
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 2006, p. 4388–4396 Vol. 72, No. 6
0099-2240/06/$08.00�0 doi:10.1128/AEM.02174-05
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Analysis of Amino Acid Residues Involved in Catalysis of
Polyethylene Glycol Dehydrogenase from Sphingopyxis terrae,

Using Three-Dimensional Molecular Modeling-Based
Kinetic Characterization of Mutants

Takeshi Ohta,1† Takeshi Kawabata,2‡ Ken Nishikawa,2 Akio Tani,1 Kazuhide Kimbara,1
and Fusako Kawai1*

Research Institute for Bioresources, Okayama University, 2-20-1 Chuo, Kurashiki, Okayama 710-0046, Japan,1 and
Center for Information Biology, National Institute of Genetics, 1111 Yata, Mishima, Shizuoka 411-8540, Japan2

Received 14 September 2005/Accepted 17 March 2006

Polyethylene glycol dehydrogenase (PEGDH) from Sphingopyxis terrae (formerly Sphingomonas terrae) is
composed of 535 amino acid residues and one flavin adenine dinucleotide per monomer protein in a ho-
modimeric structure. Its amino acid sequence shows 28.5 to 30.5% identity with glucose oxidases from
Aspergillus niger and Penicillium amagasakiense. The ADP-binding site and the signature 1 and 2 consensus
sequences of glucose-methanol-choline oxidoreductases are present in PEGDH. Based on three-dimensional
molecular modeling and kinetic characterization of wild-type PEGDH and mutant PEGDHs constructed by
site-directed mutagenesis, residues potentially involved in catalysis and substrate binding were found in the
vicinity of the flavin ring. The catalytically important active sites were assigned to His-467 and Asn-511. One
disulfide bridge between Cys-379 and Cys-382 existed in PEGDH and seemed to play roles in both substrate
binding and electron mediation. The Cys-297 mutant showed decreased activity, suggesting the residue’s
importance in both substrate binding and electron mediation, as well as Cys-379 and Cys-382. PEGDH also
contains a motif of a ubiquinone-binding site, and coenzyme Q10 was utilized as an electron acceptor. Thus, we
propose several important amino acid residues involved in the electron transfer pathway from the substrate to
ubiquinone.

Polyethylene glycols (PEGs) are produced in large quanti-
ties totaling more than 100 million tons per year and are used
extensively in many industries, including in pharmaceuticals,
cosmetics, detergents, and lubricating oils. They are used in a
broad spectrum of sizes and in a variety of derivatives. After
use, most of them eventually show up in sewage water, since
they are water soluble, but they are biodegraded by many
aerobic bacteria belonging to different genera (12, 34). Several
groups have also reported anaerobic degradation of PEGs
and nonionic detergents that contain PEGs (13, 14). Thus,
PEGs are thought to be environmentally compatible xeno-
biotic polymers.

Several Sphingomonas species have been reported to biode-
grade PEGs, in either a single culture (e.g., Sphingomonas
macrogoltabidus) (15) or a mixed culture (e.g., Sphingomonas
terrae and a Rhizobium sp.) (18) (S. terrae was renamed as
Sphingopyxis terrae). In all cases, it has been determined that
the first step on the degradation pathway is the oxidation of the
terminal alcohol groups with a dye-linked dehydrogenase (16)

called PEG dehydrogenase (PEGDH). Purification and char-
acterization of PEGDH from S. terrae were reported by Kawai
et al. (17, 19), who suggested that the enzyme is bound to the
membrane and recognizes a broad range of primary aliphatic
and aromatic alcohols as substrates. The gene encoding the
enzyme (pegA) was cloned, sequenced, and expressed in Esch-
erichia coli (29). The deduced amino acid sequence suggested
that PEGDH did not contain a signal peptide sequence in spite
of its membrane-bound characteristics. A comparison with
known sequences showed that PEGDH belongs to a group of
glucose-methanol-choline (GMC) flavoprotein oxidoreducta-
ses (3), a group of enzymes having noncovalently bound flavin
adenine dinucleotide (FAD) as a cofactor. Membrane-bound,
dye-linked bacterial alcohol dehydrogenases (ADHs) (ADH of
Pseudomonas oleovorans [32] and 4-nitrobenzyl ADH of a
Pseudomonas species [10]) had high levels of similarity to
PEGDH (46% and 35% identity, respectively). These three
ADHs shared the characteristic FAD-binding signatures and
the same proposed catalytic residues in the GMC group, but no
signal peptides (29). ADH of Pseudomonas oleovorans and
4-nitrobenzyl ADH of a Pseudomonas species were involved in
the catabolism of alkanes and 4-nitrobenzyl alcohol (and ben-
zyl alcohol), respectively, just as PEGDH is involved in the
catabolism of PEG. The fact that benzyl alcohol was a better
substrate for PEGDH than PEG might support the notion that
these catabolic ADHs have evolved from the same origin,
sharing the same protein structures. In addition, PEGDH is
similar to both oxidases and dehydrogenases in the GMC
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group, and its sequence is thought to be a hybrid of these two
enzymes. This fact evoked an interest in the catalytic mecha-
nisms of this novel type of dehydrogenase. Except for PEGDH,
this family of dehydrogenases has scarcely been characterized
with respect to conserved signatures and active-site residues.

