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1. SUMMARY 

Quinoprotein glucose dehydrogenase (GDH; 
EC 1.1.99.17) was partially purified from cell-free 
extracts of Acinetobacter culcouceticus LMD79.41. 
The enzyme oxidized monosaccharides (D-glucose, 
D-allose, 2-deoxy-D-glucose, D-galactose, D-man- 
nose, D-xylose, D-ribose and L-arabinose) as well 
as disaccharides (D-lactose, D-maltose and D-cel- 
lobiose). 

Intact cells of A. culcouceticus LMD79.41 also 
oxidized these monosaccharides, but not the dis- 
accharides. 

The difference in substrate specificity can not 
be explained by impermeability of the outer mem- 
brane for disaccharides, since right-side-out mem- 
brane vesicles did not oxidize disaccharides either. 
Destruction of the cytoplasmic membrane strongly 
affected the catalytic properties of GDH. Not 
only did the affinity towards some monosac- 
charides change substantially, but disaccharides 
also became good substrates upon solubilization 
of the enzyme. Thus, at least in A. culcouceticus 
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LMD79.41, the oxidation of disaccharides by 
GDH can be considered as an in vitro ‘artefact’ 
caused by the removal of the enzyme from its 
natural environment. 

2. INTRODUCTION 

Several microbial oxidoreductases are known 
which oxidize both monosaccharides and dis- 
accharides. The D-glucoside-3-dehydrogenases of 
Agrobucterium tumefuciens [l] and Fluvobacterium 
succharophilum [2] for example oxidize both glu- 
cose and lactose to the corresponding 3-keto 
sugars. Indeed, Agrobucterium spp. can be char- 
acterized by the ability of whole cells to form 
3-keto sugars [3]. Although disaccharides are ex- 
cellent substrates for GDH (EC 1.1.99.17) from 
A. calcouceticus LMD79.41 [4], whole cells of this 
organism do not oxidize disaccharides. 

It has been reported that the outer membrane 
of Pseudomonas aeruginosu forms a permeability 
barrier for disaccharides [5]. The same phenome- 
non could occur in A. calcoaceticus, explaining the 
discrepancy in the catalytic properties of intact 
cells and purified enzyme. 

On the other hand, it has been demonstrated 
that several forms of GDH exist in cell-free ex- 
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tracts of Bacterium anitratum (A. calcoaceticus). 
The enzyme forms differed in their kinetic proper- 
ties, as judged by the relative oxidation rates 
observed with glucose and xylose [6]. This ob- 
servation suggests that the substrate-specificity 
pattern of GDH may be a function of its state of 
solubilization. 

In this study an attempt was made to resolve 
the apparent discrepancy between purified GDH 
and intact cells with respect to their capacity to 
oxidize disaccharides. To this end, the kinetic con- 
stants of GDH for the oxidation of a variety of 
aldose sugars were determined for purified en- 
zyme, intact cells and cytoplasmic membrane 
vesicles. 

3. MATERIAL AND METHODS 

3.1. Organism and culture conditions 
A. calcoaceticus LMD79.41 was grown in 

acetate-limited chemostat cultures as described by 
Van Schie et al. [7]. 

3.2. Preparation of membrane vesicles 
Cytoplasmic membrane vesicles from A. 

calcoaceticus were prepared with a procedure 
slightly modified from Stinnett et al. [8]. Cells 
from an acetate-limited continuous culture were 
harvested by centrifugation (10 min at 10 000 X g ). 
The pellet was resuspended in an ice-cold solution 
containing 20% sucrose, 2.5% lithium chloride, 
0.1% lysozyme, 10 mM potassium phosphate (pH 
7.0) and 10 mM magnesium sulphate, to a density 
of 2.5 g dry weight. 1-i. The suspension was 
brought to 30” C and then incubated for 90 min 
on a rotatory shaker at that temperature. This 
treatment turned cells into spheroplasts, which 
were collected by centrifugation (10 min at 10000 
x g). The pellet was resuspended using a hypo- 
dermic needle (1.5 mm) in the smallest volume 
possible of the above buffer without lysozyme. 
The suspension was slowly added to 50 ~01s. of 
ice-cold lysis buffer (10 mM potassium phosphate, 
pH 7.0, 1 mM magnesium sulphate) under vigor- 
ous stirring. DNase and RNase were added to a 
final concentration of 20 pg . mll 1 each. The mix- 
ture was incubated at 30°C for 30 min. During 
this period the light-scattering of the suspension 

