, maltose,
sophorose, D-fucose, L-fucose, L-rhamnose, D-ribose, L-ribose, N-acetyl-D-
glucosamine, D-glucosamine, 2KG, and cellobiose.

The effect of pH on activity was examined by using 2KG as the sub-
strate in a series of 50 mM MES (morpholineethanesulfonic acid)-NaOH
buffers ranging in pH from 5.5 to 6.5, 50 mM PIPES [piperazine-N,N=-
bis(2-ethanesulfonic acid)]-NaOH buffers ranging in pH from 6.5 to 7.5,
and 50 mM Tris-HCl buffers ranging in pH from 7.5 to 9.0. For kinetic
analyses, the activity assay was performed with 0.5 to 32 mM 2KG as the
substrate, with a 50 nM enzyme solution in 50 mM PIPES-NaOH buffer
(pH 7.5) containing 1 �M PQQ and 1 mM CaCl2. To investigate metal ion
dependence, enzyme activity was monitored using the protocol described
above, except that CaCl2 was replaced with MgCl2. The total protein con-
centration was determined using a Pierce bicinchoninic acid (BCA) pro-
tein assay kit (Thermo Fisher Scientific, Rockford, IL) according to the
manufacturer’s instructions, using bovine serum albumin as a standard.

Analysis of catalytic reaction products. To acquire 1H nuclear mag-
netic resonance (1H-NMR) spectra of the reaction products, the reaction
mixture was prepared as follows: 300 �M holoenzyme, 50 mM HEPES
(pH 7.0), 0.3 mM PMS, 16.9 mM DCPIP, and 16.9 mM 2-keto-D-glucose
in a total volume of 1 ml. After incubation for 12 h at 28°C, the reaction
mixture was frozen by use of liquid nitrogen, lyophilized, and dissolved in
D2O. 1H-NMR spectra were recorded on a JEOL ECA600 spectrometer

FIG 2 SDS-PAGE analysis of purified recombinant Pa2KGDH. Lane 1, mo-
lecular mass standard; lane 2, purified recombinant Pa2KGDH.

FIG 3 Absorption spectra of recombinant Pa2KGDH. Solid line, apoenzyme;
dashed line, oxidized holoenzyme; dotted line, reduced holoenzyme. The re-
duced form was prepared by addition of 2-keto-D-glucose. (Inset) UV-Vis
absorption spectra of authentic PQQ. Solid line, authentic PQQ; dotted line,
PQQ with 2-keto-D-glucose. All determinations were conducted in 20 mM
HEPES-NaOH buffer (pH 7.0) at room temperature.
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(JEOL, Japan). The chemical shifts were referenced by setting the value for
3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt to 0 ppm.

Nucleotide sequence accession number. The nucleotide sequence of
the gene encoding Pa2KGDH has been deposited in the DDBJ database
under accession number AB932861.

RESULTS
Nucleotide and amino acid sequence analyses. Using the PQQ-
dependent sugar dehydrogenase CcSDH (accession number gi:
397883170) as a query, a BLAST search against the NCBI database
identified a homologous gene in P. aureofaciens. The gene has been
annotated an L-sorbosone dehydrogenase gene, although its ex-
perimental characterization has not been reported. The corre-
sponding gene was cloned from the genomic DNA of P. aureofa-
ciens strain ATCC 13985. The gene consisted of a 1,317-bp open
reading frame, indicating that it encodes a protein of 439 amino
acids. When the nucleotide and amino acid sequences were com-
pared with those in the NCBI database, 67 nucleotides and 9
amino acids (D59G, D78E, I108F, A147V, R184K, S186N, K236E,
T344A, and N400S) were different, possibly due to strain differ-
ences.