Flavoenzymes are known to have a variety of folding topol-
ogies, but their catalytic apparatuses have some recurrent fea-
tures (7). Flavoenzymes that catalyze dehydrogenation reac-
tions share a few invariant features in the hydrogen bond
interaction between their protein and flavin constituents. Sim-
ilarly, the positioning of the reactive part of the substrate with
respect to the cofactor is generally conserved. Modulation of
substrate and cofactor reactivities and the exact positioning of
the substrate in the active site are key elements in these en-
zymes’ modes of action. Among GMC oxidoreductases, glu-
cose oxidase (GOX) has been crystallized and well character-
ized and is often used as a model structure for the group (35).
PEGDH shows 30.5% identity with GOX from Aspergillus
niger and 28.5% identity with GOX from Penicillium amaga-
sakiense. Using GOX from A. niger as the template, we per-
formed three-dimensional (3D) modeling of PEGDH and an-
alyzed the kinetic parameters of wild-type and mutant enzymes.
Mutation was introduced into His-467 and Asn-511, corre-
sponding to His-538 and His-581 in the catalytic site of GOX,
and into four cysteine residues found in the catalytic domain of
PEGDH (PEGDH included eight cysteine residues). Previous
data (17, 29) strongly suggested that cysteine residues play a
part in the activity.

In this paper, we show the molecular functions of the
amino acid residues found in the active site and illustrate a

predicted electron transfer pathway of PEGDH based on
the 3D modeling.

MATERIALS AND METHODS

Materials, bacterial strains, and plasmids. Restriction enzymes, T4 DNA
ligase, and Ex Taq DNA polymerase were purchased from Takara Bio (Kyoto,
Japan). The primers used for site-directed mutagenesis are listed in Table 1. The
bacterial strains used in this study were derivatives of E. coli. Their relevant
genotypes and plasmids are listed in Table 1. Rotenone, coenzyme Q10 (CoQ10),
and other reagents were obtained from commercial sources.

Mutagenesis. Six amino acids in PEGDH (His-467, Asn-511, Cys-297, Cys-379,
Cys-382, and Cys-472) were selected as candidates for site-directed mutagenesis,
which was performed by the method of Crameri and Stemmer (4), except for
Cys-297, for which we used the method for the QuikChange II XL Site-Directed
Mutagenesis Kit (Funakoshi, Tokyo, Japan). Five of these amino acids were
changed to alanine to lose activity, and Asn-511 was changed to histidine for
known replaceability by histidine for the activity. Using PCR and the primers
listed in Table 1, we separately amplified the 5� and 3� regions of the gene divided
by the mutation site. DNA manipulations were carried out as described by
Sambrook et al. (26). The amplified fragments were cloned in pGEM-T Easy
Vector (Promega, Madison, WI) and digested by the restriction enzymes whose
recognition sites were introduced by the primers. Two fragments of each gene
were ligated and inserted between the NcoI and XhoI sites of pET23d. The
resulting plasmids, pPEGDHEX-H467A, pPEGDHEX-N511H, pPEGDHEX-
C379A, pPEGDHEX-C382A, and pPEGDHEX-C472A, were introduced into E.
coli BL21(DE3)(pLysS). A sixth plasmid, pPEGDHEX-C297A, in which Cys-297
was mutated to alanine, was constructed by using the primers listed in Table 1.
Their DNA sequences were confirmed using an ABI310 DNA sequencer (Ap-
plied Biosystems, Foster City, CA). Expression of PEGDH mutants was con-
firmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by
Western blotting (22) using a polyclonal antibody raised against PEGDH puri-
fied from E. coli(pPEGDH) (29).

Purification of PEGDHs. E. coli BL21(DE3)(pLysS)(pPEGDH) was precul-
tured in 4 ml of 2� yeast extract-tryptone medium (1.0% yeast extract–1.6%
tryptone–0.5% NaCL) medium containing 50 �g/ml ampicillin and 1% glucose at

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype and description Reference or source

