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Membrane vesicles prepared from Zymomonas mobilis oxidized NADH exclusively, whereas deamino-NADH
was little oxidized. In addition, the respiratory chain-linked NADH oxidase system exhibited only a single
apparent K,, value of approximately 66 pnM for NADH. The NADH oxidase was highly sensitive to the
respiratory chain inhibitor 2-heptyl-4-hydroxyquinoline-N-oxide. However, the NADH:quinone oxidoreductase
was not sensitive to 2-heptyl-4-hydroxyquinoline-N-oxide and was highly resistant to another respiratory chain
inhibitor, rotenone. Electron transfer from NADH to oxygen generated a proton electrochemical gradient
(inside positive) in inside-out membrane vesicles. In contrast, electron transfer from NADH to ubiquinone-1
generated no electrochemical gradient. These findings indicate that Z. mobilis possesses only NADH:quinone

oxidoreductase lacking the energy coupling site.

Zymomonas mobilis is well known as an obligately fermen-
tative organism in which substrate-level phosphorylation from
glycolysis provides the sole source of energy (9). In order to
utilize glucose, fructose, and sucrose as carbon sources, this
anaerobic bacterium uses the Entner-Doudoroff (4) pathway in
conjunction with pyruvate decarboxylase and alcohol dehydro-
genase. Although it is classified as an anaerobic bacterium,
genus Zymomonas grows relatively well in the presence of
oxygen (2, 3). Though the growth rate is lower in the presence
of oxygen than under anaerobic conditions, the molar growth
yield does not decrease (3). Z. mobilis appears to lack an
oxidative electron transport phosphorylation (2). As a result,
the taxonomic position of genus Zymomonas has not been fully
established, mainly because of the uncertainties regarding the
aerobic metabolism of these either aerotolerant or facultative
anaerobes. So far, little information is available about the
aerobic respiratory chain in Z. mobilis. It does appear to have
cytochromes of the b, ¢, and d types (3, 10). According to a
recent report of a study using electron transport inhibitors, Z.
mobilis possesses, under aerobic conditions, a functional elec-
tron transport chain (12).

To date, no detailed study has been done on the enzymatic
properties and bioenergetics of respiratory chain-linked
NADH oxidase system in Z. mobilis. The present work de-
scribes the enzymatic properties of NADH oxidase and
NADH:quinone oxidoreductase and the coupled bioenergetics
of the aerobic respiratory chain in Z. mobilis. The results re-
ported here also demonstrate the presence of only one type of
NADH:quinone oxidoreductase (type 2 NADH:quinone oxi-
doreductase) in the aerobic respiratory chain-linked NADH
oxidase system of Z. mobilis.

For the preparation of inside-out (ISO) membrane vesicles,
Z. mobilis ZM1 was grown aerobically into mid-logarithmic
phase at 30°C in liquid medium containing 1% yeast extract,
2% glucose, and 0.1% KH,PO,. ISO membrane vesicles were

* Corresponding author. Mailing address: Applied Microbiology
Research Group, Korea Research Institute of Bioscience and Biotech-
nology, KIST, P.O. Box 115, Yusung, Taejon 305-600, Republic of
Korea. Phone: 82 (42) 860 4450. Fax: 82 (42) 860 4594. Electronic mail
address: rheesk@geri4680.geri.re.kr.

5176

prepared as described previously (6), with the following mod-
ifications. Cells were harvested by sedimentation, washed twice
in 50 mM Tris acetate (pH 6.5), and resedimented. Washed
cells were resuspended in 50 mM Tris acetate (pH 6.5) con-
taining 5 mM MgSO, at 6 ml/g (wet weight) of cells, and
DNase I was added to 10 pg/ml. For the preparation of ISO
membrane vesicles, the cell suspension was passed through the
French pressure cell twice at 7,500 Ib/in?. Unbroken cells and
cell debris were removed by sedimentation at 10,000 X g for 10
min, and a membrane pellet was obtained after sedimentation
at 120,000 X g for 2 h. Membrane vesicles were resuspended in
50 mM Tris acetate (pH 6.5) containing 10% glycerol and kept
frozen at —80°C.