The N-terminal 19 amino acids were predicted to form a signal

peptide by the SignalP program, suggesting that the mature pro-
tein consists of 420 amino acids, with a molecular mass of 45.0
kDa and a pI of 6.1. The amino acid sequence showed the highest
similarity among characterized proteins with the catalytic domain
of CcSDH. However, in contrast to CcSDH, the protein consists of
only the catalytic domain. Structural homology was also observed
with bacterial and archaeal PQQ-dependent enzymes shown to
have a six-bladed �-propeller structure by three-dimensional
structural analysis. These homologous enzymes were, in order of
decreasing similarity, aldose sugar dehydrogenase (Asd) from E.
coli (25% identity; PDB accession number 2G8S), Asd from Strep-
tomyces coelicolor (22% identity; PDB accession number 3DAS),
Asd from Pyrobaculum aerophilum (21% identity; PDB accession
number 3A9G), and glucose dehydrogenase from Acinetobacter
calcoaceticus (17% identity; PDB accession number 1CRU).

The amino acid sequences of Pa2KGDH, CcSDH, and bacterial
and archaeal PQQ-dependent enzymes structurally homologous
to Pa2KGDH were aligned using MAFFT (Fig. 1). A histidine in
Pa2KGDH (His203) was identified at the same position as a his-
tidine predicted to be the catalytic residue in previously char-

TABLE 1 Activities of recombinant Pa2KGDH toward various mono-
and disaccharidesa

Sugar Pa2KGDH activity (�mol/min/mg)

2-Keto-D-glucose 1,479.45
D-Glucose 0.38
L-Glucose 0.15
D-Mannose 0.88
L-Mannose 1.03
D-Galactose 0.03
L-Galactose 2.13
D-Allose 2.55
L-Allose 6.64
D-Talose 9.83
L-Talose 0.47
D-Gulose 1.40
L-Gulose 5.88
D-Xylose ND
L-Xylose 4.26
D-Lyxose 3.68
L-Lyxose 2.60
D-Arabinose 8.30
L-Arabinose 0.26
D-Fucose 0.47
L-Fucose 7.20
D-Fructose ND
L-Fructose ND
D-Tagatose 3.22
L-Tagatose 2.71
L-Rhamnose 2.13
L-Sorbose 2.23
D-Glucosamine 3.21
N-Acetyl-D-glucosamine 0.30
Cellobiose 0.20
Maltose ND
Sophorose 0.15
D-Ribose ND
L-Ribose 5.94
a Enzyme activity was monitored by the reduction of DCPIP in 50 mM HEPES (pH 7.0)
containing 1 mM substrate at 37°C. ND, not detected.

FIG 4 Partial 1H-NMR spectra of reaction products (A), 2-keto-D-gluconic
acid (B), and 2-keto-D-glucose (C). 3-(Trimethylsilyl)propionic-2,2,3,3-d4

acid sodium salt was used as a reference (0 ppm).

