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The respiratory, chain of a marine Vibrio alginolyticus contains two types of NADH-quinonc rcductasc (NQR): o:1c is an 
Na+-dependent NQR functioning as an Na ~ pump (NQR-1) and the other is an Na "-indcpcndcnt NQR (NQR-2). NQR-2 was 
purified about 55-fold from the membrane of mutant Nap-I which is dewfid of NQR-I. and its properties were compared with 
those of NQR-I. In contrast to NQR-I, the purified NQR-2 does not require any salts for activity and is not inl~ibited by up to 
0.4 M salts. The optimum pH of NQR-2 is between 6.8 and 7.8, which is about 0.7 pH units lower than that of NQR-1. NQR-2 is 
insensitive to strong inhibitors of NQR-! such as p-chloromercuribenzoatc, Ag ~ and 2-heptyl-4-hydroxyquinolinc N-oxide. 
Using inverted membrane vesicles, it was confirmed that NQR-2 has no capacity ~o gener-te a membrane potential. NQR-2 
reduces menadione and ubiquinone-I by a two-electron reduction pathway. Since the NADH-reacting FAD-containing B-sub- 
unit of NQR-I reduces quinones by a one-electron reduction pathway, the mode of quinone reduction is closely related to energy 
coupling; the formation of semiquinone radicals as an intermediate is likely to be essential to functioning as an ion pump. 

Introduction 

The respiratory chain of  marine Vibrio alginolyt icus  
has two different types of  N A D H - q u i n o n e  reductase 
( N Q R )  [1-3]: one enzyme system specifically requires 
Na * for maximum activity, [4] and functions as a pri- 
mary Na + pump [1] (designated NQR-I ) ,  and the o ther  
enzyme has no specific requi rement  for Na ~ (desig- 
nated NQR-2) .  The  Na+-dependent  N Q R - I  was highly 
purif ied from the membrane  of  V. alginolyt icus ,  and 
was shown to be composed of  three subunits, a , / 3  and 
y, with apparent  M r of  52000, 46000 and 32000, 
respectively [5-7]. From analyses of  electron transfer 
pathways in N Q R - I ,  the Na*-dependen t  reaction cat- 
alyzed by the FMN-conta in ing  a-subunit  was assigned 
to be the site of  the N a "  pump [7]. Mutants  defective 
in the respirat ion-coupled Na ÷ pump were isolated by 
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noether: oxonol VI. bisO-propyl-5-oxoisoxazole-4-yl~entamethine- 
oxonol; CCCP. carbonyl o,.'anide m-chlorophenylhydrazone; A~. 
membrane potential. 
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Tokuda [8]. These mutants were devoid of Na~-depen - 
dent  N A D H  oxidase and thus NQR-1,  but Na+-inde - 
pendent  N A D H  oxidase activity was increased [I]. The 
latter activity was insensitive to 2-heptyl-4-hydroxy- 
quinoline N-oxide ( H Q N O )  and included Na*-inde- 
pendent  N Q R  (NQR-2)  as a part of  the respiratory 
chain. Both NQR- I  and NQR-2  were detected in the 
membrane  fraction from wild type cells and about 
10-20% of the total N Q R  activity corresponded to 
NQR-2.  Using inverted membrane  vesicles from V. 
alginolyt icus ,  Smirnova et al. [91 and Kim et al. [10] 
have shown that the Na+-independent  NQR-2  has no 
capacity to genera te  membrane potential  (31/'), posi- 
tive inside. The enzymatic propert ies of  NQR-2,  how- 
ever, have not yet been described. 

