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Abstract Acetic acid bacteria oxidize a great number of

substrates, such as alcohols and sugars, using different

enzymes that are anchored to the membrane. In particular,

Gluconacetobacter diazotrophicus is distinguished for its

N2-fixing activity under high-aeration conditions. Ga.

diazotrophicus is a true endophyte that also has membrane-

bound enzymes to oxidize sugars and alcohols. Here we

reported the purification and characterization of the mem-

brane-bound glucose dehydrogenase (GDHm), an oxido-

reductase of Ga. diazotrophicus. GDHm was solubilized

and purified by chromatographic methods. Purified GDHm

was monomeric, with a molecular mass of 86 kDa. We

identified the prosthetic group as pyrroloquinoline quinone,

whose redox state was reduced. GDHm showed an

optimum pH of 7.2, and its isoelectric point was 6.0. This

enzyme preferentially oxidized D-glucose, 2-deoxy-D-glu-

cose, D-galactose and D-xylose; its affinity towards glucose

was ten times greater than that of E. coli GDHm. Finally,

Ga. diazotrophicus GDHm was capable of reducing qui-

nones such as Q1, Q2, and decylubiquinone; this activity

was entirely abolished in the presence of micromolar

concentrations of the inhibitor, myxothiazol. Hence, our

purification method yielded a highly purified GDHm whose

molecular and kinetic parameters were determined. The

possible implications of GDHm activity in the mechanism

for reducing competitor microorganisms, as well as its

participation in the respiratory system of Ga. diazotrophi-

cus, are discussed.
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Abbreviations

ATCC American type culture collection

Cyt-a1 Cytochrome a1

DMSO Dimethyl sulfoxide

FAD Flavin adenine dinucleotide

KP-T Phosphate buffer plus 0.1 % Triton X-100

NTB Nitro blue tetrazolium

Q7 Quinone seven isoprene

1 Introduction

Gluconacetobacter diazotrophicus (Ga. diazotrophicus;

formerly Acetobacter diazotrophicus) belongs to the acetic

acid bacteria group. It is an aerobic Gram-negative
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bacterium that performs nitrogen fixation and is a true

endophyte isolated from sugar cane [2, 10, 22, 36]. Among

the diazotrophs, Ga. diazotrophicus is an extremely aero-

tolerant organism [52]; it has a respiratory system with

unique properties associated with its lifestyle, specifically

to its aerotolerant diazotrophic capacity [20]. Like many

acetic acid bacteria, Ga. diazotrophicus contains a broad

range of active membrane-bound dehydrogenases that

donate electrons directly to the respiratory chain [20]. In

addition, they are capable of partially oxidizing different

alcohols and sugars in processes referred to as ‘‘oxidative

fermentation’’, accumulating large amounts of the oxida-

tion products in the growth medium [43]. When Ga. dia-

zotrophicus use glucose as a substrate, respiratory levels

four times larger than those found in common aerobic

bacteria have been reported [20]. This finding suggests

particular kinetic characteristics for the entire system,

specifically for dehydrogenases, such as membrane-bound

glucose dehydrogenase (GDHm). Currently, the kinetic and

molecular properties of this enzyme in Ga. diazotrophicus

are unknown.

In general, dehydrogenases of acetic acid bacteria have

their active site oriented towards the periplasmic space and

can involve cofactors such as pyrroloquinoline quinone

(PQQ) and flavin adenine dinucleotide (FAD). Other

dehydrogenases can have associated c-type cytochromes

[28]. Among the dehydrogenases with quinone cofactors

are the cytosolic glucose dehydrogenases (GDHs). These

GDHs were initially described in Bacterium anitratum [30]

and later reported in many Gram-negative bacteria,

including enteric bacteria, aerobic bacteria such as Pseu-

domonas, and acetic acid bacteria [43].

Currently, two types of glucose dehydrogenase are

known: (1) the membrane-bound form (GDHm), which is

the most ubiquitous in bacteria; and (2) the soluble form

(GDHs), described in A. calcoaceticus [14]. The presence

of a pyrroloquinoline quinone-dependent membrane-

bounded glucose dehydrogenase (PQQ-GDH) was reported

in A. diazotrophicus by Attwood et al. [6]; it is responsible

for the periplasmic conversion of glucose to gluconate.

Later, it was also identified in Acinetobacter calcoaceticus

[40], Pseudomonas sp. [38], Gluconobacter suboxydans

[3], Klebsiella aerogenes [33] and Rhizobium sp. [7],

indicating a broad distribution among Gram-negative bac-

teria. Although GDHm and GDHs oxidize D-glucose, they

slightly differ in properties such as substrate specificity,

oligomeric composition and stability [28].