FIG 5 Putative pathway of 2-keto-gluconic acid synthesis in the periplasm of
Pseudomonas aureofaciens. The pathway proposed in the present study is en-
closed by a dashed line. GDH, D-glucose dehydrogenase; GADH, D-gluconate
dehydrogenase; 2KGDH, 2-keto-glucose dehydrogenase.
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FIG 6 Phylogenetic tree for Pa2KGDH, similar putative dehydrogenases, and known PQQ-dependent enzymes. Pa2KGDH from the present study is boxed. The
tree was generated from the amino acid sequences of Pa2KGDH, proteins homologous to Pa2KGDH, and known quinoproteins by using the neighbor-joining
method in ClustalX (v. 2.1). 4AAH, methanol dehydrogenase from Methylophilus W3A1; 1CRU, soluble glucose dehydrogenase from A. calcoaceticus; 2G8S,
soluble Asd from E. coli; 3A9G, Asd from P. aerophilum; AHE53529.1, hypothetical protein from Sphingomonas sanxanigenens; AHI25399.1, putative L-
sorbosone dehydrogenase from Gluconacetobacter xylinus; AHI25551.1, L-sorbosone dehydrogenase from Gluconacetobacter xylinus; EXI83910.1, putative
membrane-bound dehydrogenase domain protein from “Candidatus Accumulibacter sp.”; NP 634897.1, L-sorbosone dehydrogenase from Methanosarcina
mazei; Q44091.1, L-sorbosone dehydrogenase from Gluconacetobacter liquefaciens; WP_002638173.1, sorbosone dehydrogenase from Myxococcus sp.; WP_
003423316.1, L-sorbosone dehydrogenase from Pseudomonas syringae; WP_003630272.1, L-sorbosone dehydrogenase from Acetobacter pasteurianus;
WP_004449305.1, L-sorbosone dehydrogenase from Acetobacter pasteurianus; WP_005046264.1, hypothetical protein from Acinetobacter calcoaceticus;
WP_005246918.1, hypothetical protein from Acinetobacter sp.; WP_005284126.1, hypothetical protein from Acinetobacter sp.; WP_006117236.1, L-sorbosone
dehydrogenase from Acetobacter pomorum; WP_006219208.1, sorbosone dehydrogenase from Achromobacter piechaudii; WP_006557961.1, sorbosone dehy-
drogenase from Acetobacter tropicalis; WP_006559625.1, L-sorbosone dehydrogenase from Acetobacter tropicalis; WP_006913414.1, sorbosone dehydrogenase
from Salinisphaera shabanensis; WP_006993817.1, L-sorbosone dehydrogenase from Glaciecola mesophila; WP_007398410.1, sorbosone dehydrogenase from
Gluconacetobacter sp.; WP_008850969.1, hypothetical protein from Gluconobacter morbifer; WP_009510150.1, L-sorbosone dehydrogenase from Acinetobacter
baumannii; WP_009816668.1, sorbosone dehydrogenase from Roseovarius sp.; WP_010162075.1, sorbosone dehydrogenase from Sphingomonas sp.; WP_
010665785.1, L-sorbosone dehydrogenase from Acetobacter aceti; WP_016418137.1, sorbosone dehydrogenase from Halomonas anticariensis; WP_016555642.1,
NHL repeat-containing protein from Rhizobium grahamii; WP_017296897.1, hypothetical protein from Nodosilinea nodulosa; WP_017845324.1, sorbosone
dehydrogenase from Pseudomonas veronii; WP_017902167.1, sorbosone dehydrogenase from Pseudomonas fuscovaginae; WP_018005083.1, sorbosone dehy-
drogenase from Cupriavidus taiwanensis; WP_018271647.1, hypothetical protein from Bradyrhizobium elkanii; WP_019087754.1, L-sorbosone dehydrogenase
from Acetobacter pasteurianus; WP_019342104.1, sorbosone dehydrogenase from Pseudomonas stutzeri; WP_019495027.1, hypothetical protein from Calothrix
sp.; WP_020079230.1, sorbosone dehydrogenase from Enterobacter aerogenes; WP_020090605.1, sorbosone dehydrogenase from Methylobacterium sp.; WP_
020164113.1, sorbosone dehydrogenase from Methyloversatilis universalis; WP_020175448.1, hypothetical protein from Methyloferula stellata; WP_020340026.1,
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acterized enzymes. Three arginine residues are known to be
involved in PQQ binding in bacterial and archaeal enzymes.
Among them, two were conserved in Pa2KGDH (Arg259 and
Arg408), whereas one was replaced with valine (Val410). In
addition, Asn260, which was predicted to interact with the O-4
atom of PQQ, was found in Pa2KGDH. On the other hand, the
basic amino acid residue that was predicted to make an ion pair
interaction with the C-7 carboxyl group of PQQ (e.g., Lys377 in
the soluble glucose dehydrogenase from Acinetobacter calcoace-
ticus) was not found in Pa2KGDH.

Physical and spectral properties of recombinant Pa2KGDH.
The soluble recombinant hexahistidine-tagged Pa2KGDH en-
zyme was heterologously expressed in E. coli and recovered from
the cell extract by affinity chromatography using a Ni-nitrilotri-
acetic acid (Ni-NTA) column. The purity and molecular mass
of the purified enzyme were confirmed by SDS-PAGE, which
showed a single band of approximately 47 kDa (Fig. 2). The mo-
lecular mass observed was almost identical to that estimated from
the amino acid sequence of this enzyme. The identity of the puri-
fied enzyme was confirmed by N-terminal amino acid sequencing,
which determined the first 10 residues to be “GETSTLQVSD.”