The presence of  tv¢o types of  N Q R  in the respira- 
tory chain is not unique to V. alginolyt icus.  We previ- 
ously repor ted  the purification of  an NADH-fer r i -  
cyanide dehydrogenase from Escher ichia  coli  mem- 
branes, which was found to be a part of  an energy-cou- 
pled N Q R  [11]. This enzyme complex functions as an 
H + pump. The  respiratory chain of  E. coli  also con- 
tains another  N Q R  which has no capacity to genera te  
J g ' .  Since the respiratory chain of  marine V. alginol)'ti- 
cus contains Na*-transport  NQR-1,  it is of interest to 
clarify, the functions of Na+-independent  NQR-2  in 
this organism. This paper  describes the isolation and 
propert ies  of NQR-2  from V. alginolyt icus.  
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Materials and Methods 

(7wnlicals. Liponox DCH, an alkyl polyoxycthylcne 
ethcr detergent [7]. was kindly supplied by Lion Co., 
Kanagawa. Japan. n-Dodccyl octacthyleneglycol mo- 
noether (Cj=Es) was obtained from Nikko Chemicals, 
Tokyo, Japan. Ubiquinonc-1 (Q- I )was  kindly supplied 
by Eizai, Tokyo, Japan. Rcduced nicotinamidc hypox- 
anthinc dinucleotide (d -NADH) and deoxyribo- 
nuclease I (type IV) were obtained from Sigma. Bis(3- 
propyl-5-oxoisoxazole-4-yl)pentamet hineoxonol (oxonol 
VI) was obtained from Molecular Probes, Oregon. 
Other reagents used were of the highest commercial 
gradc availablc. 

Enzyme assays. NADH-quinonc reductase activity 
was assayed at 30°C by following the formation of 
reduced quinonc as previously described [2,4]. For the 
assay of NOR-2 activity, the standard reaction mixture 
contained 0.1 mM N A D H / 1 5  #M Q - I / 5  mM 
MgSOJ0.0159~ Liponox DCH/20  mM Tris-HCl (pH 
7.0) in a total volume of 2.0 ml. For the assay of 
NQR-I activity, thc reaction mixture contained 0.1 mM 
NADH/15  #M Q-1/0.2 M NaCI/0.02% Liponox 
DCH/20  mM Tris-HCI (pH 7.5). Changes in ab- 
sorbance difference at the wavelength pair, 242-270.5 
nm. were recorded with a Hitachi 557 dual-wavelength 
spectrophotometer. The rate of Q-1 reduction was 
calculated using an absorption coefficient of 9.6 m M -  
cm - l [2]. 

Alternatively, 0.2 mM menadione (2-methyl-l,4- 
naphthoquinone) replaced Q-1 as the electron acceptor 
and the activity was assayed from the decrease in 
absorbance at 340 nm. The formatic.n of menadiol was 
measured by following changes in absorbance differ- 
ence at 242-270.5 nm in the presence of 10 #M mena- 
dione. The absorption coefficient of menadiol at 242- 
270.5 nm was estimated to be 22.8 mM-~ cm-J.  

One unit ol enzyme activity was defined as the 
amount of enzyme catalysing the oxidation of 1 gmol  
NADH, or the reduction of 1 ~moi quinone or 2 p.mol 
ferricyanide, in 1 min. 

For the measurement of pH dependence, the follow- 
ing buffers were used at 20 mM and the pH was 
determined at the end of reaction: Mes (2-[N-morpho- 
lino]ethanesuifonic acid)-Tris (pH 5.7-6.4); Hepes (N- 
[2-hydroxyet hyi]piperazine-N'-[2-ethanesulf3nic acid])- 
Tris (pl-I 6.8-7.9); Trieine (N-[2-hydroxy-l,l-bis(hy- 
droxymethyl)ethyi]glycine)-Tris (pH 7.7-8.5); Tris-Ches 
(2-[N-cyelohexylamino]ethanesulfonic ac id ] ) (pH 8 7 -  
O.O). 