decreased due to cell lysis. The suspension was 
then centrifuged (10 min at 40000 X g; 4O C) and 
the pellet was resuspended in 50 ml of an ice-cold 
buffer containing 100 mM potassium phosphate 
(pH 7.0) and 10 mM magnesium sulphate. Whole 
cells and large fragments were removed by centri- 
fugation (10 min at 3000 x g; 4” C). The super- 
natant was carefully decanted, after which the 
centrifugation step was repeated. The supernatant. 
devoid of whole cells as judged by phase-contrast 
microscopy, was centrifuged (10 min at 40 000 x g; 

4 o C) to collect membrane vesicles. The pellet was 
washed twice with 100 mM potassium phosphate 
(pH 7.0) containing 10 mM magnesium sulphate. 
The final pellet was resuspended in the same 
buffer to a final concentration of approx. 1 mg 
membrane protein. ml -‘. Membrane vesicles were 
stored in liquid nitrogen. 

3.3. Enzyme purification 
Partially purified GDH was prepared by apply- 

ing a cell-free extract to a CM-Sepharose column 
and eluting GDH activity as described previously 

[41. 

3.4. Enzyme assays 
O,-linked aldose oxidation by whole cells and 

membrane vesicles was assayed polarographically 
with a Clark-type oxygen electrode (Yellow Springs 
Instruments, Inc., Yellow Springs, OH) at 30°C 
in air-saturated 100 mM potassium phosphate 
buffer (pH 7.0) containing 10 mM magnesium 
sulphate. The initial reaction rates were de- 
termined with various substrate concentrations. 
The experimental data were plotted according to 
the method of Lineweaver and Burk [9]. 

The assays for dye-linked aldose oxidation by 
partially purified enzyme and by membrane 
vesicles were performed at 25” C, measuring the 
rate of discoloration of Wurster’s Blue at 610 nm 
of a mixture containing 80 I_IM Wurster’s Blue, 1 
mM KCN, enzyme or vesicles, 0.1 M Tris-HCl 
buffer (pH 7.0) and substrate in a final volume of 
2 ml. The reaction was started by adding the 
substrate. One enzyme unit refers to 1 pmol of 
substrate converted per min under these condi- 
tions. The calculations were based on a molar 
absorption coefficient for Wurster’s Blue of 12 400 



M-i . cm-’ at 610 nm [4]. An enzyme concentra- 
tion of 1 nM was used, based on the specific 
activity value for homogeneous enzyme of 640 
units . mg protein ~ ’ and an M, of 94000 [4]. The 
experimental data were plotted according to the 

method of Lineweaver and Burk [9]. 

3.5. Analytical procedures 
Protein concentrations were determined by the 

method of Bradford [lo], with bovine serum al- 
bumin as a standard. The presence of glucose in 
the aldose preparations was investigated by using 
a glucose assay (hexokinase/glucose-6-phosphate 
dehydrogenase test kit, Boehringer Mannheim) as 

well as by a gluconate assay, after the particular 
substrate had been converted into product (gluco- 

nate kinase/6-P-gluconate dehydrogenase test kit, 
Boehringer Mannheim). 

3.6. Chemicals 
Wurster’s Blue (the free radical of N,N,N’,N’- 

tetramethyl-p-phenylenediamine) was prepared as 

described previously [ll]. All other chemicals were 
from commercial sources. 