GDHm contains PQQ as a prosthetic group and cata-

lyzes the direct oxidation of D-glucose to D-gluconate in the

periplasm space, subsequently donating electrons to the

respiratory chain via ubiquinone (Q10) [54]. GDHm has an

N-terminal domain oriented towards the cytoplasm, besides

to five transmembrane segments that serve as anchors for

the protein, and a C-terminal domain oriented towards the

periplasmic side of the membrane [54]. Furthermore,

GDHm has a super barrel structure consisting of eight

antiparallel b-sheets arranged with radial symmetry, simi-

lar to a propeller’s blades; it has a catalytic site in its

interior that binds PQQ [12] as well as Ca2? or Mg2? [28].

GDHm is present in various acetic acid organisms, such

as A. calcoaceticus [40] and G. suboxydans [41], in aerobic

bacteria, such as Pseudomonas aeruginosa [48], and in

enteric bacteria, such as Escherichia coli [18], where it is

reported as a monomer of 82–88 kDa. In E. coli, GDHm is

an apoprotein because it does not synthesize PQQ. How-

ever, the enzymatic activity can be reconstituted by the

exogenous addition of PQQ [45]. GDHm can also react

with quinone analogs, and its activity can be reconstituted

in a proteoliposome system [41].

In this work, we report a method for the purification and

characterization of Ga. diazotrophicus GDHm and have

identified the presence of the organic cofactor PQQ using

spectroscopic assays and high-performance liquid chro-

matography (HPLC). We determined the kinetic parame-

ters for diverse sugars, optimum pH and thermostability.

We also evaluated the effect of myxothiazol, an inhibitor of

the mitochondrial bc1 complex [35], on GDHm activity.

Interestingly, myxothiazol inhibited quinone reductase

activity, suggesting that it can affect the quinone binding

site.

2 Materials and Methods

2.1 Chemicals

All chemical regents used in this work have been previ-

ously described [23, 24] and were purchased from Sigma-

Aldrich, SUPELCO-Sigma-Aldrich (St. Louis MO, USA)

and Bio-Rad Laboratories (Hercules, CA, USA).

2.2 Strain, Growth Conditions, Preparation

of Membranes and Culture Methods

Gluconacetobacter diazotrophicus PAL5 (ATCC 49037),

was grown under the conditions reported [50], using a

LGIP modified medium (sucrose instead glucose) supple-

mented with 1 mM (NH4)2SO4 [20]. Four liters of an active

culture were obtained growing aerobically at 30 �C for

24 h, and were used to inoculate a bioreactor Bioflow 5000

fermentor (New Brunswick Scientific), containing 60 L of

medium. The cells were grown at 30 �C, 60 L of air per

min-1 and stirred at 120 rpm. Next, the cells were har-

vested at the end of the logarithmic phase (42 h) with a

continuous flow Sharples centrifuge (Sharples Stokes, S.A.

de C.V.). Then, the cells were washed threefold with
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50 mM K2HPO4, pH 6.5 containing 1 mM MgCl2 and

1 mM CaCl2. Procedures used for cell disruption, and

membranes preparations have been described previously

[19, 23, 24]. Membranes were instantly frozen in liquid N2

in order to preserve and store them.

2.3 Purification of the Membrane-Bound Ga.

diazotrophicus GDHm

To obtain the solubilized GDHm, a differential solubili-

zation with Triton X-100 was performed. We first removed

the membrane-bound alcohol (ADH) and aldehyde

(ALDH) dehydrogenases. For this aim, the membranes

(10 mg protein mL-1) were suspended in 10 mM potas-

sium phosphate buffer, pH 6.0 (KP buffer) supplemented

with Triton X-100 to a final concentration of 0.3 % (v/v).

Then, the sample was centrifuged at 144,0009g at 4 �C for

60 min. The supernatant containing the ethanol and alde-

hyde dehydrogenase activities was removed. The residual

membrane particles were resuspended (10 mg protein

mL-1) in KP buffer supplemented with 1 % Triton X-100.

The suspension was incubated for 120 min at 4 �C under

gentle shaking and then, centrifuged for 30 min

(86,0009g) at 4 �C. The supernatant containing the GDHm

activity was dialyzed extensively against KP buffer, pH 6.0

plus 0.1 % Triton X-100 (KP-T buffer). The sample was

gotten into an anion-exchange column (QAE-Toyopearl;

5 9 20 cm) pre-equilibrated with PB-T buffer. The col-

umn was washed until the absorbance at 280 nm of the

mobile phase decayed to zero. Then, the GDHm was eluted

from column by using a linear gradient from 0 to 0.25 M

NaCl in the mobile phase. The fractions containing GDHm

activity were collected and dialyzed extensively against

10 mM sodium acetate buffer, pH 5.5 plus 0.1 % Triton

X-100 (SA-T buffer). After that, the sample was applied to

a cation-exchange column (CM-Toyopearl; 3 9 18 cm)

pre-equilibrated with SA-T buffer. The GDHm activity was

obtained in the washed volume. This fraction was col-

lected, concentrated by ultrafiltration and applied to a gel

filtration column (Sephacryl S-200; 3 9 120 cm) pre-

equilibrated with KP-T buffer. The fractions with GDHm

activity were pooled, concentrated and stored at 4 �C

without appreciable loss of activity. All the process of

purification was performed at 4 �C.