Bacterial growth and preparation of membrane frac- 
tion. V. alginolyticus 138-2 (wild-type) and Na*-pump 
deficient mutant Nap-1 [8] were grown aerobically at 
37°C in a medium containing 0.5°~ polypeptone, 0.5% 
yeast extract, 0.4% KzHPO 4 and 3.0% NaCI (pH 7.2). 
Cells were harvested by centrifugation during the late 

exponential phase of growth and washed twice with 1.0 
M NaCI/5  mM EDTA/2P, mM Tris-HCl (pH 7.5). The 
mcmbrane fraction was prepared by osmotic lysis of 
the cells following suspension in a lysis medium con- 
taining 10 mM NaCI /5  mM E D T A / 2 0  mM Tris-HCI 
(pH 7.5) at the cell density of 40 mg wet wt . /mi .  After 
5 min at 25°C, the suspension was centrifuged at 20000 
× g for 20 rain. The precipitate was resuspended in 10 
mM NaCI/0.5 mM E D T A / 2 0  mM Tris-HCl (pH 7.5) 
and then deoxyribonuclease 1 (5 i . tg/ml) and MgCI 2 (2 
mM) were added to the suspension. After 10 min at 
25°C, EDTA was added at 5 mM, and the suspension 
was incubated for 5 min before being centrifuged at 
20000 x g for 20 min. The precipitate was suspended 
in 10 mM NaCl /10% (w/v)  glycerol/10 mM Tris-HC! 
(pH 7.5) and stored at -75°C.  

Extraction and purification of NQR-2. The mem- 
brane fraction was suspended in a medium containing 
5 mM E D T A / 5  % (w/v)  glycerol/20 mM Tris-HCI 
(pH 8.0) at the concentration of 5 mg pro te in /ml  and 
incubated for 20 rain at 25°C. The suspension was 
centrifuged at 20000 x g for 20 rain and the pellet was 
resuspended in 0.1 mM E D T A / 5 %  (w/v )g lyce ro l /20  
mM Tris-HCl (pH 8.0) at 10 mg prote in /ml .  An equal 
volume of 6 mM Ct2E s in the above buffer was added 
to the suspension and allowed to stand for 20 min at 
25°C. The mixture was centrifuged at 20000 x g for 20 
min, and the supernatant was collected and stored at 
- 75°C (CI2E~ extract). 

The C J2 E~ extract was applied to a DEAE-Sephacel  
column equilibrated with 0.1% Liponox D C H / 1 0 %  
(w/v)  glycerol/0.1 mM E D T A / 2 0  mM NaCI/20  mM 
Tris-HCI (pH 8.0) (buffer A). The amount of protein 
applied to the column was adjusted so as to be equiva- 
lent to 5 mg /ml  of the bed volume. The column was 
washed with buffer A containing 0.1 M NaCI until the 
42~c~ of the eluate had decreased to less than 0.05. 
Then the column was eluted with buffer A containing 
0.2 M NaCl. The active fractions were combined, then 
concentrated and desalted by ultrafiltration with an 
Amicon PM l0 membrane (DEAE-Sephacei  fraction). 

The DEAE-Sephacel  fraction corresponding to 1 
mg protein/0.2 ml of the bed volume was applied to 
5 ' -AMP affinity column equilibrated with 0.1% Liponox 
DCH/10% (w/v)  glycerol /5 mM E D T A / 2 0  mM Tris- 
HC! (pH 7.0). The column was washed with the above 
buffer, and then eluted with the buffer containing 1 
mM NADH. The active fractions were collected, and 
then concentrated and NADH was removed by the 
ultrafiltration (5 '-AMP affinity fraction). 

Preparation of inrerted membrane t'esicles. For the 
preparation of inverted membrane vesicles, the cells 
w~re suspended in 0.1 M sucrose/5 mM MgSO4/10 
mM Hepes-Tris (pH 7.5) (buffer B) containing l mM 
dithiothreitol, then broken using a French press oper- 
ating at 8000 lb / in  2. The inverted membrane vesicles 



were washed ~vith buffer B by centrifugation at 200(100 
× g for 1 ',l, then resuspcnded in buffer B and stored 
at - 75°C. 