Strains
DH 5� deoR endA1 gyrA96 hsdR17(rk

� mk
�) recA1 relA1 supE44 thi-1 �(lacZYA-argF)U169

�80lacZ �M15 F� 	�
Takara Bio

BL21 (DE3)(pLysS) E. coli B; F� dcm ompT hsdS(rB
� mB

�) ga 	(DE3) 
pLysS Camr� Takara Bio

Plasmids
pET23d Ampr His tag Novagen
pPEGDHEX Ampr His tag peg A wild type 29

EX-N1 5�-AGCCATGGACAAATTCGACTTTGTCGTGG-3�
EX-C1 5�-CCTCGAGGGTGTAAGATTCGGCTTCATC-3�

pPEGDHEX-H467Aa Ampr His tag pegA mutant H467A (CAT3GCT) This work
EX-N1 and 5�-GGTACCAACCGGUAGCUATAGATCGT-3�
EX-C1 and 5�-CCGGTTGGTACCTGCAAGATG-3�

pPEGDHEX-N511Ha Ampr His tag pegA mutant N511H (AAC3CAC) This work
EX-N1 and 5�-CCCGATACAATTGAAGGCATGA-3�
EX-C1 and 5�-CTTCAATTGTATCGGGACACACAAAT-3�

pPEGDHEX-C472Aa Ampr His-tag peg A mutant C472A (TGC3GCC) This work
EX-N1 and 5�-GGTACCAACCGGATG-3�
EX-C1 and 5�-GTTGGTACCGCCAAGATGGGTCGG-3�

pPEGDHEX-C379Aa Ampr His-tag peg A mutant C379A (TGC3GCC) This work
EX-N1 and 5�-GGACACACACGTGGCCGCTAAATCCGCCGC-3�
EX-C1 and 5�-TAGCTGCCACGTGTGTGTCC-3�

pPEGDHEX-C382Aa Ampr His-tag peg A mutant C382A (TGT3GCC) This work
EX-N1 and 5�-GGACACACACGTGGCAGCT-3�
EX-C1 and 5�-CGGATTTAGCGCCCACGTGTGTGTCC-3�

pPEGDHEX-C297Aa Ampr His-tag peg A mutant C297A (TGT3GCC) This work
5�-ATTTCUGCCUTTAATGTACCAA-3�
5�-ATTAAGGCGAAATCTACATG-3�

a Obtained by site-directed mutagenesis. Sequences introduced for site-directed mutagenesis are underlined.
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37°C overnight. The medium was then transferred into 100 ml of LB medium
containing 50 �g/ml ampicillin and 1% glucose in a 500-ml shaking flask. The
culture was shaken at 150 rpm until the optical density at 600 nm reached 0.6 at
37°C. Then, isopropyl �-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.5 mM. The cells were cultivated for an additional 3 h at 25°C.
The culture was centrifuged, and the cells were suspended in 50 mM Tris-HCl
(pH 8.8) containing 500 mM NaCl, 10% ethylene glycol, and 0.2% n-dodecyl
maltoside (buffer A) (29). The cells were disrupted by sonication, and cell debris
was removed by centrifugation at 40,000 � g for 20 min at 4°C. The supernatant
was applied to a Ni-nitrilotriacetic acid agarose column (QIAGEN, Valencia,
CA) equilibrated with buffer A. The column was washed with the same buffer,
and the bound protein was eluted with buffer A containing 100 mM imidazole.
Mutant PEGDHs were purified in the same way as the wild-type PEGDH. All

PEGDHs were used as histidine-tagged proteins without any further purification.
Approximately 3 mg of the wild-type PEGDH was obtained from 2 g (wet
weight) cells cultivated in 800 ml medium. The yield of purification for each
PEGDH was approximately 90%.

Enzyme assay. PEGDH activity was measured using PEG 6000, benzyl alco-
hol, PEG 1000, tetraethylene glycol (TEG), and 1-hexanol as substrates. The
wild-type and mutant PEGDHs (0.4 �M each) were incubated in 0.1 M Tris-HCl
(pH 9.0) containing 0.2 M KCl in a total volume of 1 ml, as described previously
(29). PEGDH activity was examined by measuring the reduction of 2,6-di-
chloroindophenol (DCIP; ε  19,000) (27) at 600 nm with a UV-1600 spectro-
photometer (Shimadzu, Kyoto, Japan). The enzyme activity was also measured
by the reduction of CoQ10 (molar extinction coefficient [ε]  14,500) (23) at 270
nm. CoQ10 was suspended in 20% dodecyl maltoside at a concentration of 200
�M and dissolved by being heated at 50°C for 10 min in the dark. After con-
firming the absorbance of the supernatant, an appropriate amount of it was used
for the reaction. To estimate the inhibitory effect of rotenone on the enzyme
activity, the absorption change of CoQ10 at 270 nm was measured in 0.1 M
Tris-HCl (pH 9.0) containing 0.2 M KCl, 0 to 500 �M rotenone, 0.2 �M
PEGDH, 5 mM PEG 6000, and 0.4 �M CoQ10. The protein concentration was
determined using a Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA)
with bovine serum albumin as a standard. Apparent Km values were estimated on
the basis of Lineweaver-Burk plots. The precision of absorbance was 0.001. The
deviation for Km values was �0.03 for all wild-type and mutant PEGDHs, but kcat