3 Analytical Procedures

3.1 Electrophoresis

The purity of GDHm was analyzed by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

by using 10 % polyacrylamide, following the method of

Goodhew et al. [27]. For the zymography of the purified

GDHm, a native PAGE was performed where SDS was

replaced by 0.1 %Triton X-100 as reported [23]. The zy-

mography activity for the GDHm was assayed employing a

medium containing 0.34 mM nitro blue tetrazolium (NTB),

2 mM Phenazine methasulfate (PMS) and 100 mM D-glu-

cose as substrate was used. For total protein, the gels were

stained with silver or Coomassie Brilliant Blue R-250. The

isoelectric point (pI) of the purified GDHm from Ga. dia-

zotrophicus was performed according with the previously

reported by Gomez-Manzo et al. [23, 25], in which a Phast

system (Amersham Biosciences) and gels with a pH range

of 3–9 were used.

3.2 Identification of PQQ

The presence of the PQQ prosthetic group into GDHm

purified from Ga. diazotrophicus was determined by two

different strategies. In the first strategy, we identified the

PQQ through UV–visible analysis as reported previously

for other preparations containing PQQ [23]. Briefly, puri-

fied protein (0.2 mg) was suspended in PB-T buffer and its

spectra were recorded with an OLISSLM DW2000 spec-

trophotometer. The samples were reduced with sodium

dithionite, whereas reference standards (exogenous PQQ

purchased from Sigma Aldrich) were oxidized with

ammonium persulfate.

In the second strategy, fluorescence experiments were

performed according to the procedure previously reported

[23]. For this approach, the prosthetic group was first

extracted from the purified enzyme solution by mixing it

with nine volumes of methanol. After 30 min of incubation

at 25 �C, the extract was concentrated by evaporation; this

extract was named as PQQ fraction. The PQQ fraction was

scanned from 290 to 460 nm in a Perkin-Elmer LS-55

spectrofluorometer; an excitation wavelength of 370 nm

was used for detecting PQQ as previously described by

Matsushita et al. [44].

3.3 Determination of PQQ by Reverse-Phase HPLC

(RP-HPLC)

To determine the redox properties of the prosthetic group

of GDHm from Ga. diazotrophicus, the enzyme was sub-

ject to 90 % methanol to extract the PQQ as reported

before [23, 44]. After that, the extracted PQQ and the

standards quinones were analyzed by RP-HPLC (Waters

model 996). The prosthetic group was separated and

identified in a RP-analytical column (Waters C18 Spheri-

sorb S5 OD52; 4.6 9 150 mm) as described [24–26]. The

system was calibrated using the following commercial

standards: methanol-extracted PQQ associated with the

purified ADHa and ALDH from Ga. diazotrophicus
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(retention times: 4.5 and 6.9 min, respectively). Commer-

cial PQQ reduced with dithionite (PQQH2) and PQQ oxi-

dized with ammonium persulfate (PQQ), Q7 and Q10 were

used as standards (RT: 4.1, 6.8, 9.28, and 11.19 min,

respectively). The concentration of PQQ of the GDHm

from Ga. diazotrophicus was calculated from the area

under the peak at 275 nm using commercial PQQ as a

standard.

3.4 Thermal Inactivation of Purified GDHm

Thermal inactivation curves of purified GDHm were per-

formed with D-glucose as substrate. The residual activity

was measured with PMS plus DCPIP as an electron carrier

and an electron acceptor, respectively [1]. The enzyme

(0.2 mg mL-1) was suspended in KP buffer, pH 6.0 plus

0.1 % Triton X-100, and was incubated at a constant

temperature (40 �C), and every 2.5 min a sample was

taken, and the enzymatic activity toward D-glucose mea-

sured at 25 �C. The data were fitted to a first-order decay

equation.

3.5 Enzyme Activity Assay

The dehydrogenase activity of GDHm from Ga. diazotro-

phicus was determined spectrophotometrically following

the decay of absorbance at 600 nm using PMS plus DCPIP

as electron acceptors [1]. Reaction mixture contained

80 mM DCPIP, 0.06 mM PMS in a total volume of 1 mL

of PB-T buffer. The reaction was started with 0.03 mg of

purified GDHm enzyme. All substrates tested were used at

a final concentration of 20 mM, except for D-galactose,

which was used at 60 mM. The quinone reductase activity

of GDHm from Ga. diazotrophicus was measured

according to the standard method described before [42].