Measurement of membrane potential The generation 
of membrane potential, positive inside, was monitored 
from the absorbance shift of oxonol VI [11] at 625-587 
nm using the dual-wavelength spectrophotometer. The 
reaction mixture contained 0.1 M sucrose/30 mM 
MgSO4/50 mM Na2SO4/10 mM Hepes-Tris (pH 
7.5)/5 ~tM oxonol VI/1.0 mg protein of in~erted mem- 
brane vesicles in a total volume of 2.0 ml. NADH 
oxidase activity was initiated by the addition of 0.2 mM 
NADH. For the measurement of membrane potential 
induced by NQR reaction, 10 mM KCN was added to 
the reaction mixture and then 50 pM Q-I and 0.2 mM 
NADH were added to start the reaction. Carbonyl 
cyanide m-ehlorophenylhydrazone (CCCP) and mon- 
ensin were used at 3 txM and 30 #M, respectively. 

Other methods. SDS-polyacrylamide gel elec- 
trophoresis was performed as described by Laemmli 
[12]. Kinetic constants and their standard errors were 
calculated according to the method of Cleland [13] as 
described previously [14]. Protein was determined by 
the method of Lowry et ai. [15] or Bradford [16] using 
bovine serum albumin as a standard. 

Results 

Salt dependence of NQR activities hi the wild type and 
mutant membranes 

The NADH oxidase of the membrane from the 
wild-type cells is greatly stimulated by Na" [4], whereas 
that from mutants defective in the Na + pump is fully 
active in the absence of salts [1]. As a partial reaction 
of the respiratory chain, the salt dependence of Q-1 
reduction by NADH was measured in the presence of 
10 mM KCN; the NQR activity of the wild type mem- 
brane was strongly stimulated by Na + (not shown). 
Other catio,s such as K +, Li + and Mg -~* were rela- 
tively ineffective as replacements for Na*. Although 
the activity stimulated by Na ÷ is sensiti~e to HQNO, 
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the actk'ity observed in the absence of stilts is resistant 
to HQNO [1]. The activity without salts was 0.33 
units/rag protein and corresponded to Na'- indcpcn- 
dent NQR (NQR-2). With the membrane from the 
mutant Nap-1 cells, the activity without salts was 0.58 
units /mg protein. Since this activity was not stimulated 
by Na + and was resistant to HQNO. it was concluded 
that the respirators, chain of Nap-I contained exclu- 
sively NQR-2. Thus. NQR-2 was extracted from the 
membrane of Nap-l. 

Generation of membrane potential 
The generation of membrane potential (AV), posi- 

tive inside, in the inverted membrane vesicles was 
monitored by the absorbance band shift of oxonol VI. 
Oxidation of NADH by oxygen (NADH oxidase) in- 
.tuced the oxonol response with the inverted mem- 
brane vesicles derived from both the wild-type (A) and 
mutant (B) cells (Fig. 1). With the wild-type membrane 
vesicles, the AV was not completely collapsed by the 
addition of CCCP and further addition of monensin 
was required for complete dissipation of .IV. The ..IV 
generated by the reaction of NADH:Q-I  reductase 
with the wild-type membrane vesicles (C) was also 
resistant to CCCP. These results could be explained by 
the presence of Na+-transport NQR-I in the wild-type 
membrane vesicles [1,23.24]. In contrast, with the mu- 
tant membrane vesicles, the .IV generated by the 
NADH oxidase was completely dissipated by CCCP (B) 
and no detectable ,3V was generated by the reaction 
of NADH:Q- I  reductase (not shown). Thus NQR-2 
present in the mutant membrane has no capacity to 
generate AV. These results were consistent with the 
recent reports of Smirnova et al. [9] and Kim et al. [10], 
where the .IV was monitored by different techniques. 