PQQ binding to the recombinant enzyme was examined
spectrophotometrically. The UV-Vis absorption spectrum of
the apo form of recombinant Pa2KGDH showed a sharp peak
at around 280 nm that was attributed to the protein (Fig. 3).
When the holoenzyme was prepared by incubating the apoen-
zyme with PQQ and CaCl2, followed by removal of excess ad-
ditives, a broad peak was observed close to 350 nm, suggesting
that Pa2KGDH binds to PQQ. Moreover, the addition of 2KG
to the oxidized enzyme resulted in a sharp peak at 331 nm,
whereas no effect was observed upon 2KG addition to authen-
tic PQQ (Fig. 3, inset). This indicates that PQQ is reduced
only when bound to the recombinant enzyme, with the addi-
tion of 2KG.

Enzymatic properties of recombinant Pa2KGDH. To inves-
tigate the role of PQQ in Pa2KGDH catalytic activity, we tested the
activity of the recombinant enzyme with 2KG, using DCPIP as an
electron acceptor in the presence or absence of PQQ. DCPIP was
appreciably reduced when the enzyme was mixed with 2KG in the
presence of PQQ and CaCl2, whereas no activity was observed in
their absence (data not shown). These results clearly indicate that
PQQ is necessary for the catalytic activity of Pa2KGDH. To date,
the ability to oxidize 2KG has been observed for PQQ-dependent

enzymes such as CcSDH (17) and L-sorbosone dehydrogenase
from Ketogulonicigenium vulgare DSM 4025 (25). These enzymes
demonstrated broad substrate specificities against various sugars,
in addition to 2KG. Recombinant Pa2KGDH displayed significant
activity against 2KG, as predicted in spectral studies, whereas no
or very low activity was observed against other substrates (Table
1). These results indicate that the catalytic activity of Pa2KGDH is
specific to 2KG.

The effect of pH on recombinant Pa2KGDH activity was
examined by using a series of buffers ranging in pH from 5.5 to
9.0. The recombinant enzyme displayed optimal activity at pH
7.0 to 7.5 in PIPES-NaOH buffers, while activities at pH 6.0 and
8.0 were decreased by more than half. Therefore, kinetic anal-
ysis of 2KG oxidation by recombinant Pa2KGDH was con-
ducted in a pH 7.5 PIPES-NaOH buffer. The Km and kcat for the
substrate were measured as 43.9 � 9.9 mM and 32.0 � 4.7 s�1,
respectively. The Km values of PQQ-dependent enzymes with a
six-bladed �-propeller structure are known to be high, gener-
ally above the millimolar range. For example, the Km values of
the soluble glucose dehydrogenase from A. calcoaceticus for D-
glucose and of Asd from E. coli for D-glucose were reported to be
22 mM and 400 mM, respectively (26, 27), similar to our results
for Pa2KGDH. It is well known that PQQ-dependent enzymes
require divalent metal ions, such as calcium, to bind PQQ (28). In
the present study, the effects of divalent metal ions on the catalytic
activity of recombinant Pa2KGDH were examined by using CaCl2
and MgCl2 in the reaction buffers. Significant activities were ob-
served with both CaCl2 and MgCl2, although the enzymatic activ-
ity in the presence of CaCl2 was higher than that with MgCl2 (data
not shown). Therefore, Pa2KGDH seems to prefer calcium for
binding to PQQ, although both metal ions can be utilized.

Identification of reaction products. The reaction products of
the oxidation of 2KG by recombinant Pa2KGDH were deter-
mined by 1H-NMR analysis (Fig. 4). The 1H-NMR spectrum of
the reaction products was almost identical to that of 2KGA,
suggesting that the enzyme oxidizes the C-1 position of 2KG.
To the best of our knowledge, this is the first report of an
enzyme that specifically attacks the C-1 position of 2KG to
produce 2KGA.