values for wild-type and C472A and other mutant PEGDHs were in the range of
�0.2 and �0.04, respectively. The absorption spectra of the wild-type and mu-
tant enzymes were measured with the spectrophotometer mentioned above. The
absorbance was scanned with a 1-cm-path-length quartz cell containing 250 �l
solution, which contained approximately 4 �M of PEGDH, 0.1 M Tris-HCl
buffer (pH 9.0), and 0.2 M KCl. Stopped-flow analysis was carried out with a
UV-3000 Shimadzu spectrophotometer equipped with a rapid-mixing attach-
ment (model RMA-1A). The precision of absorbance was 0.0001. The reactions
were initiated by rapid mixing of 100 �l of each of two solutions, one containing
2 �M purified PEGDH and the other containing 0.2 M Tris-HCl (pH 9.0), 0.4 M
KCl, and 10 mM PEG 6000. The absorption change of FAD at 412 nm was
monitored for 2.0 s at 30°C with a 1-cm-path-length quartz cell. The data are
shown as average values of two or three independent experiments, each per-
formed in triplicate.

Measurement of free sulfhydryl groups in the wild and mutant PEGDHs. The
reaction mixture contained 0.1 M sodium phosphate buffer (pH 7.26), 1 mM
EDTA, 5 mM 5,5�-dithio-bis 2-nitrobenzoic acid, and an appropriate amount of
the purified PEGDHs. After incubation at room temperature for 2 h, the ab-
sorption of the thio-nitrobenzoic acid produced was measured at 412 nm (5).
Glutathione (reduced form) was used as a standard.

Modeling of 3D structure. There are two structurally defined homologues of
PEGDH: GOX (EC 1.1.3.4) from A. niger (Protein Data Bank code, 1cf3; 30.5%
identity with PEGDH) and GOX (EC 1.1.3.4) from P. amagasakiense (Protein
Data Bank code, 1gpe; 28.5% identity with PEGDH) (35). Two GOXs have
sequence identity of 68.5% with each other. Both are homodimers that contain
FAD and some number of N-acetylglucosamine and mannose moieties. Accord-
ing to the SCOP (http://scop.mrc-lmb.cam.ac.uk/scop/) taxonomy, the N-termi-
nal domain and the end of the C-terminal domain (1cf3: 25 to 346 and 543 to
605) belong to the 3.3.1 “FAD/NAD(P)-binding domain” (core, three layers,
�/�/�; central parallel beta-sheet of five strands, order 32145; top antiparallel
beta-sheet of three strands, meander), and the C-terminal domain (347 to 542)
belongs to the 4.15.1 “FAD-linked reductases, C-terminal domain” (alpha-plus-
beta sandwich). MODELLER release 6v2 (developed by A. Sali [25]; http:
//salilab.org/modeller/modeller.html) was used for modeling. We chose 1cf3 as
the template structure. Because the software does not have energy parameters
for FAD, an FAD molecule was modeled using the “block” residue option
under the restraint that it conformed to the template structure. PSI-BLAST
(1) was used to align PEGDH and GOX (Fig. 1). Benzyl alcohol was placed
in the enzyme as a model substrate. Fraaije and Mattevi (7) reported that
flavoprotein enzymes share common features in flavin and substrate orienta-
tion. Following their observation, the orientation of benzyl alcohol to the
FAD was decided (see Fig. 6). The 3D structure of PEGDH predicted by
homology modeling is shown in Fig. 2.

RESULTS

Purification of mutant PEGDHs. The mutant PEGDHs
were successfully constructed and purified by Ni-nitrilotriacetic
acid affinity chromatography. Sodium dodecyl sulfate-poly-

FIG. 1. Sequence alignment of PEGDH from S. terrae and GOX
from A. niger. Gaps, indicated by dashes, were introduced into the
sequences to maximize homology. Below the alignment, identical
amino acids are marked by asterisks. Similar amino acids marked by
colons or periods, according to their similarities. s, active-site resi-
dues; box, FAD/NAD(P)-binding Rossmann fold; dashed boxes, GMC
oxidoreductase signatures (3); underline, signal peptide sequence;
double underline, quinone-binding motif; dotted underline, mem-
brane-anchoring motif; �-helices and �-strands are shown as gray
background with E and black background with H, respectively.
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acrylamide gel electrophoresis showed that the molecular
weights of mutant proteins were identical to that of the wild-
type PEGDH. The stabilities and expression levels of mutant
PEGDH proteins were checked by Western blot analysis (data
not shown). The analysis revealed that mutation did not
change the higher structure of the protein and that the expres-
sion levels of mutant PEGDHs were 70 to 90% of that of the
wild type.