k.:rtraction and purification o]" NQR-2 
NQR-2 was purified as described in Materials and 

Methods (Table I), NQR activity was assayed with Q-I 
and menadione as electron accepters. Separation of 
the activities for Q-I and menadior, e was not observed 

A ccce B C ccce 

/ ' t  "": (i 1 I cccp ~ . ~  . 
! ,1, ~o • 
, f !  NADH: | AA : NADH M NAI]~H : 

l; [ 0.01 . 'l"/' ". I i ] t 

Fig. 1. Generation of membrane potential, inside positive, in the inverted membrane vesicles from the v.ild-type ~.% and C) and the mutant (B) 
cells. (A) and (B) oxonol response by NADH oxidase reaction: (C) oxonol restx)nse by NOR reaction in the presence of l|) mM KeN and 50 ktM 

O-I. Experimental conditions are described in Materials and Meth(xts, M denotes monensin. 
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q-AIILI{~ I 

I'tm]k,m,m <~t .VC)R-2 I~<,m U,' mcp#thr, utc of .\'~,'1)-1 

Fraction Proicin O-I rcduclasc Mcn;.idJt mc 
reductasc (rag) tH'6I,, I '/nag. 
unit~ U /mg  

Membrane 26(I t 51 ().5g t/6 I).37 
(?12 E~, cxlrtJct "79 77 0.97 34 0.43 
DEAE-Sephacel 24.8 56 2.26 23 I).93 
5'-AMP affinit~ 0.3 9.5 31.7 6.2 2(I.7 

during purifications, which was contrary to the case of  
NQR-I  [5-7]. As calculated on the basis of membranc  
protein, NQR-2  was purificd about 55-fold. 

SDS-polyacrylamide gel clectrophorcsis showed that 
purified NQR-2  still contained several protein bands 
(Fig. 2), including two major proteins with apparent  M~ 
44000 and 75000. It was uncertain whether  or not 
NQR-2 was a dimer of dissimilar subunits. 

Properties o f  NOR-2 
The partially-purified NQR-2  was used tor the ex- 

amination of  its enzymatic properties.  For the compar-  
ative study, NQR-1 purified from the membrane  of  
wild-type cclls as previously described [5-7] was em- 
ployed: this had a Q-1 reductase activity of 67 u n i t s / m g  
protein. 

Salt dependence. NQR-2  was highly active in the 
absence of  salts, was unaffected at the concentrat ions 
up to 0.4 M NaCI or KCI, and was progressively inhib- 
ited at higher concentrat ions (Fig. 3). In contrast,  
N Q R - l  strictly required salts for activity (Na+ was the 
most effective) and maximum activity was attained at 
0.3-0.6 M NaCI. These results clearly indicated that, in 
contrast to N Q R - I ,  NQR-2  does not require any salts 
for maximum activity. 

p t t  dependence. As compared with NQR-1,  the pH 
optimum of NQR-2  was about 0.7 pH unit lower (Fig. 

9 4  

Fig. 2. Densitometer traces of SDS-polyacD'lamide get electrophore- 
sis of 5'-AMP affinity fraction. The molecular weights of standard 

proteins are indicated in thousands. 

6 7  

i 
4 3  2 5  

6 7 8 
pH 

Fig. 4. Effects of pH on the activities of NQR-2 (closed circles) and 
NQR-1 (open circles). Buffers used were described in Materials and 

Methods. 

,20[ 
,00  

0 ' v 
u.O 0 2  0.4 0.6 0.8 1.0 

Salt concn. (M) 

Fig. 3. Effecls of  NaCI (ck)sed symbols) and KCI (open symbols) on 
the activities of NQR-2 (circles) and NQR-1 (triangles). A 10(IC~ 
activity corresponds to 30 units/rag protein for NQR-2 and 67 

units/rag protein fl)r NQR-I. 