4. RESULTS 

4.1. Substrate specificity of purified GDH 
GDH, partially purified from A. cakoaceticus 

Table 1 
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LMD79.41, exhibited a broad substrate specific- 
ity. The enzyme oxidized a variety of monosac- 
charides (hexoses, pentoses) and disaccharides 
(Table 1). The following compounds were not 

oxidized: D-glucosamine, glucoheptose, a-methyl- 
glucose, glucose-6-phosphate, D-fructose, L- 

rhamnose, D-lyxose, I_-lyxose, D-arabinose, 

melezitose, raffinose, stachyose, D-mannitol and 

myo-inositol. 
Enzyme specificity is illustrated by representing 

the apparent V,/K, values for the substrates as 
a percentage of that of glucose (Table 2). It is 
noteworthy that the disaccharide maltose is among 
the best substrate. Since commercial preparations 
of maltose and other sugars may be contaminated 
with glucose, the glucose content of the various 

sugars used was determined. Since the glucose 
content did not exceed 0.25% (not shown), it can 
be concluded that glucose contamination has no 
significant influence on the values mentioned in 

the tables. 

4.2. Substrate specificity of GDH in intact cells 
Intact cell of A. cafcoaceticus LMD79.41 also 

oxidized a variety of aldose sugars. The apparent 
affinities of intact cells for the various monosac- 
charides showed a pattern similar to that of puri- 
fied GDH (Tables 1 and 2). Notable exceptions 
were 2-deoxyglucose and xylose which were much 

Apparent kinetic parameters of whole cells, vesicles and partly purified GDH for oxidation of mono- and disaccharides 

Substrate GDH Cells 

K; 
I 

VM KS< VA (pm01 

@W (units/mg (mM) 0, Wn/mg 
protein) dry weight) 

D-Glucose 1.7 24.0 1.7 0.97 
D-Ahose 1.5 14.0 1.8 0.72 
2-Deoxy-D-ghtcose 13.6 8.0 3.1 0.98 
D-Galactose 3.5 8.9 6.6 0.71 
D-Mannose 19.0 12.0 35.0 0.94 
D-Xylose 5.5 7.8 4.2 1.25 

D-Ribose 40.0 8.9 37.0 1.09 

r_-Arabinose 
disaccharides 4.8 1.5 8.1 0.72 

Lactose 4.2 14.2 n.m. nm. 

Maltose 3.2 27.0 n.m. n.m. 

Cellobiose 2.7 18.2 n.m. n.m. 

n.d., not determined. 
n.m., not measurable below a substrate concentration of 50 mM. 

Vesicles (0, uptake) 

KS’ VA (pm01 

(mM) 0, /min/ 
mg protein) 

0.8 8.58 

n.d. n.d. 

n.d. n.d. 
n.d. n.d. 

24.5 8.29 
n.d. nd. 

12.0 6.04 

4.9 1.66 

n.m. n.m. 
n.m. nm. 

n.m. nm. 

Vesicles (dye reduction) 

’ KM K4 
(mM) (units/mg 

protein) 

0.5 2.5 

0.5 2.1 

0.5 1.8 
2.2 2.0 

21.3 2.6 

1.0 2.6 

8.5 1.1 

2.1 2.0 

nm. nm. 

n.m. n.m. 

nm. mm. 
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Table 2 

GDH substrate specificities following from relative VA /KA values of whole ceils, vesicles and partly purified GDH 

Substrate GDH (W) Cells (W) Vesicles (%) 

V;/K: %, /K: (0, uptake) Vb/K,’ (dye reduction) Vk/KA 

D-Glucose 100 
D-Ahose 66 
2-Deoxy-D-Glucose 4 

D-Galactose 18 

D-Mannose 4 

D-Xylose 10 

n-Ribose 1 

L-Arabinose disaccharides 11 

Lactose 24 

Maltose 60 

Cellobiose 48 

100 100 100 

70 n.d. 83 

56 n.d. 74 

19 n.d. 17 

5 3 3 

52 n.d. 54 
5 5 3 

16 15 20 

n.m. n.m. n.m. 