For enzyme assays, NADH oxidase activity was measured at
30°C from a decrease in A,,. The assay mixture contained 0.22
mg of membrane protein in 2 ml of 50 mM Tris acetate (pH
6.5) containing 5 mM MgSO,. Activity was calculated by using
a millimolar extinction coefficient of 6.22. Each reductase ac-
tivity of the NADH oxidase system was also measured spec-
trophotometrically at 30°C. The assay mixture for each reduc-
tase contained 0.22 mg of membrane protein, 20 mM
potassium cyanide (KCN), and a given electron acceptor in 2
ml of 50 mM Tris acetate (pH 6.5) containing 5 mM MgSO,.
Ubiquinone-1 (Q1) reductase activity was measured at 340 nm
with various concentrations of Q1, ferricyanide reductase ac-
tivity was measured at 420 nm with 1 mM ferricyanide, and
dichlorophenolindophenol (DCIP) reductase activity was mea-
sured at 600 nm with 50 pM DCIP. Activity was calculated by
using millimolar extinction coefficients of 6.81, 1.0, and 16.5,
respectively, for Q1, ferricyanide, and DCIP. All reactions
were started by addition of 125 wM NADH or deamino-
NADH (d-NADH).

Generation of AV (inside positive) and ApH (inside acidic)
in ISO membrane vesicles was monitored at 30°C by following
fluorescence quenching of oxonol V and quinacrine, respec-
tively, as described previously (5). The reaction mixture (2 ml,
total volume) contained 50 mM Tris acetate (pH 6.5), 5 mM
MgSO,, 1 pM oxonol V or quinacrine, and 0.45 mg of mem-
brane protein with or without 20 mM KCN. NADH and d-
NADH were added at a final concentration of 0.2 mM. Ql,
KCN, carbonyl cyanide m-chlorophenylhydrazone (CCCP),
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FIG. 1. Abilities of NADH oxidase and NADH:quinone oxidoreductase to
oxidize NADH or d-NADH. (A) NADH oxidase (closed symbols) and d-NADH
oxidase (open symbols) activities were measured with different concentrations of
NADH and d-NADH. (B) NADH:quinone oxidoreductase activity was mea-
sured by dependency of NADH oxidation (closed symbols) or d-NADH oxida-
tion (open symbols) in the presence of 20 mM KCN.

and (NH,),SO, were added at final concentrations of 100 uM,
20 mM, 10 uM, and 100 mM, respectively.

Enzymatic properties of the aerobic respiratory chain-
linked NADH oxidase system in Z. mobilis. In bacteria, a num-
ber of studies of the existence of two types of NADH:quinone
oxidoreductase in the respiratory chain have been published
(5, 8, 14, 16-18). In general, one of two types of NADH:
quinone oxidoreductase (type 1) reacts with d-NADH as well
as with NADH, shows high affinities for NADH (5 to 15 uM),
possesses an energy coupling site, and is inhibited by the
respiratory inhibitors rotenone and capsaicin. In contrast, the
other (type 2) reacts exclusively with NADH without any en-
ergy coupling site, shows low affinities for NADH (50 to 60
wM), and is only slightly inhibited by rotenone or capsaicin
(8, 15). Furthermore, Matsushita et al. (8) have observed two
apparent K, values for NADH in Escherichia coli membranes
by assaying NADH oxidase and NADH:quinone oxidoreduc-
tase activities spectrophotometrically. While there have been
numerous studies documenting the ability of Z. mobilis to
produce ethanol efficiently under anaerobic conditions (1, 7, 9,
11, 13), only a few studies have investigated the aerobic me-
tabolism of Z. mobilis. To elucidate the existence of the aerobic
respiratory chain in Z. mobilis, ISO membrane vesicles were
prepared from the cells grown aerobically. As shown in Fig. 1,
membrane vesicles prepared from Z. mobilis oxidized only
NADH, not deamino-NADH. Furthermore, membrane vesi-
cles exhibited only a single apparent K,,, value for NADH, the
value of which is about 66 wM with oxygen or Q1 as an electron
acceptor (data not shown). The activity of NADH:quinone
oxidoreductase was dramatically increased with the amount of
Q1 added in the presence of KCN (Fig. 1B). The activities of
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NADH oxidase and NADH:Q1 oxidoreductase in membrane
vesicles reached a maximum at pH 6.5 (data not shown). Re-
cently, Strohdeicher et al. (12) showed that the respiratory
inhibitors rotenone and capsaicin caused only slight inhibition
of NADH oxidase in cell extracts from Z. mobilis. On the other
hand, the type 1 NADH:quinone oxidoreductase of the marine
bacterium Vibrio alginolyticus shows slightly different proper-
ties. Type 1 NADH:quinone oxidoreductase of V. alginolyticus
requires Na™ for maximum respiratory activity and functions
as an electrogenic Na™ pump (5, 14). Moreover, the NADH:
quinone oxidoreductase is resistant to rotenone but highly
sensitive to a respiratory chain inhibitor, 2-heptyl-4-hydroxy-
quinoline-N-oxide (HQNO). In the present investigation, the
activity of NADH oxidase was completely inhibited by 20 mM
KCN (Fig. 2A), which blocked the reduction of oxygen cata-
lyzed by cytochrome aa; and was very sensitive to HQNO. In
contrast, HQNO caused only slight inhibition of NADH:Q1
oxidoreductase activity in the same range of HQNO con-
centrations (Fig. 2B), and the NADH:Q1 oxidoreductase
was highly resistant to the rotenone (Fig. 2C), which usually
blocked type 1 NADH:quinone oxidoreductase, suggesting
that electron flow from NADH to Q1 in the aerobic respiratory
chain of Z. mobilis was not sensitive to HQONO and rotenone.