Roles of H467A, N511H, and C472A. Mutations were intro-
duced into His-467 and Asn-511, which were expected to be
catalytic residues according to the comparison with the GMC
oxidoreductase family enzymes (3). As Cys-472 was conserved in
the GMC oxidoreductase, a mutation was also introduced in this
residue. To compare the flavin spectra of the wild-type and mu-
tant PEGDHs, the absorption spectra of the purified PEGDHs
were determined. The wild-type and mutant PEGDHs showed
two absorption peaks at 356 and 412 nm, except H467A and
N511H, each of which showed a shifted peak at 346 nm, and
the absorbance of H467A and N511H with the 346 nm peak
was lower than that of the wild type, as shown in Fig. 3. The
absorption ratios (A280/A412) were almost the same between
the wild type and mutants. Based on the calculation using a ε
of 11,300 for FAD at 412 nm, each subunit of the wild-type and
mutant PEGDHs contained 1 FAD molecule. Thus, every mu-
tant existed as a holoenzyme.

To examine the effects of mutations on enzyme kinetics, the
steady-state apparent kinetic parameters were determined us-
ing PEG 6000, PEG 1000, TEG, 1-hexanol, and benzyl alcohol
as substrates (Table 2). H467A and N511H showed no signif-
icant change in their affinities toward substrates, except for

benzyl alcohol. The apparent kcat values decreased to approx-
imately 1/50 to 1/90 with H467A and to approximately 1/20 to
1/30 with N511H compared with the wild type. H467A and
N511H showed higher apparent Km values and lower apparent
kcat values for benzyl alcohol than those of the wild type.
Catalytic efficiencies (kcat/Km) for benzyl alcohol of H467A and
N511H were less than 0.5% of that of the wild type. kcat was
always higher with N511H than with H467A, but the value with
N511H was only 3 to 5% of the wild type. Although N511H is
equivalent to catalytic active sites in GOX, Asn-511 could not
be replaced with His in PEGDH. Detectable activity (3 to 5%
of that of the wild type) might be due to the pH used for the
reaction (pH 9.0), as dissociation constants of two protons and
three protons of His are around 6.0 and 9.2, respectively. These
results showed that His-467 and Asn-511 are directly involved
in the enzymatic activity. The apparent Km and kcat values of
C472A showed no differences from those of the wild type,
suggesting that Cys-472 does not play an important role in
catalytic activity, although the cysteine residue at this position
is well conserved among dehydrogenases of GMC oxidoreduc-
tases and GOX.

The proton is thought to be transferred from substrate to
FAD by dehydrogenation in the catalytic domain. To confirm
the residues’ roles in dehydrogenation, the velocities of the
initial step in the enzymatic reaction (the flavin reduction rate)
in the wild-type and mutant enzymes were compared. A
stopped-flow experiment was performed by monitoring (0 to
3.0 s) the absorption change at 412 nm, as shown in Fig. 4. The
wild type and C472A showed the same rate (100%). In con-
trast, values for H467A and N511H were decreased to ap-

FIG. 2. Predicted 3D structure of PEGDH by homology modeling. Yellow, FAD; green, active-site residues; pink, substrate-binding residues;
red-orange, three cysteine residues; orange, ubiquinone-binding site; and dark blue, membrane-anchoring motif.
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proximately 40 and 50%, respectively, suggesting that His-
467 and Asn-511 should play catalytically important roles in
the active site.

Roles of cysteine residues in PEGDH activity. In the previ-
ous study, enzymatic activity was inhibited by p-chloromercu-
ribenzoic acid and heavy metals (17, 29), suggesting that a thiol
group was involved in PEGDH activity. The amino acid se-
quence of PEGDH contains eight cysteine residues (29). Four
cysteines (Cys-16, -194, -252, and -472) were located in the
FAD-binding domain, and others (Cys-165, -297, -379, and
-382) were located in the catalytic domain (Fig. 2). Since an S-S
bridge helps to stabilize the protein structure in GOX (35), we
measured the number of S-S bridges in PEGDH and identified
the position of an S-S bridge by constructing several mutant
enzymes, such as C297A, C379A, and C382A (Table 3). The
wild type contained six free thiol groups, indicating the pres-
ence of one S-S bridge in the subunit. The number of free thiol

groups decreased to five with C297A but increased to seven
with C379A and C382A. Thus, we can conclude that an S-S
bridge exists between Cys-379 and Cys-382, the position of
which is different from that in GOX and which seems to play
a different role in PEGDH than in GOX.

C297A, C379A, and C382A showed FAD absorption spectra
similar to those of the wild type and C472A (Fig. 3), suggesting
that holoenzymes were formed in these mutants. Stopped-flow
analysis showed that three cysteines are equivalently involved
in the activity, because three mutants showed approximately
the same behavior (Fig. 4). In all mutants, the apparent Km

values for PEG 6000 and PEG 1000 were almost the same as
in the wild type, but the apparent Km values for TEG, 1-hexa-
nol, and benzyl alcohol were higher than that of the wild type
(Table 2). The apparent kcat values decreased to approximately
1/8 to 1/25 with C379A and to approximately 1/6 to 1/18 with
C382A and C297A compared with the wild type. Since consid-
erable activity (4 to 15% of the wild-type activity left) was
retained in every mutant PEGDH, these residues are likely
involved in some way in binding or catalysis, although they are
probably not directly involved in dehydrogenation.