The quinone analogs used were decylubiquinone (DUQ),

quinone with one (Q1) and two isoprene (Q2). The kinetic

constants Vmax and Km were calculated by initial velocities

data obtained by varying the respective substrate concen-

tration from 0 to 5 mM. The kinetic parameters were cal-

culated from double-reciprocal plots. Oxidase activities in

the membrane samples of Ga. diazotrophicus were deter-

mined using a Clark oxygen electrode as reported [20].

The effect of myxothiazol and antimycin on the activity

of GDHm was studied in both the GDHm purified and the

membrane fraction from Ga. diazotrophicus. In both cases,

the inhibitors myxothiazol and antimycin were dissolved in

dimethylsulfoxide (DMSO); this latter was added in not

more than 5 % of final concentration. Both the GDHm

purified and the membrane fraction were incubated by

10 min with the respective inhibitors, and then, the residual

oxidase and dehydrogenase activities were measured using

20 mM glucose as substrate. Protein concentration was

determined as previously reported by Dulley and Grieve

[17].

4 Results

4.1 Alignment of the Aminoacyl Sequence of Ga.

diazotrophicus GDHm with that from Different

Organisms

To obtain structural information of Ga. diazotrophicus

GDHm, the comparison of its sequence with that of other

organisms, such as E. coli, was performed by taking

advantage of the existence of a tridimensional model for

GDHm of the latter [12]. The amino acid sequences of

E. coli GDHm and Ga. diazotrophicus GDHm presented

significant sequence identity (59.6 %), we identified in the

latter essential structural elements for its integration into

the membrane, the residues associated with binding the

prosthetic group, a sequence of eight tryptophan motifs

(W), and a possible region of interaction with membrane-

bound quinones (Figure S1).

In addition, the hydrophobic analysis of the primary

structure of Ga. diazotrophicus GDHm (data not shown)

(accession number: YP_001603508.1) allowed us to iden-

tify five transmembrane helices located in the N-terminal

portion, similar to that previously determined in the PQQ-

GDHs of A. calcoaceticus [40], Pseudomonas sp. [38], G.

suboxydans [3], Klebsiella aerogenes [47] and Rhizobium

sp. [7].

Hence, the alignment of the primary structure of

GDHm from Ga diazotrophicus (accession number YP_

001603508.1), along with the correlation of the tridimen-

sional model of E. coli GDHm, predict the existence of all

the elements required for its function. Furthermore,

because of this study also predicted the presence of five

transmembrane helices in the enzyme, we focused our

efforts on membrane extracts as the source of the Ga.

diazotrophicus GDHm.

4.2 Extraction and Separation of GDHm by Liquid

Chromatography

To structurally and functionally characterize GDHm, we

isolated and purified it from Ga. diazotrophicus mem-

branes. Cells of this organism were lysed and solubilized in

KP buffer plus 0.3 % Triton X-100. From the solubilized,

dehydrogenase activities were assayed by using as sub-

strates ethanol and acetaldehyde as previously reported by

Gomez-Manzo et al. [23]; showing activities for both

substrates (data not shown). The enzymatic activity for the

substrate D-glucose was also measured; no activity was

detected. The results suggest that the GDHm is retained
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inside the membranes. To attempt the extraction and sol-

ubilization of the enzyme, the membrane residues previ-

ously treated with detergent were resuspended in KP buffer

supplemented with 1 % Triton X-100. We measured the

activity of the supernatant using D-glucose as substrate,

obtaining a two-fold increment of the specific activity

(0.86 lmol min-1 mg-1) with respect to the activity

achieved in the membrane fraction (Table 1).

After obtaining a soluble fraction with GDHm activity,

we purified the enzyme by chromatography. The fraction

containing GDHm activity was added to a QAE-Toyopearl�

column as described in the Sect. 2. We eluted the GDHm

enzyme using a linear gradient of NaCl. The fractions that

showed activity for the D-glucose substrate were obtained

during approximately 70–145 mM NaCl of linear gradient;

these fractions appeared before the protein maximum peak

(Fig. 1a, b). This chromatographic step substantially

increased GDHm purity by seven-fold. The fractions with

activity were concentrated, dialyzed and applied to a CM-

Toyopearl column. The fraction with activity was obtained

from the volume that contains unbound proteins by the col-

umn; however, this step allowed us to increase the specific

activity five-fold (Table 1), suggesting that a large number of

contaminating proteins were removed. The sample with

activity was concentrated and then applied to a Sephacryl

S-200 column. The GDHm activity was obtained in the

second protein peak (Fig. 1c).

Table 1 summarize the purification process of Ga. dia-

zotrophicus GDHm; solubilization with 1 % Triton X-100

facilitated its extraction. Besides, it shows that the ionic

exchange steps were crucial to increasing its purity.

Overall, the addition of purification steps increased the

purity of the enzyme 288-fold, with a total yield of 7.7 %.