DISCUSSION

PQQ-dependent quinoproteins are divided into the following two
groups based on their structure: those containing an eight-bladed

L-sorbosone dehydrogenase from Pseudomonas syringae; WP_020402680.1, hypothetical protein from Gracilimonas tropica; WP_021224936.1, sorbosone de-
hydrogenase from Sphingobium lactosutens; WP_021317704.1, sorbosone dehydrogenase from Sphingobium ummariense; WP_023096705.1, L-sorbosone dehy-
drogenase from Pseudomonas aeruginosa; WP_023430763.1, L-sorbosone dehydrogenase from Lutibaculum baratangense; WP_023794762.1, sorbosone dehy-
drogenase from Mesorhizobium sp.; YP_001236509.1, glucose/sorbosone dehydrogenase from Bradyrhizobium sp.; YP_001260163.1, PEBP family protein from
Sphingomonas wittichii; YP_001600858.1, L-sorbosone dehydrogenase from Gluconacetobacter diazotrophicus; YP_001603987.1, L-sorbosone dehydrogenase
from Gluconacetobacter diazotrophicus; YP_001847059.1, glucose/sorbosone dehydrogenase from Acinetobacter baumannii; YP_002275820.1, putative L-sor-
bosone dehydrogenase from Gluconacetobacter diazotrophicus; YP_002276996.1, putative L-sorbosone dehydrogenase from Gluconacetobacter diazotrophicus;
YP_002356753.1, L-sorbosone dehydrogenase from Shewanella baltica; YP_002897724.1, putative L-sorbosone dehydrogenase homolog from Burkholderia
pseudomallei; YP_003188053.1, L-sorbosone dehydrogenase from Acetobacter pasteurianus; YP_004867201.1, L-sorbosone dehydrogenase from Gluconacetobac-
ter medellinensis; YP_005220639.1, glucose/sorbosone dehydrogenase from Rahnella aquatilis; YP_005806231.1, hypothetical protein BbuN40_0024 from
Borrelia burgdorferi; YP_005919903.1, L-sorbosone dehydrogenase from Methanosaeta harundinacea; YP_008391304.1, L-sorbosone dehydrogenase from Ace-
tobacter pasteurianus; YP_008867371.1, sorbosone dehydrogenase from Hyphomicrobium nitrativorans; YP_008881332.1, sorbosone dehydrogenase from Pan-
doraea sp.; YP_352796.1, putative glucose/sorbosone dehydrogenase from Rhodobacter sphaeroides; YP_363846.1, L-sorbosone dehydrogenase from Xanthomo-
nas campestris; YP_449666.1, L-sorbosone dehydrogenase from Xanthomonas oryzae; YP_604471.1, NHL repeat-containing protein from Deinococcus
geothermalis; YP_684659.1, putative L-sorbosone dehydrogenase from Methanocella arvoryzae; YP_779983.1, putative L-sorbosone dehydrogenase from Rhodo-
pseudomonas palustris; YP_783770.1, L-sorbosone dehydrogenase from Rhodopseudomonas palustris; YP_993848.1, glucose/sorbosone dehydrogenases from
Burkholderia mallei.
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�-propeller where each blade consists of a four-stranded antipar-
allel �-sheet (29–32) and those with a six-bladed �-propeller, such
as soluble glucose dehydrogenase from A. calcoaceticus and solu-
ble Asd from E. coli and P. aerophilum (27, 33, 34). Members of
these two groups do not have significant primary sequence ho-
mology. In the present study, we cloned a gene encoding a putative
quinoprotein from P. aureofaciens which shows homology to
known PQQ-dependent enzymes with a six-bladed �-propeller
structure. The protein demonstrated no similarity to eight-bladed
�-propeller-containing quinoproteins. Consistent with the pri-
mary sequence homology, UV-Vis spectral analysis and enzymatic
analyses using the recombinant enzyme suggested that the gene
encodes a PQQ-dependent enzyme, as PQQ was both bound to
the enzyme and required for its catalytic activity. Interestingly, the
enzyme lacks one of the three arginine residues that are known to
be involved in PQQ binding in other PQQ-dependent quinopro-
teins. Several amino acid residues that are predicted to be associ-
ated with the enzyme-PQQ interaction were similarly not con-
served. Together, these facts clearly indicate that Pa2KGDH is a
PQQ-dependent enzyme with features distinct from those of
known bacterial PQQ-dependent enzymes. Similar structural
characteristics were observed for CcSDH (17), which also contains
only two of the conserved arginine residues involved in PQQ
binding (Fig. 1). Therefore, in the case of Pa2KGDH, other amino
acid residues are likely to be involved in PQQ binding, as for
CcSDH, although the three-dimensional structures of the en-
zymes are still unsolved.