4). Thus the opt imum pH for NQR-2  was between 6.8 
and 7.8. The  p H - N Q R  activity curves observed with 
the wild-type and Nap-1 membranes  were similar to 
those of N Q R - I  and NQR-2,  respectively, and the 
N Q R  activity of  wild-type membranes  was apparently 
highest at alkaline pH. 

Substrate specificity. Table II shows the electron 
acceptor  specificities of  NQR-2  and N Q R - I .  N Q R - 2  
was the most active toward Q-1. As compared  with 
N Q R - I ,  the activities of  N Q R - 2  for artificial e lectron 
acceptors such as menadione,  2,6-dichlorophenolindo- 
phenol (DCIP)  and ferricyanide were relatively low. 
Similar to NQR-I,  the fl-subunit showed a high reactiv- 
ity toward artificial electron acceptors. 

The energy-coupled N Q R  of E. colt that functions 
as an H + pump reacts with d - N A D H  as an electron 
donor [17]. The Na+-transport  NQR-1 of  V. alginolyti- 
cus also reacts with d - N A D H  [18]. NQR-2,  however, 
could not react with d - N A D H  at all, and was therefore  
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..o 80 
v 

2O 

0 
5 



TABLE I !  

Electron acceptor ,we('(ficitie~ of NQR-2 am/VQR-I 

Electron Conch. Relative activity 

acceptor (taM) NOR-2 NOR-I ~' /J-subunit :' 

Q-I  15 I(X) h 100 b I00 " 

Menadione 10 18 120 273 
I(X) 57 214 455 
200 62 - 

DCIP c 40 11 88 392 
Ferricyanide 1000 20 149 426 

" Data from Ref. 5. 
" 1009£ activities of NQR-2, NOR-I and ~-subunit for Q-1 corre- 

spond to 30, 51 and 49 units/mg protein, respectively. 
~ 2,o-Dichlorophenolind(,phenol. 

very similar to the energy-uncoupled NQR-2  from E. 
coli [11,17]. 

Kinetic studies o f  NQR-2. Double-reciprocal  plots of 
initial velocity versus concentrat ion of  N A D H  at vari- 
ous fixed levels of  Q-I  yielded parallel  lines character-  
istic of  a ping-pong mechanism (Fig. 5). Secondary 
plots of  intercepts against the reciprocal of  Q-1 con- 
centra t ion gave l inear plots. F rom these data, the Km 
values for N A D H  and Q-I  were calculated to be 75 + 
15 /xM and 15 + 3 # M ,  respectively. 

Inhibitor studies. The effects of  several potential  
inhibitors of  N Q R - 2  and NQR-1 were investigated 
(Table l iD. N Q R - I  was more sensitive to all of  these 
inhibitors except 5 ' -AMP.  p-Chloromercur ibenzoate  
and Ag ÷ were strong inhibitors to NQR-1,  but NQR-2  
was not inhibited at all even in the presence of  10-fold 
amount  of  each half-inhibitory concentrat ion for N Q R -  
1. The  effect of  Ag  + on the /3-subunit of NQR-1 
( N A D H  dehydrogenase)  has been repor ted  previously 
[19]. Using the membranes  from wild-type and mutant  
cells, H Q N O  has been shown to be a specific inhibitor 

0 0 0 ~  
0 20 40 60 8 0  100 

I /NADH (mM-1) 

Fig. 5. Double-reciprocal plots of initial velocity versus NADH 
concentration at various fixed levels of Q-I. The concentration of 
Q-I in the reaction mixture was indicated in the figure in taM. The 

initial velocity (r) is expressed in units/mg protein. 

TABLE 111 

E[li'c't~ of intlihitor~ ,m the a('ti¢ itie.~ qf NQR-2 aml NQR-1 

14 t) 

Inhibitor t Ld f-in hibiloD' concn. '~ 

NOR-2 NOR-I 

p-CMB t, nil t 0.01 
Ag ~ nil d 0.02 
HQNO 6.0 0.1 
Zn -~ * 3.5 1.1) 
Capsaicin > 250 175 
5'-AMP (raM) 1.5 > 10 

" The half-inhibitory concentration of each inhibitor is expressed 
in taM except for 5'-AMP. which is expressed in mM. 