This result is significantly higher than the purification

scheme reported for Erwinia sp. GDHm, where the enzyme

could only be purified 33.4-fold [37]. Likewise, a total

protein of 0.9 mg was obtained, which correlates with that

previously reported by Meyer et al. [46], in which used an

overexpression system of GDHm in G. oxydans to obtain

60 lg of total protein. It is important to mention that the

specific activity obtained in Ga. diazotrophicus GDHm

(112 IU mg-1) is in the range of the activities for those

membrane-bound GDHs previously reported in P. fluo-

rescens reported before [39], E. coli [32, 55] and G. oxy-

dans [46], ranging from 140 to 300 IU mg-1.

4.3 Molecular Characterization of Ga. diazotrophicus

GDHm

GDHm purity was corroborated by SDS-PAGE, where only

one band was observed and corresponded to a protein of

86 kDa (inset Fig. 1c, lane 1). The molecular weight (MW)

was confirmed by mass spectrometry (86,389 Da), corre-

sponding to a protein with 805 amino acid residues. This

value is comparable to the molecular mass of membrane-

bound GDHs previously reported in the acetic acid bacteria

G. oxydans (87 kDa) [3, 46] and A. calcoaceticus (83 kDa)

[40] as well as with those obtained in Pseudomonas fluo-

rescens (87 kDa) [39] and E. coli (88 kDa) [4]. In all of these

organisms, membrane-bound GDH was reported as a

monomer, with a MW of 80–87 kDa. Furthermore, we slice

the protein band of 86 kDa from a SDS-PAGE in order to

sequence internal peptides; the data showed that the peptides

matched with regions of GDHm from Ga. diazotrophicus

(YP_001603508.1) (data not shown).

After that, we analyzed the enzyme in a native gel

(7.5 %) stained with Coomassie Brilliant Blue; only one

band was observed (inset Fig. 1c, lane 3). The GDHm

zymogram using D-glucose as a substrate, showed only one

well-defined band (inset Fig. 1c, lane 4). Later, the iso-

electric point (pI) for Ga. diazotrophicus GDHm was

determined (pI = 6.0) using pI standards from a kit (see

the Sect. 2). The result differs from those reported for G.

suboxydans GDHm and A. calcoaceticus GDHs, whose pI

values are 7.8 and 9.5, respectively [3, 14].

4.4 Spectroscopic Properties of Ga. diazotrophicus

GDHm

Determination of PQQ. Previous studies have demon-

strated the existence of PQQ in Ga. diazotrophicus mem-

branes [26], but the entity containing this cofactor was not

Table 1 Scheme of purification of membrane-bound Ga. diazotrophicus GDHm

Step Total protein

(mg)

Specific activity

(IU mg-1)

Total activity

(IU)

Yield

Membranes 3,360 0.45 1,512 100

Solubilized 547 0.86 470 32

QAE-Toyopearl 72 6 432 28

CM-Toyopearl 11 30 330 21

Sephacryl S-200 0.9 130 117 7.73

The values are representative of a typical purification experiment; the results vary\10 % from batch to batch. The GDHm activity was measured

as described in the Materials and Methods section

52 M. Sará-Páez et al.
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identified. Therefore, the possible presence of a pyrrolo-

quinoline quinone (PQQ) prosthetic group in purified Ga.

diazotrophicus GDHm was evaluated using several spec-

troscopic methods. Initially, the presence of the prosthetic

group was observed using UV–visible spectroscopy, com-

mercial PQQ was used as control. GDHm was reduced

with D-glucose, while exogenous PQQ was reduced with

dithionite. Figure 2a shows that both the control PQQ and

the PQQ of the enzyme were analyzed in the 300–600 nm

region at 25 �C. In both cases, a signal was observed at

357 nm, suggesting the presence of PQQ in Ga. diazotro-

phicus GDHm. The signal at 357 nm is a characteristic

signal previously reported in diverse quinoproteins and

quinohemoproteins [5, 23–25, 29].

The presence of PQQ was corroborated spectrofluoro-

metrically of a methanol extract from GDHm (Fig. 2b).

The excitation peak at 370 nm and the emission peak at

480 were observed; this emission signal is characteristic of

authentic PQQ [15, 16, 23].

We corroborated the redox state of the PQQ prosthetic

group to Ga. diazotrophicus GDHm by RP-HPLC, by ana-

lyzing the PQQ extracted by methanol. As observed in

Fig. 2c, the PQQ presented a main peak with a retention time

(RT) of 4.16 min. To confirm the identity of the PQQ, it was

compared against reference standards, such as commercial

PQQ oxidized with ammonium persulfate and reduced PQQ

with dithionite. In addition, the PQQ extracted from mem-

brane-bound alcohol dehydrogenase (PQQ-ADHa) was

included; PQQ-ADHa contains a PQQ prosthetic group in

the form of a semiquinone. The PQQ extracted from alde-

hyde dehydrogenase (PQQ-ALDH), which is present in the

oxidized state [24, 25] was also included. The retention time

of the PQQ of GDHm was the same as that of the commercial

cofactor reduced with sodium dithionite (RT = 4.16 min),

represented as PQQH2 in Fig. 2d. Based on these results, we

proposed that the PQQ from GDHm reside in a reduced state.

