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ABSTRACT 

M.Sc. GITA KHANNA Microbiology 
-

NA+-DEPENDENT ACTIVATION OF RESPIRATION AND MEMBRANE TRANSPORT 
IN A MARINE BACTERIUM c 

The quantitative Na+ requirement for maxi~tim respiratory activity .., 

W8S examined and compared 
, ... 

with that for the maximum rate of trans-
, + 

port in the marine organism, Alteromonas haloplanktis. Na -dependent 

activation of respiration was examined using seyera'l exogenously-

added oxidizable substrates. NADH was actively oxidized by intact 

+ cells but Na had no stimulatory effect. However, oxidation of NADH 

or ethanol by toluene-treated cells required + 100 mM or 50 mM Na 

respectively for maximum activity. Succinate and ~embrane-bound 

aecorbate/TMPD oxidases' showed no sp~ific requirement + 
for Na " 

1 

whereas soluble asèorbate/TMPD oxidase required 5 mM NaCl for maxi~ 

mum activity. Ethanol oxidat1on by ,ntact cells was stimulated by 

2 mM NaCl. Maximum rates of a-aminoisobutyric acid (AIB) transport 

+ were shawn to require 250 mM Na • Since, with ethanol as an energy 
, + 

Bource, only 2 -mM Na is required by whole cells, for maximum ra):e of , 
respiration and 250 mM Na + 1a needed for maximum rate of AIB 

transport into the cella, + there ie clearly a Na requirement for 

transport of AIB yhich 1s separate from the Na+ requirement for 

respiration. ' 
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-RESVME 

M. Sc. 'GITA KHANNA Microbidlogie 
1 • • 

( DEPENDANCE DE L'ION NA+ POUR L'ACTIVATION DE LA RESPIRATION ET 
DU TRANSPORT CHEZ UNE BACTEAIE MARINE 

+ Les besoins en ion Na pour 
k , 

une act:Lvite respiratoire maximale 

ont,été quantifiés et comparés avec ceux! requis pour un taux maximal 

de transport chez l'organisme marin, A1teromonas halop1anktis. On a 

examiné l'effet stimulateur de l'ion /Ja + sur l' activité ~espiratoire 

des cellules entières au moyen d~ plusieurs substrats oxydables 

exogènes. Le NADH était activement oxydé par les cellules entières 

sans aucun effet stimulateur 
, + 

de/l'ion Na. Cependant, l'oxydation , 
des substrats NADH' et éthanol par des cellules traitées au toluène 

exigeait 100 mM et 50 mM respectivement pour atteindre une activité 
1 

maximale, Les oxydases 1i~es au succinate et à l'ascorbate/TMPD de 

la membrane n'ont pas montré 
if!J 

alors que l'oxydase soluble 

de dépendance i~éCffiqUe pour le Na+ 

de l'ascorbate/~D exigeait 5 mM NaC1 

pour atteindre une activité maximale. L'oxydation de l'éthanol par 

les cellules entières était stimulée par 2 mM NaCl. Le taux maximal 

de tr~nsport 
o ; 

a-amino-isobutyrique pour 1" acide (AIB) exigeait la 
" 

prése6ce de 250 mM Na+. 

entières avec l'éthanol 

Comme l'activité respiratoire des cellules 

+ requiert 2 mM Na et que le transport actif 

+ de l'AIB requiert 250 mM Na , on peut donc déduire ~ue l'exigence en 

+ Na , pour le t~ansport de l'AIB est bien différente et séparée de 
/ , ,+ 

l'exigence en Na pour la respiration. 
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AIB . a-aminoisobutyr1c acid . 
CoQ coenzyme Q 

NADH reduced nicotinamide aden1ne dinucleotide 

'lMPD N,N,N',N'-tetramethyl-p-phenylenediamine. 
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INTRODUCTION 

, . 

, 

Th~ f.sture which distinguishes gram negative marine b~cter~ 
most clearl~ from their terr~strial counterparts is the strict 

/' r ' + 
dèpendence of the marine species upon the presence of Na in the 

environment fo~ optimum growth and metabolisd (MacLeod, 1965). 

~ t Drâpeau and MacLeo9 (196~) demonstrated that the Na+ requirement for 
.. 

the growth of a mdrine bacterium, Alteromonas haloplanktis, reflects 

+ a requirement for Na to trans~ort metabolites into the ce1ls. In 
,p 

" + ad~tion, Na' was also fotmd to have a function in preventing the 
':il 

101s of intracellular solutes from the cells (Wong.!!. al., 1969). 