, p-Chlcromercuribenzoate. 
~.d No inhibitory effect at (I.I (c) and 0.5 btM (d). 

of NQR-1 and Na* pump activities without any effect 
on NQR-2  activity [1]. The partially-purified NOR-2,  
however, was significantly inhibited by H Q N O ,  al- 
though the half-inhibitory concentrat ion was still 60- 
fold nigher than that for NQR-1.  The sensitivity to- 
ward Zn 2÷ was different between NQR-1 and NQR-2,  
which were completely inhibited in the presence of  3 
and 10 # M  Zn 2+, respectively. The  energy-coupled 
N Q R  of E. coli was reported to be specifically inhib- 
ited by capsaicin [20]. This compound was relatively 
ineffective against both NQR-1 and NQR-2  from V. 
alginolyticus. Among inhibitors examined, only 5 ' -AMP 
inhibited NQR-2  rr'<~re than NQR-1,  but very high 
concentrat ions were required. 

Mode o f  quinone reduction 
Quinones  are reduced by ei ther one-electron or  

two-electron transfer reaction depending on flavin en- 
zymes [21,22]. If quinones are reduced by a one-elec- 
tron reduction pathway, semiquinone radicals pro- 
duced are autoxidized by molecular  oxygen, forming an 
oxidation-reduction cycle of the radicals. This reaction 
leads to a continuous consumption of  N A D H  in excess 
of  the amount  of quinones present in the reaction 
mixture. Therefore ,  the rates of  N A D H  consumption 
and quinol formation were measured spectrophotomet-  
rically, and NQR-2  was shown to consume N A D H  with 
the stoichiometric formation of ubiquinol-I or mena- 
diol (Fig. 6). It was therefore  concluded that NQR-2  
reduced Q-I  and menadione  by the two-electron re- 
duction pathway. In contrast,  the/3-subuni t  of  NQR-1 
has been shown to reduce Q-I  and menadione by the 
one-elect ron reduction pathway in our previous paper  
[5], 

Discussion 

By the isolation and purification of NQR-2  from the 
membrane  of V. alginolyticus, it became quite clear 
that, in contrast to NQR-1,  NQR-2  does not iequire 
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o / /  

, ,  81- / / /  ~ 2 ~ 2 . ~  / S  ~ " ~  / ,=, 
i%~, i , i , ~ ~ ; ; o  

Time (rain) 

Fig. h. Mode of quin~mc rctltlcttorl by NOR-2. The reaction was 
carried out in lhe prc~.~nce o1" II) ,uM O-I (cuP.'es [ and 21 or I1•/zM 
menadionc (cun'es 3 and 4). The consumplion o1' NADtl (cur,,cs 2 
and 3). or the formation of ubiquinol-1 (cu~'c 1 ) or mcnadiol (curve 

4) ','.as monitored as described in Ma|erials and Meth~)ds. 