In contrast, the PQQ obtained from the PQQ-ADHa enzyme

purified from the same organism presented a semiquinone

state (RT = 4.5 min) [24], while in PQQ-ALDH, the pros-

thetic group was found in an oxidized state (RT = 6.9 min)

[25]. The PQQ concentration was quantified as described

under Materials and methods section. The calculated value

of the PQQ in Ga. diazotrophicus GDHm was 7.0 nmol per

mg protein, suggesting that stoichiometry is around of one

molecule of PQQ per monomer of enzyme.

4.5 Optimum pH and Thermostability of Ga.

diazotrophicus GDHm

To further explore the functional and structural character-

istics, a titration curve of purified GDHm was performed to

Fig. 1 Purification of GDHm by liquid chromatography. a Chro-

matogram of the fractions eluted from a QAE-Toyopearl column

by a NaCl gradient. b Elution profile of the anionic-exchange

chromatography followed by DCPIP reductase activities with

D-glucose as a substrate. c Chromatogram of a sample applied to a

Sephacryl S-200 column; this sample was obtained after pooled

and concentrate the fractions with glucose activity obtained from

the purification step by CM-Toyopearl column. The inset shows

the electrophoretic analysis of purified GDHm; lane 1 SDS-PAGE

of purified GDHm visualized by silver staining; lane 2 MW

markers; lane 3 native PAGE analysis of purified GDHm

visualized by Coomassie staining; lane 4 GDHm stained by

zymography
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determine the optimum pH for enzyme activity. This

determination was carried out subsequently to generate

saturation curves of diverse substrates at the calculated

optimum pH and to obtain kinetic parameters. The opti-

mum pH of GDHm enzyme activity oscillate between 6.5

and 7.5, using PMS/DCPIP as an electron carrier and an

acceptor, respectively (Fig. 3a); therefore, all of the sub-

sequent tests were performed at pH 7.0. The optimum pH

for GDHm of Ga. diazotrophicus is comparable to that

previously reported for membrane-bound G. oxydans GDH

[46]. However, our data differ from that reported for the

GDHm of Erwinia sp. [37] and A. calcoaceticus [40]. In

these two organisms, the catalytic activity is optimum at

slightly basic pH values (i.e., 7.5–8.5 and 8–9,

respectively).

Regarding the thermostability of Ga. diazotrophicus

GDHm, a thermal denaturation curve was performed at

different temperatures (30–60 �C) in a defined time of

10 min. The value of T1/2 calculated for Ga. diazotrophicus

GDHm was 38.4 �C. This value is below the value

obtained for E. coli GDHm; for its Apo form, the T1/2 was

of 41 �C, while for the Holo-form a value of 46 �C was

obtained.

To obtain more information on Ga. diazotrophicus

GDHm, we evaluated its thermostability in a time course at

a fixed temperature (40 �C); this temperature was selected

based on the thermal denaturation results. As observe in

Fig. 3b, the enzyme had an exponential decay of activity as

the incubation time increased, showing a first-order inac-

tivation constant value of 4.44 min-1. After 15 min of

incubation, no remnant activity was detected toward the

D-glucose substrate. This result is in contrast to that

reported before in two membrane-bound GDH enzymes. In

the A. calcoaceticus GDH, 30 % of the residual activity is

conserved when the enzyme is incubated at 40 �C for

40 min [21], whereas in the Erwinia sp. GDHm [37], 80 %

of the residual activity is maintained when the enzyme was

incubated at 50 �C for 1 h. The latter enzyme is only

inactivated at temperatures above 50 �C [37]. These results

suggest that in contrast to that observed in periplasmic

Fig. 2 Spectroscopic and chromatography properties of purified Ga.

diazotrophicus GDHm. a Analysis of GDHm by UV–visible absorp-

tion spectrum. b The excitation/emission fluorescence spectra from

isolated PQQ by methanol extraction. c RP-HPLC of PQQ extracted

with methanol from GDHm of Ga. diazotrophicus. d Redox state

determination of PQQ from GDHm; different PQQ’s obtained from

several resources and conditions were used as standards and are

described under the Sect. 2
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GDHs, which have better thermal stability, Ga. diazotro-

phicus GDHm presents higher thermosensitivity. This

property is relevant because thermotolerance should be

considered when such enzymes are used to develop

biosensors.