Electron acceptor. A previous study suggested that coen-
zyme Q could be an acceptor for PEGDH in vitro (19). As
sphingomonads in general contain ubiquinone 10 (CoQ10)
(28), the activity of the cloned enzyme was confirmed with
CoQ10, as shown in Table 4. The apparent Km value of CoQ10

(11 �M) was lower than that of DCIP (30 �M), and the
apparent kcat value of CoQ10 (0.33 s�1) was lower than that of
DCIP (9.7 s�1). As rotenone is known as a specific inhibitor for
the proton-pumping NADH-ubiquinone oxidoreductase (com-
plex I; EC 1.65.3) and is thought to act on the quinone binding
site, we measured the I50 values of rotenone (the concentra-
tions of rotenone that caused 50% inhibition) (6, 24). The I50

values toward CoQ10 and DCIP were 0.24 �M and 0.28 �M,
respectively, suggesting that the concentration of the inhibitor
did not depend on the type of electron acceptor (CoQ10 and
DCIP).

Proposed 3D structure. The sequence identities between
PEGDH and GOX were not very high, but the alignment of
PEGDH and GOX covered almost all of the protein length
(Fig. 1). PEGDH has fewer predicted helices and strands (13
and 19, respectively) than GOX (16 �-helices and 20
�-strands). The ADP-binding motif (5 to 34) and the signature
1 and 2 consensus sequences (81 to 104 and 253 to 267, re-
spectively) of GMC oxidoreductases (3) were also present. The
secondary structure (�1 strand-�1 helix-�2 strand-�2 helix-�3

FIG. 3. Absorption spectra of wild- type and mutant PEGDHs. The
absorption spectra were measured with and without PEG 6000. Flakes
of PEG 6000 were added at a final concentration of 5 mM and main-
tained at 30°C. (a) Wild type and C472A. (b) C297A, C379A, and
C382A. (c) H467A and N511H.

TABLE 2. Kinetic properties of purified wild-type and mutant PEGDHs

Protein

PEG 6000 PEG 1000 TEG 1-Hexanol Benzyl alcohol

Km
(mM)

kcat
(s�1)

kcat/Km
(s�1 · mM�1)

Km
(mM)

kcat
(s�1)

kcat/Km
(s�1 · mM�1)

Km
(mM)

kcat
(s�1)

kcat/Km
(s�1 · mM�1)

Km
(mM)

kcat
(s�1)

kcat/Km
(s�1 · mM�1)

Km
(mM)

kcat
(s�1)

kcat/Km
(s�1 · mM�1)

Wild type 2.4 12 5.0 1.1 15 13 6.7 7.6 1.1 0.45 11 24 0.11 18 170
H467A 2.4 0.15 0.06 1.1 0.17 0.15 6.8 0.15 0.02 0.44 0.20 0.56 0.81 0.29 0.36
N511H 2.3 0.36 0.16 1.2 0.46 0.38 6.9 0.37 0.05 0.45 0.58 1.3 0.84 0.67 0.80
C472A 2.3 11 5.0 1.2 15 13 6.9 7.6 1.1 0.44 11 25 0.10 18 180
C379A 2.5 0.61 0.25 1.1 0.62 0.57 8.3 0.62 0.08 1.7 1.4 0.84 1.4 1.4 1.0
C382A 2.5 0.80 0.32 1.0 0.82 0.82 8.1 0.82 0.10 1.7 1.8 1.1 1.2 1.8 1.5
C297A 2.5 0.86 0.34 ND ND ND ND ND ND ND ND ND 1.1 2.1 1.9
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strand) and the sequence motif (V/IXGXGX1–2GXXGXXX
G/A) of the FAD/NAD(P)-binding Rossmann fold (20) were
conserved in both enzymes, although the �2-helix of GOX is
apparently absent in PEGDH. Both enzymes have one tightly
bound FAD per monomer protein. The differences between
them are mainly in the N-terminal region (a signal peptide in
GOX consisting of approximately 40 amino acids). Four amino
acid regions of GOX (188 to 201, 292 to 296, 427 to 434, and
522 to 525) are absent in PEGDH, and the carbohydrate con-
tent in GOX is also absent in PEGDH. Sequences in the
regions around FAD (the FAD-binding domain) and the active
center (the substrate-binding domain) were well conserved.

Residues potentially involved in catalysis (His-467 and Asn-
511) were identified in the vicinity of the flavin ring (Fig. 2).