n.m. n.m. n.m. 

n.m. nm. n.m. 

n.d., not determined. 

n.m., not measurable below a substrate concentration of 50 mM 

better substrates for intact cells than for the puri- 

fied enzyme. 
The most striking difference between the kinet- 

ics of sugar oxidation by purified GDH and intact 

cells was the inability of the latter to oxidize the 
disaccharides lactose, maltose and cellobiose. The 

inability of intact cells to oxidize lactose was also 
noted by Kleber et al. [12] for a different strain of 

A. calcoaceticus. 

4.3. Substrate specificity of GDH in membrane 
vesicles 

An obvious explanation for the inability of 
intact cells to oxidize disaccharides would be a 
transport barrier. Restrictions in the catalytic ac- 
tivity may be imposed via two permeability bar- 
riers, namely the cell wall and the cytoplasmic 
membrane. The latter possibility can be excluded 

in this case, since GDH is located at the outside of 
the cytoplasmic membrane [13]. Indeed it has been 
shown that the rate of sugar oxidation by inside- 
out membrane vesicles of A. calcoaceticus is much 
lower than the oxidation rates observed with 
right-side-out vesicles [14]. 

To circumvent a possible barrier of the cell 
wall, right-side-out membrane vesicles seemed an 
attractive system to probe in vivo substrate 
specificity. The membrane vesicles, isolated as de- 
scribed in MATERIALS AND METHODS, exhibited a 
high rate of glucose oxidation and are capable of 

glucose-energized active uptake of 
These properties are consistent with 
out orientation. 

solutes [ 151. 
a right-side- 

The kinetic properties of GDH in membrane 
vesicles, measured with oxygen or Wurster’s Blue 
as electron acceptors, follow the same pattern as 
observed with intact cells (Table 2). Most signifi- 
cantly, like whole cells, membrane vesicles were 

unable to oxidize disaccharides. 
These results do not exclude the possibility that 

the outer membrane constitutes a permeability 
barrier for disaccharides in A. calcoaceticus. It is 
evident, however, that the observed differences 
between purified enzyme and whole cells must be 
caused by other factors. Furthermore, membrane 
vesicles are unable to oxidize disaccharides, neither 
with oxygen nor with Wurster’s Blue as an elec- 
tron acceptor. Thus, the possibility can also be 
excluded that the different substrate specificity 
patterns observed with purified GDH and intact 

cells are caused by the electron acceptors used. 

4.4. Effects of solubilization on the substrate 
specificity of GDH 

The results presented above clearly show that, 
upon purification, GDH gains the capacity to 
oxidize disaccharides. This property, however, does 
not result from the purification as such, but rather 
reflects the removal of the enzyme from its natural 
environment. For example, when cells are cultured 
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Fig. 1. Recorder tracings of oxygen consumption by membrane 

vesicles of A. calcoaceticus LMD79.41. (A) Effect of Triton 

X-100 and PMS on glucose oxidation. The initial reaction 

mixture contained 100 mM potassium phosphate (pH 7.0), 10 

mM magnesium sulphate, 3000 U’ml-’ catalase and mem- 

brane vesicles (8.8 pg membrane protein.ml-‘). Addition of 

glucose (20 mM), Triton X-100 (0.01% v/v) and PMS (0.3 

mM) is indicated by arrows. (B) Effect of Triton X-100 and 

PMS on lactose oxidation. The initial reaction mixture con- 

tained 100 mM potassium phosphate (pH 7.0), 10 mM mag- 

nesium sulphate, 20 mM lactose, 3000 U’ml-’ catalase and 

membrane vesicles (8.8 ng membrane protein.rn-I). Addition 
of Triton X-100 (0.01% v/v) and PMS (0.3 mM) is indicated 