. + 
Thus, it 18 apparent that marine bacteria requ1re Na for the , 
maint~nance of celi integrity and for active transport functione 

~ in the cell membrane. ~cent etudies by Unemoto ~!!. (1977) 

+ demonstrated that Na was required for maximum actlvity of the 

membrane-bound NADH oxidase of the marine organism Vibrio a18ino-
~ , 

lyticus; similar results were obtained with the moderate halophile 

Vibrio costicola. As,Ï-the NADH ox:f.dase from non-halophil1e E.&eriehia 
+ ' 

coli ehawed no specifie requirement for Na (Unemoto et al., 1977), - - --
+ . the Na -depe~dent activation of NADH'oxidase wae considered to be a 

1 r -

characterist1c feature of halophi11c bacter1a. 

1 

~,.----- ~-:---......,..----_ ... :. __________ ôlt-t'""" ..... 



G 

o 

, , 

Since Na+ has been shawn to have a function in the transport 

- of meta~olit~s (Drapeau and MacLeod, 1963, 1966), as well as a 

specifie involvement in the respiration of marine organisme (Unemoto 

!!. .!!., 1977), it seems necessary to differentiate the quantitative 

Na+ requirement for the maximum activity of each of these pr~cesses. 

The objective of the present researah was ta dete~ne the 

quantitative Nat requirement for transport and respiration in the 

mariae bacterium, Alteromonas ha10p1anktis. + The Na requirement for, 

the maxilJ!.UDl oxida1:ion of severa1 exogenous substrates was examined 

+ and compared quantitative1y,With the concentration of Na needed for 

maXimum uptake of the non-metabo1izab1e analogue, a-aminoisobutyric 

acid, into the ce11. + Based on the quantitative Na requirement for 

the maximum respiration.of different oxidizab1e substrates, an 

additiona1 purpose of this investigation was ta identify the possible 

+ site of Na -dependent activation i~, the e1ectron transfer chain of 

A. halôplanktis. 

) 

1 

2 
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L1TERATURE REVIEW 

'1 

1. Ro1e of Na+ in marine bacteria 

A large proportion of the bacterial f10ra of the oceans 

consists of gram negative organisms which have a specific requirement 

for sodium ion, (MacLeod, 1965, 1968; Baumann and Baumann, 1977). 

Richter (1928) was the first to establish tqat a marine luminoUB 
, + 

bacterium had a specific requirement for Na. Later, Mudrak (1933) 

confi rmed and extended Richter' s findings by demons trating that ten 

+ additional strains of marine lum1nous bacteria a1so required Na for 

growth. Dianova and Voroshilova (1935) subsequènt1y found that Na+ 

salts were requi~d for the growth of a number of marine isolates 

J +,' and cou1d not be replaced by equimolar concerttrations of K salta. 

Using a chemically defined medium, MacLeod et.!!. (1954) investigated 

the requirement for inorganic ions for the growth of six marine 

,+ + 
bacteria and found that aIl of them hada requirement for Na , K , 

+2 -2 -2 ( 
Mg J, P04 and S04 for growth. Several of the organisms a190 

+2 -1 required Ca and Cl • When the quantitative requirementa of three 
+ + .. 

marine bacteria for ~a and K were further invest~gated, MacLeod 

and Onofrey <,1957) found, that the maximum rate and extent of grawth' 

+ + + + was achieved wi th 0.2 to 0.3 M Na. Li t Rb and Cs had no capae! ty 

+ + -- -to replace Na , although K exhibited some sparing action at sub-

------'"---

+ + optimal concentrations of Na. The specificity of the Na requirement 

3 
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for marine bacteria was also shenm. by Payne (1960) in his_ 'study of 

the growth and metabolism of', a marine pseudomonad. Re cen tly , some 

700 strains and species of marine bacte~ia were examined and shawn to 

+ ~ 

grow only if Na was present in the medium, (Reichelt and Baumann, 

1974) • 

+ , 
A Na requirement for gr~h was initially believed to be a 

characteristic unique to marine \acte~ia; however, -studies condutted 

on some terrestrial bacteria have revea~ed that several ~pecies of 

+ the latter also require Na for growth. Halophl1ic bacteria have 

been isolated from several salt y non-marine environments:' As 

described in numero~s reviews (Larsen, 1962, 1967; Dundas, 1977), 

these 'organisme collectively 1abelled as "extTeme halophiles ll aTe . 
unique in that they not only tolerate but require NaCl concentrations 

4 

abo'Ve 10-15% for survival,' and often need 20% NaCI for optimal growth. 