any salts for activity and is not inhibited by up to 0.4 M 
salts. The substratc specificity and inhibitor sensitivity 
of NOR-2 is also dissimilar to that of N Q R - t .  Thc 
most rcmarkablc difference bctwccn NOR-2  and 
NOR-I  is in thcir capacities to gcncratc  Aq~'. As also 
shown by othcr  investigators [9,1(I], thc respirator5.' 
chain of V. alginolyticus apparently has extrusion sys- 
tems for Na + and H ~. The Na*-depcndcnt  NQR- I  
functions as Na ~ pump and the Na*- independent  
NQR-2 has no capacity to generate  ,.1~. Since a 
CCCP-scnsitivc Aq'  is generated by the N A D H  oxi- 
dase in the mutant membrane  vesicles, the quinol 
oxidase must function as an H + pump. Thus, the 
electron flow from N A D H  to oxygen via NQR-2  gener- 
ates only a protonmotive force. In this connection,  it is 
intcresting to note that the optimal pH of NQR-2  is 
more acid than that of NQR-1.  For the regulation of  
cytoplasmic pH in 1/. alginolyticus, it is necessary to 
alkalinize the cell interior by the H +-pumping respira- 
tory chain [2';,26]. Therefore,  it is reasonable to con- 
sider that when the cytoplasmic pH falls, electron flow 
via NQR-2  may increase, resulting in the extrusion of  
H + from the cytoplasm without concomitant genera- 
tion of l q  t by the Na + pump. This may be of advan- 
tage to the alkalinization of cell intcrior and thus the 
regulation of  cytoplasmic pH. 

Reccntly, Yagi [27j reviewed the bacterial N A D H -  
quinone reductases and pointed out the presence of 
two types of N Q R  in the respiratory chains of several 
species of bacteria. Yagi clt, ssified type-I N Q R  (desig- 
nated NDH-1)  as those having an energy coupling site 
and type-2 N Q R  (designated NDH-9)  as those having 
no energy coupling site. The two types of  N Q R  found 
in the respiratory chain of marine V. alginolyticus coin- 
cide with the above classification except that the en- 
ergy-coupled NQR- I  functions as the Na + pump, not 
as the H + pump. As shown in our previous papers 
[5-7], NQR-1 is composed of  three subunits, a ,  /3, y, 
and the FAD-containing /3-subunit accepts electrons 
from N A D H  and reduces Q-I or menadione by a 

one-electron transfer reaction to produce semiquinonc 
radicals. This rcaction is indepcndcnt  of  Na * and 
inscnsitivc to HQNO.  On thc o ther  hand, the rcaction 
catalyzed by the FMN-containing a-subunit  is depen-  
dcnt on N a '  and sensitive to H Q N O ,  and is directly 
coupled to the transloeation of Na +. As a whole com- 
plcx, NQR- I  catalyzes the reduction of Q-I  to 
ubiquinol- l ,  but menadione  is not reduced to menadiol  
duc to the direct intcraction of mcnadione  with the 
/3-subunit. NQR-2,  howcver, reduced both Q- i  and 
menadionc by the two-electron transfer pathway. 
Thcreforc ,  it is likely that the energy-coupled NQR-1 
reduces  ub iquinones  by one -e l ec t ron  reduct ion,  
whereas the encrgy-uncoupled NQR-2  catalyses two- 
clectron reduction. The respiratory chain of  E. coli 
also has two types of  N Q R  [11]. Thc reduction of  
quinoncs by the purified enzymes from E. coli were 
cxamincd. Al though not shown here, FMN-conta ining 
NADH-fe r r i cyan ide  dehydrogenase ,  which is the 
NADH-rcac t ing  site of  energy-coupled N Q R - I ,  re- 
duced mcnadione by one-electron reduction pathway, 
whereas  FAD-conta in ing energy-uncoupled NQR-2  re- 
duced Q-I  and menadione  by two-electron reduction 
pathway. Al though N Q R - I  of  E. coli functions as the 
H + pump, the generat ion of  semiquinone radicals as 
an intermediate  of  quinonc reduction must be a com- 
mon factor for N Q R - I  to function as an ion pump. 
Indeed,  a semiquinone E P R  signal sensitive to H Q N O  
has been detected in Thermus thermophilus HB-8 
membrane,  which contains H+-pumping type-1 N Q R  
composed of  ten unlike polypeptides, F M N  and three 
iron-sulfur clusters [28,29]. Fur ther  studies are re- 
quired to make clear the mode of  coupling between the 
redox reaction of scmiquinone radicals and the translo- 
cation of  ions. 
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