4.6 Substrate Specificity and Kinetic Parameters of Ga.

diazotrophicus GDHm

• GDHm of other organisms reduces a broad spectrum of

sugars. Therefore, we evaluated the specificity for dif-

ferent mono- and disaccharides as substrates of Ga.

diazotrophicus GDHm. In agreement with the reported

before for other organisms, Ga. diazotrophicus GDHm

presented a broad specificity for substrates, preferen-

tially oxidizing D-glucose, 2-deoxy-D-glucose, D-gal-

actose and D-xylose (Table 2). In addition, this enzyme

poorly oxidized disaccharides and their derivatives.

Other D- and L-aldoses derived from aldoses and

D-fructose were also assayed, and they showed very low

activity. Ga. diazotrophicus GDHm presented a similar

substrate specificity to those previously reported in

E. coli [13] and G. oxydans [46]. In these organisms,

membrane-bound GDHs preferentially oxidize the

substrates D-glucose (100 %), 2-deoxy-D-glucose

(96 %) and D-galactose (86 %). However, purified

PQQ-GDH oxidized D-arabinose, D-fructose, D-maltose

and D-lactose with different efficiencies, which, in

general, were not suitable substrates [13, 37, 38, 46].

The kinetic parameters for purified Ga. diazotrophicus

GDHm were determined by plotting the values of the initial

velocities by nonlinear regression and then fitting the data

to the Michaelis–Menten equation. Table 3 shows the

kinetic parameters calculated for the preferentially oxi-

dized substrates. The Km values showed that there was an

affinity for D-glucose 400 times greater than for D-galactose

(0.1 and 40 mM for D-glucose and D-galactose, respec-

tively). It is important to mention that the affinity for

preferentially oxidize substrates was in the micromolar

range. This characteristic is similar to that observed for

Fig. 3 Stability and functional studies of purified membrane-bound

Ga. diazotrophicus GDHm. a pH profile of GDHm; the enzyme

activity was assayed in a pH ranged from 2.0 to 10. b Thermal

inactivation studies of GDHm. c Kinetics of both the quinone

reductase and dehydrogenase activities in the presence of my-

xothiazol. d Quinone reductase activity of GDHm in the absence

(open circles) or presence of 100 lM myxothiazol (closed squares)
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soluble GDHs of A. calcoaceticus [31, 51] as well as for

the membrane-bound GDH of P. aeruginosa [28], G.

oxydans [46] and E. coli [32, 54].

4.7 Effect of the Myxothiazol on the Activity of Ga.

diazotrophicus GDHm

In 1999, Flores-Encarnación and co-workers [20] showed

that Ga. diazotrophicus does not incorporate any bc1

complex within its respiratory chain. However, they

observed that the inhibitors antimycin and myxothiazol

affect glucose oxidase activity. These inhibitors classically

affect dehydrogenases that notably contain bc1 complexes;

however, because these types of inhibitors decrease GDH

activity, we decided to explore the effect of myxothiazol.

Hence, the isolated enzyme was incubated with different

concentrations of myxothiazol for 10 min at 25 �C. We

started the reaction by adding 20 mM D-glucose; the

enzyme incubated with myxothiazol did not show any

inactivation in the presence of PMS/DCPIP (Fig. 3c). This

result suggests that the inhibitor did not affect electron

transfer between the PQQ cofactor and the donor com-

pounds. However, when we assayed the effect of the my-

xothiazol using decylubiquinone (DUQ) as an electron

acceptor, a concentration-dependent inhibition was

observed. The loss of half of the enzyme activity was

obtained at 8.5 lM myxothiazol. The same result was

obtained when inhibition was assayed without PMS/

DCPIP. To explore the effect of myxothiazol on the ability

of GDHm to transfer its electrons to other acceptors, we

determined the reduction of quinone DUQ using a time

course assay. After the purified enzyme had been incubated

with 25 lM myxothiazol for 10 min, 20 mM of D-glucose

was added. Then, the quinone DUQ was added as an

electron acceptor, and DUQ-reductase activity was fol-

lowed by the decrease of the absorbance at 275 nm. As

shown in Fig. 3d, inhibition of enzyme by myxothiazol was

time-dependent obtaining the total loss of activity after

60 min of incubation. Similar results were obtained when

the assay was performed with 100 lM antimycin (data not

shown). These data suggest that the site of action of my-

xothiazol and antimycin is located after the PQQ, probably

close to the region where the membrane ubiquinone Q10

(UQ10), accepts electrons from the GDHm-complex.

5 Discussion

In this work, we present the purification and characteriza-

tion of Ga. diazotrophicus GDHm. GDHm is localized to

the plasma membrane of different Gram-negative bacteria,

including the acetic acid bacterium Ga. diazotrophicus.

The GDHm gene of this organism is reported in the NCBI

database with the reference sequence: YP_001603508.1.