The reacting CH group in benzyl alcohol was placed at the
re site (7), so that the distance from the CH group to the N-5
atom in FAD was 3.5 Å and the angle N-10–N-5–CH was 105°.
We assumed that the benzene ring of the substrate is parallel
to the FAD ring and that the hydroxyl group of the substrate
is on the opposite side from the FAD ring. The orientation of
benzyl alcohol in the active site seems to be stabilized by
hydrophobic contacts with Lys-370, His-372, and, to a lesser
extent, Phe-52 and FAD, as in the case of GOX (Phe-436,
Trp-448, Tyr-90, and FAD, respectively) (35). Since the posi-
tion of Trp-448 of GOX corresponded to Cys-379 and Cys-382
rather than His-372, three cysteine residues might play the
same role as Trp-448, forming a bigger cavity in the active site
(approximately 13 Å) than that of GOX (approximately 9 Å),
as shown in Fig. 2. In the present model complex (Fig. 2), the
hydroxyl group of benzyl alcohol sits virtually equidistant be-
tween His-467 and Asn-511, but these residues were not cata-
lytic sites. The expanded cavity in the active site of PEGDH
might have resulted in different roles of His-467 and Asn-511
and different catalytic sites.

DISCUSSION

In PEGDH, His-467 and Asn-511 corresponded to the po-
sitions of His-538 and His-581 in GOX. The reduction rate of
FAD decreased remarkably but retained 1 to 5% of the wild-
type activity in these two mutant enzymes, suggesting that both
residues are catalytically important active residues but not cat-
alytic sites. Two histidines (His-538 and His-581) exist as hy-
drogen bond donors in the active site of GOX (35). The former
is well conserved in all members of the GMC oxidoreductase
family (3). The latter, however, is not conserved in any mem-
bers of the family (His-581 is replaced by Asn), although both
histidines may share an overall structural similarity and similar
reaction mechanisms (35). As shown in Table 2, the apparent
Km values of H467A and N511H did not change toward any of
the substrates except benzyl alcohol, but apparent kcat values
decreased by 2 orders of magnitude compared with the wild-
type enzyme. This suggested that His-467 and Asn-511 are
crucial for catalysis in PEGDH. This, in turn, would be ex-
plained by the difference in hydrophobicity between PEG and
benzyl alcohol. The stronger affinity of His-467 versus Asn-511
to hydrophobic substrates could cause an inappropriate posi-
tioning of benzyl alcohol in N511H. Fraaije et al. (8) reported
that the spectral characteristics at shorter wavelengths were
drastically changed by a mutation in the histidine residue on a
flavoenzyme, as found in H467A and N511H. These data in-
dicate that His-467 and Asn-511 are important active residues
of PEGDH. N511H is equivalent to amino acids found in the

FIG. 4. Kinetic traces of reactions by wild-type and mutant PEGDHs.
Absorption at 412 nm was monitored after adding 5 mM PEG 6000.
Closed circle, wild type; open circle, C472A; closed triangle, H467A; open
triangle, N511H; closed square, C379A; open square, C382A; and open
diamond, C297A.

TABLE 3. Measurement of free thiol groups in wild-type and
mutant PEGDHs

PEGDH Free thiol groups/
monomer protein

a

Wild type.............................................................................. 5.82 � 0.10
C472A................................................................................... 4.97 � 0.15
C297A................................................................................... 5.07 � 0.05
C379A................................................................................... 7.16 � 0.07
C382A................................................................................... 7.20 � 0.04

a The values of free thiol groups were measured as described in Materials and
Methods.

TABLE 4. Comparison of kinetic parameters of the wild-type
PEGDH for CoQ10 and DCIP

Electron acceptor Km (�M) kcat (s�1) I50
a (�M)

CoQ10 11 0.33 0.24
DCIP 30 9.7 0.28

a The concentration of rotenone that caused 50% inhibition (6, 24).
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active site of GOX, but activity was almost completely lost.
This result suggested that Asn-511 plays an important catalytic
role in the activity of PEGDH and that the catalytic mecha-
nism in PEGDH might be different from that in GOX.

The absorption spectra of C297A, C379A, and C382A were
the same as those of the wild type and C472A (Fig. 3), but the
reduction rates of flavin were decreased in the three mutants.
The DCIP-dependent enzymatic activities of these mutants
also decreased for all the substrates, and affinities to the sub-
strates decreased toward 1-hexanol and benzyl alcohol. These
results suggested that Cys-297, Cys-379, and Cys-382 are im-
portant for activity and substrate binding. The calculation of
the number of free thiol groups suggested that Cys-379 and
Cys-382 formed a disulfide bridge. The disulfide bridge was
reported to be important for intramolecular electron transfer
to ubiquinone in PQQ-dependent methanol dehydrogenase
(2), and a C-X-X-C motif of DsbB in E. coli was essential for
respiration-coupled oxidation (21). An essential role of a di-
sulfide bond between two adjacent cysteines for electron trans-
fer from PQQH2 to heme c was strongly suggested for ADH
IIB from Pseudomonas putida and ADH from Comamonas
testosteroni (31). These results suggest that cysteine residues
including a disulfide bond might be involved in electron trans-
fer with PEGDH. The fact that the Km value for CoQ10 was
lower than that of DCIP suggests that CoQ10 would be an

indigenous electron acceptor that binds to the quinone-binding
site on PEGDH. The I50 value by rotenone did not differ
between CoQ10 and DCIP, suggesting that electrons pass only
along the quinone-binding site and are transferred from that
site to the electron acceptor. As the disulfide bridge is located
on the quinone-binding site and Cys-297 is located close to it,
the electrons were possibly transferred to CoQ10 via these
three cysteine residues.