Several bacteria, such as acetic acid bacteria and Pseudomonas
spp., have been known to accumulate oxidized forms of D-glucose,
including D-gluconic acid, 2KGA, and 5-keto-D-gluconic acid, in
culture (6, 35). The productivity of these oxidized sugars depends
on the microbial species. For example, the acetic acid bacteria
Gluconobacter spp. produce 2KGA and 5-keto-D-gluconate in ad-
dition to D-gluconic acid, whereas Pseudomonas spp. are unable to
synthesize 5-keto-D-gluconate. In Pseudomonas spp., D-glucose is
oxidized to D-gluconic acid by a periplasmic membrane-bound,
PQQ-dependent D-glucose dehydrogenase, and the resulting D-
gluconic acid is further oxidized to 2KGA by a periplasmic mem-
brane-bound, FAD-dependent D-gluconate dehydrogenase (7–
10). In the present study, enzymatic analysis using recombinant
Pa2KGDH demonstrated that the enzyme reacted with 2KG to
produce 2KGA, as identified by 1H-NMR analysis, and that the
substrate specificity was very specific. Therefore, the physiological
role of this enzyme in this bacterium may be in the production of
2KGA (Fig. 5). However, this hypothesis predicts the presence of
an enzyme capable of oxidizing the C-2 position of D-glucose,
which is so far undiscovered in Pseudomonas spp. To date, only the
FAD-dependent enzymes pyranose oxidase (POX) and pyranose
dehydrogenase (PDH) have been shown to oxidize D-glucose to
2KG (36, 37). However, these enzymes have been isolated only
from fungi, and a corresponding prokaryotic enzyme has not yet
been identified. Therefore, the physiological role of Pa2KGDH is
still unclear, and more studies will be needed to clarify the path-
way related to the metabolism of 2KGA via Pa2KGDH.

As discussed above, the primary sequence of Pa2KGDH is re-
markably distinct from those of previously characterized prokary-
otic PQQ-dependent enzymes. However, results from the BLAST
search of the NCBI protein database identified many genes exhib-
iting significant homology to Pa2KGDH in various bacteria. As
shown in Fig. 6, a phylogenetic tree demonstrates that PQQ en-

zymes homologous to Pa2KGDH are clearly separated from
known PQQ-dependent enzymes. This indicates that these quino-
proteins, including Pa2KGDH, form a new family of bacterial
quinoproteins. The bacterial strains which possess genes encoding
this newly identified family of enzymes belong to the phyla Pro-
teobacteria, Bacteroidetes, Cyanobacteria, Acidobacteria, and Spiro-
chaetes. The majority of these genes were found in the phyla Pro-
teobacteria and Bacteroidetes, while a small number of strains of
Actinobacteria, a group of Gram-positive bacteria, were found to
contain homologous genes. These results suggest that this new
family of PQQ-dependent enzymes is distributed mainly among
Gram-negative bacteria. Features of the amino acid sequences of
these enzymes predict the proteins to be membrane bound, extra-
cellular, or intracellular. This distinct localization pattern indi-
cates that these localization signals emerged after the separation of
the enzymes into groups I and II.

In conclusion, the present study demonstrated that Pa2KGDH
is a novel PQQ-dependent enzyme with structural features that
are distinct from those of known bacterial PQQ-dependent en-
zymes. Pa2KGDH specifically preferred 2KG as a substrate and
oxidized the C-1 position of 2KG, indicating that the enzyme is a
2KGDH. In addition, a homology search revealed the presence of
genes similar to the Pa2KGDH gene in various bacteria. This
PQQ-dependent enzyme provides novel insight into the pathway
of oxidized sugar metabolism in bacteria.
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