The sequence alignment of different GDHm enzymes,

particularly with that of E. coli, for which there is a tridi-

mensional model, allowed us to identify in Ga. diazotro-

phicus the most characteristic structural elements of these

groups of enzymes (Figure S1). In addition, the alignment

also predicted the existence of five hydrophobic helices in

Table 2 Substrate specificity of purified Ga. diazotrophicus GDHm

Substrate Activity (%)

D-Glucose 100

2-Deoxy-D-glucose 96

D-Galactose 86

D-Xylose 40

3-Methyl-a-methyl-D-glucopyranose 20

D-Manitol 7.7

D-Sorbitol 7.2

D-Trehalose 7.0

D-Arabinose 6.3

D-Glucose-6-phosphate 5.7

Methyl-a-D-glucopyranose 5.5

D-Mannose 4.2

Sucrose� 4.0

Maltose� 2.0

Lactose� 1.5

Gluconic acid 0

D-Fructose 0

Oxidation was assayed at pH 7.0 in 10 mM phosphate buffer with

PMS-DCPIP as an electron acceptor. Activities are shown as per-

centages compared to the activity obtained with D-glucose as a sub-

strate (130 IU mg-1). One unit represents the amount of enzyme that

catalyze the conversion of 1.0 lmol of substrate per min

Table 3 Kinetic constants of Ga. diazotrophicus GDHm

Substrate Specific activity

(IU mg-1)

Km (mM) kcat (s-1) kcat/Km (M-1 s-1)

D-Glucose 130 0.1 186.3 1.86 9 106

2-Deoxy-D-glucose 126 0.5 180.6 3.6 9 105

D-Galactose 112 40 160.5 4 9 103

The values are the average of three independent experiments; in all cases, standard errors were \5 %
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the N-terminus that anchor the enzyme to the cellular

membrane. Such a prediction correlates with our purifica-

tion method in which extraction of Ga. diazotrophicus

GDHm from membrane preparations required a treatment

with high detergent concentration. This latter indicates that

our enzyme is firmly anchored to the membrane. In con-

trast, membrane-bound dehydrogenases such as PQQ-

alcohol dehydrogenase, FAD-gluconate dehydrogenase and

PQQ-aldehyde dehydrogenase, need lower concentrations

of detergent [23, 25].

Our SDS-PAGE (Inset of Fig. 1c, lane 1) and mass

spectroscopy data show that the monomer of GDHm

purified from Ga. diazotrophicus has a MW of 86 kDa and

contain a sequence that match with the sequence reported

as YP_001603508.1. Besides, the determined MW value of

GDHm agrees with those obtained for a previously purified

membrane-bound GDH from other species [13, 37, 38, 40,

41]. The electrophoresis of GDHm in a native gel showed a

band with a molecular mass equivalent to the monomer

with reactivity towards the NTB (see inset of Fig. 1c, lane

4). This result indicates that the native state of Ga. diazo-

trophicus GDHm is naturally monomeric. The UV–visible

and fluorescence tests (Fig. 2a, b) unequivocally demon-

strated the presence of PQQ associated with Ga. diazo-

trophicus GDHm. Likewise, RP-HPLC experiments

showed that the PQQ redox state of the purified GDHm is

reduced (Fig. 2c, d).

Gluconacetobacter diazotrophicus GDHm presents a

broad specificity for different substrates, making it a ver-

satile enzyme in the dehydrogenation of sugars located in

the periplasm. The kinetic data suggest that Ga. diazotro-

phicus GDHm has similar properties to other dehydro-

genases purified from acetic bacteria. These circumstances

suggest that the conversion of such substrates to their

gluconate forms imply a strategy for excluding potential

competitors since other microorganisms do not readily

metabolized these acid species.

On the other hand, the coupling of GDHm to the

respiratory chain [20] and its possible implication in energy

generation processes [9, 53], along with the increase in its

synthesis during processes that involve a high energy

demand [33], can represent a scenario that favors the

aerotolerant diazotrophic process in Ga. diazotrophicus. It

was proposed that this enzyme is probably an important

component of the Ga. diazotrophicus respiratory system

that, when it coordinates with the other chain transporters

such as endogenous quinones and the ubiquinol oxidase

Cyt-a1 [20], could contribute to the protection of nitro-

genases. This kinetic gear could explain the high respira-

tory levels observed because of the glucose oxidase activity

in the membrane. To understand the real contribution of

this enzyme in the aerotolerant diazotrophic process in Ga.

diazotrophicus, molecular genetics studies that involve a

GDH-null mutant are required. Respect to the myxothiazol

effect, we propose that this compounds inhibits the binding

of the endogenous quinone (Q10) but not to the level of the

active site (i.e., PQQ cofactor), according to the scheme

represented in Figure S2.

In conclusion, we reported an isolation method for

GDHm from Ga. diazotrophicus that rendered a highly

purified enzyme; its behavior indicated that this enzyme is

strongly anchored to the membrane, probably through of

five transmembrane helices predicted by its aminoacyl

sequence. Its molecular and kinetics parameters could

determined, notwithstanding that large concentrations of

detergent had to be used for its solubilization, indicating

that GDHm contain indeed a robust structure.
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