The 3D model structure showed that the cavity of the active
center of PEGDH is wider than that of GOX, as suggested in
Fig. 2. A large substrate, such as PEG, might be able to enter
this cavity. The disulfide bridge between Cys-379 and Cys-382,
as well as Cys-297 itself, is also located in the cavity of the
active center on 3D structural images. The reduction of affinity
for small substrates, such as TEG, 1-hexanol, and benzyl alco-
hol, on cysteine mutants indicated that three cysteines might
play a role in substrate binding. Although the disruption of the
disulfide bond in methanol dehydrogenase completely inacti-
vated its activity (2), C379A, C382A, and C297A kept 4 to 15%
of the activity of the wild type. Two cysteine residues seem to
be enough for PEG binding (the same Km value as the wild
type for each mutant) but inappropriate for binding of TEG,
l-hexanol, and benzyl alcohol (a higher Km value than the wild
type for each mutant) on the quinone-binding site, which might
result in electron flow to an electron acceptor through the

FIG. 5. Comparison of regions I, II, III, IV, and V among S. terrae PEGDH, M. loti PEGDH and P. putida ADH. SPH, S. terrae PEGDH; MES,
M. loti PEGDH; and PSE, P. putida ADH. Black box, FAD/NAD(P)-binding Rossmann fold; gray boxes, GMC oxidoreductase signatures (3);
white box, quinone-binding motif; arrows, His and Asn in the active site. Identical amino acids and similar amino acids are shown as dark-gray
background and gray background, respectively.
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quinone-binding site, although a disulfide bond is lost. Two
homologues of PEGDH from S. terrae have been found. These
homologues are PEGDH of Mesorhizobium loti (49% identity)
(11) and ADH of Pseudomonas putida (49% identity), which
may recognize a PEG chain of octylphenol polyethoxylate as a
substrate (accession no. AB100375). The amino acid alignment
of these three dehydrogenases showed that the FAD/NAD(P)-
binding Rossmann fold, the GMC oxidoreductase signatures 1
and 2 (3), the quinone-binding motif, catalytic residues (His
and Asn), and the amino acid residues in the vicinity of the
catalytic residues were highly conserved (Fig. 5). The quinone-
binding motif was completely conserved, and a Cys-X-X-Cys
motif was also found within this motif. These five regions were
located in the internal structure of the protein, suggesting that
these regions were directly involved in enzymatic activity. The
enzymatic activity of C297A was the same as that of C379A
and that of C382A, thus demonstrating the significance of
Cys-297 in PEGDH, but Cys-297 was not conserved in
PEGDH from M. loti or in ADH from P. putida.

In our previous study, the PEGDH from S. terrae seemed to
be located in the membrane fraction, and detergents solubi-
lized the PEGDH from the membrane (17, 19). The predicted
amino acid sequence, however, did not show any continuous
hydrophobic region on its hydropathy plot and did not have a
membrane transsegment compartment (29). On the other
hand, a putative membrane-anchoring motif (433 to 444) was
reported by Hagerhall and Hederstedt (9), Szeto et al. (30),
and Vergeres and Waskell (33). This motif was identified in the
amino acid sequence of PEGDH; it exists on the surface of
PEGDH and is close to the quinone-binding site. Since CoQ10

served as an electron acceptor, the disposition of the motif

would be beneficial to the enzyme’s ability to transfer electrons
to the quinone molecule embedded in the membrane, as shown
in Fig. 6.

From these results, we propose the following catalytic mech-
anism for PEGDH (Fig. 6). When a substrate approaches the
active site from the interface of each monomeric protein, it is
stabilized at the re site (7) by binding to hydrophobic or aro-
matic amino acids, FAD, and three cysteine residues. The
hydrogen atom is subtracted from theOCH2OH group on the
substrate by unknown catalytic sites. His-467 and Asn-511 in
the active site are deeply related to the catalysis, and an elec-
tron is finally delivered from the quinone-binding site to the
ubiquinone embedded in the cytoplasm membrane, as shown
in Fig. 6. To the best of our knowledge, this is the first report
on the reaction mechanism of a dehydrogenase belonging to
the GMC oxidoreductase family. It also should be noted that
the quinone-binding motif and the C-X-X-C motif on it were
well conserved among sequences homologous to PEGDH.
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