by arrows. Note that a small but significant lactose oxidizing 

in the presence of Triton X-100, GDH is found in 
the growth medium [13]. Also after disruption of 
the cells in a French pressure cell, GDH can be 
detected in the soluble fraction (not shown). In 
both enzyme preparations, GDH shows high activ- 
ity with disaccharides. This suggests that the sub- 
strate specificity of the enzyme changes when the 
architecture of the cytoplasmic membrane is 
destroyed. The ability to convert disaccharides is 
acquired in a very rapid process (Fig. 1). Addition 
of a low concentration of Triton X-100 to A. 
calcoaceticus membrane vesicles results in an 
instantaneous inhibition of glucose-dependent 
oxygen consumption (Fig. 1A). The capacity to 

convert glucose is retained, however, as is revealed 
in the assay measuring oxygen consumption in the 

presence of phenazine methosulphate (PMS), indi- 
cating that inhibition by Triton X-100 is caused 
by damage of the electron transport chain, rather 
than from an effect of the detergent on the en- 
zyme itself. As mentioned above, membrane 
vesicles are unable to oxidize disaccharides, mea- 
sured either by oxygen uptake or Wurster’s Blue 
reduction. In agreement with this, lactose-depen- 
dent oxygen consumption was not observed, 
neither in the absence nor in the presence of PMS 
(Fig. 1B). A drastic change occurred as a result of 
the addition of Triton X-100, provided that PMS 
was present. This observation clearly demonstrates 
that alteration of the substrate specificity of GDH 
occurs when the cytoplasmic membrane structure 

is disrupted. 

5. DISCUSSION 

Oxidation of disaccharides by GDH from A. 
calcoaceticus LMD79.41 can only be observed 
when the enzyme is detached from the cyto- 
plasmic membrane. Not only the kinetic proper- 
ties for disaccharide oxidation, but also the kinetic 

activity was detectable after addition of PMS (lower curve). 

This activity, however, is not associated with the membrane 

vesicles, as it remained in the soluble fraction after centrifuga- 

tion (10 mm at 40000X g; not shown). We therefore conclude 

that this activity is caused by GDH dissociated from the 

vesicles during resuspension or freezing and thawing. 
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parameters for some monosaccharides, for exam- 

ple 2-deoxyglucose and xylose, were affected (Ta- 

bles 1 and 2). The change may take place via 
several steps since differences in substrate specific- 
ity between ‘soluble’ and ‘particulate’ enzymes 

were noted by Hauge [6,16]. To know whether the 
process is reversible, it would be of interest to 
study the catalytic properties of purified GDH 
after incorporation into liposomes. 

So far, little is known about the changes in 
catalytic properties of membrane-bound enzymes 
upon solubilization. Although it has been shown 
that activity of membrane-bound enzymes may be 
dependent on the presence of lipids [17], little 
attention has so far been paid to the possibility of 

changing substrate specificity. 
Our results with GDH purified from A. 

calcoaceticus LMD79.41 show that the in vitro 
properties of enzymes which are membrane-bound 
in vivo must be interpreted with caution. Oxida- 
tion of disaccharides by A. calcoaceticus LMD79.41 
may be regarded as an in vitro ‘artefact’. A similar 
conclusion may hold for GDH isolated from 
Escherichia coli [ 181 and Gluconobacter suboxydans 

[19], which have also been reported to oxidize 
disaccharides in vitro. However, the inability of 
GDH to oxidize disaccharides in vivo may vary 

with the type of enzyme. For example, it has been 
known for a long time that intact cells of various 
Pseudomonas spp. can oxidize disaccharides to the 
corresponding bionic acids [20-221. Since the 
quinoprotein GDH is widespread among Pseudo- 

menus spp. [23], the possibility exists that the 
enzyme in these organisms. in contrast to the 
GDH of A. calcoaceticus LMD79.41, is capable of 
oxidizing disaccharides in the membrane-bound 
state. 
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