Generation of a proton electrochemical gradient in the
NADH oxidase system of Z. mobilis. Generation of AV (inside
positive) and ApH (inside acidic) in the NADH oxidase system
was examined by measuring the fluorescence quenchings of
oxonol V and quinacrine, respectively, with ISO membrane
vesicles (5). Membrane vesicles prepared from Z. mobilis
quenched the fluorescence of oxonol V upon the addition of
NADH (Fig. 3A), indicating the generation of AW (inside
positive). In contrast, the fluorescence quenching of oxonol V
by the addition of d-NADH was little induced (data not
shown). This membrane potential generated in the NADH
oxidase system was completely collapsed by a proton conduc-
tor, CCCP (Fig. 3B), or a membrane permeable anion, SCN ™,
which dissipates AW (data not shown). As shown in Fig. 3D, a
large ApH was generated by the addition of NADH in the
presence of SCN™. The ApH generated by membrane vesicles
was completely collapsed by (NH,),SO, or KCN. However, no
ApH was generated by the addition of d-NADH in the pres-
ence of SCN™ (Fig. 3F). On the other hand, electron flow from
NADH to Q1 led to a very small transient fluorescence
quenching of oxonol V or quinacrine in ISO membrane vesi-
cles (Fig. 3C and E). However, these fluorescence quenchings
were not collapsed by KSCN, (NH,),SO,, and CCCP, indicat-
ing that they were not true electrochemical potentials by
NADH:quinone oxidoreductase segment (data not shown). As
a consequence, the results obtained from AW and ApH sug-
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FIG. 2. Effects of electron transport chain inhibitors on the NADH oxidase and NADH:quinone oxidoreductase. (A) Activity of the NADH oxidase was measured
with different concentrations of KCN. (B) Activities of the NADH oxidase and NADH:quinone oxidoreductase were measured with different concentrations of HQNO.
(C) Activities of the NADH oxidase and NADH:quinone oxidoreductase were measured with different concentrations of rotenone. The activity of NADH:quinone

oxidoreductase was measured in the presence of 20 mM KCN.
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FIG. 3. Generation of AY and ApH during electron transfer from NADH or
d-NADH to Q1 or oxygen in ISO membrane vesicles. ISO membrane vesicles
prepared from Z. mobilis were used to measure the generation of A¥ (A to C)
and ApH (D to F). Generation of ApH was measured in the presence of 10 mM
KSCN. The reaction mixture in panel E contained 20 mM KCN and 0.2 mM
NADH. NADH, d-NADH, KCN, CCCP, Q1, and (NH,),SO, were added as
specified in the text.

gested that electron flow from NADH to Q1 generated no
electrochemical potential in ISO membrane vesicles from Z.
mobilis.

On the basis of the results presented above, we conclude
that Z. mobilis membranes contain only typical type 2 NADH:
quinone oxidoreductase in the NADH oxidase and possess a
bioenergetically functional aerobic respiratory chain. To deter-
mine whether its respiration is coupled to energy conservation,
we present here several lines of evidence. (i) It appears to lack
an oxidative electron transport phosphorylation (2), (ii) it pro-
duces a single net ATP molecule per molecule of glucose
metabolized under both aerobic and anaerobic conditions (2),
and (iii) the Pasteur effect is absent (2), which seems to be
supported by the reports that Y, does not increase under
aerobic conditions (3, 10). Moreover, our results suggest that
NADH oxidation may not be an energy-yielding process be-
cause Z. mobilis membranes lack the type 1 NADH:quinone
oxidoreductase. Also, the activity of succinate dehydrogenase
on membrane vesicles prepared from the cells grown aerobi-
cally is not detected (data not shown). Therefore, the results
presented above suggest that the respiration in Z. mobilis may
not be coupled to energy conservation. Consequently, the sole
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ATP-producing reaction may be substrate-level phosphoryla-
tion in the anaerobic Entner-Doudoroff glucose catabolism
pathway.
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