Among the non-halophiles, however, Escherichia coli was found ta 
• - f 

require 3 mM sodium , for an optimal growth rate on glu.tamate (Frank 

- and Hopkins, 1969). 
" + 

Salmonella typ~imurium requires about 8 mM Na 

for an optimal yield in the fermentation of citrate (O'Brien and -

Stern; 1969). The rumen inhabitant Bacteriodes amylophilus has a1so 

been shawn to require 60 mM sodium for an optimal growth rate and 

yield (Ca1dwelli ~ aL, 1973). With the exception of some ecologic-

a11y specialized oTganismB that inhabit environDfnts with relatively 

+ ' 
constant Na concentrations, mos.t terres trial or,ganisms do not 

appear to have a specifie requirement for sodium. Where a ,requirement 

has been demonstrated, it has usual1y been found to be considerab1y 

) 
- --.:-- --- ---- --------_._----....... _----
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lawer than observed in marine'bacteria and is often dependent on the 

'-.,. 
conditions of cultivation. 

+' Studies on Na -dependent growth and the physiologieal basis 

for this feature had been confined to two marine species, Alt~rotOOnas 

haloplanktis and Photobacterium flscheri. MacLeod and Ilis· co-workers 

+ ." have shown that Na serves two funetions in "th~se organis1DS. One is 
, + 

a specifie involvement of Na in metabolite transport (Drapeau and , 

MacLeod, 1963, 1966; Hassan and MacLeod, 1975) and the other, a less 

+ specific effect in that Na prevents thé loss of intrace11u1ar solutes 

frrnn the cells (Drapeau and MacLeod, 1965; Wong !:! al., 1969; 

MacLeod ~.>~~., 1978). Recent studies on the marine bacteria 

Photobacterium phosphoreum an~ Vibrio a1ginolyticus h~~ revealed 

+ that Na has also a function in the respiratory act1/vities of these 

organisme (Wa tanabe ~ al., 1977; Unemo to etaI., 1977). 

+ a. Na -dependent transport in 
marine. bac te ria 

" 

.. 
+ Earlier studies by MacLeod.!:!.!l. ~1958) revea1ed that Na i8--

required for the oxidation of exogenous substrates by cell suspensions 
. \ 

, 
of !. haloplanktis. ,For the oxidation of monobasic acids and hexose 

+ sugars, 0.05 M Na was required; for di- and tri-basic acids, however, . " + two to three times this levei of Na were needed. When cell-free 

extracts ai the organism were examined, none of the enzymes of the 

, + 
tricarbo:xylic acid cycle could be shown to require Na spedfically 

for activity (MacLeod ,and Hari, 1960). 
!Ç' 

That the requirement for Na 

-------------------~"_.-_.~ ... 

l' 
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+ by intact cells of A.. haloplanktis might represent a Na requirement 

for the transport of metabolites into the celle was first indicated by 

,Drapeau and Macleod (1963). '!bey showed that the active transport of 

the non-metabolizable amino acid analogue, a-aminoisobutyric acid 

(liB) into cells of !. halop1~tis and ,!,: fisched is Na+-depençlent. 

Mo~ detailed studies with the marine bacteria (Drapeau and MacLeod, 
/ ( + 1966) revea1ed that the amount of Na required for transport varied 

+ with the compound transported and corresponded to the Na require-

ment for the oxidation by ~hole cells of the corresponding metaboliz-
+ ~ , 

able substrate. This led to the conclusion that the Na requirement 

+ for oxidation represents a Na requirement for tl?ansport. This 
", 

conclusion was substantiated by the evidence that the quantitative 

+ Na requirement for the uptake of D-fucose, a non-metabolizable 

+ analogue of D-galactose, was simi1ar to the amount,of Na needed for 

maximum rate of oxidation of D-galactose (Drapeau and MacLeod, 1966). 

Recent studies by Wang et al. (1969) have shawn that the , --
uptake of inorganic orthophosphate by the marine bacterium A. ha1o­

+ p1anktis is also a Na -dependent process. Subsequent s~udies 
f, 

+ conducted on K -depleted cells of the marine bacterium (Hassan and 

MacLeod, '1975; Thompson ~ aL, 1970) revealed that K+ transport is a 

+ saturable process and requires Na • '. 

Rence, the results obtained from transport \ s,tudies have led to 

+ the conclusion that the primary flIDction of Na in!. haloplanktis is 

to permit the transport of essential metabolites into the celle 

+ Since other alkali metal ions coùld not satisfy the Na requirement 
~ 

\ 
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for transport, it was concluded that the role of Na+ in transport 

waS a specifie one. 

1,'" .', 

b. + Na requirement for the retention 
of intracellular solutes 

In the course of studie\ on AIB uptake in A. haloplank.tis, ~ 
Drapeau and Macleod (1965) found that the retention of this non­

metabolizable compoUnd by the cells was also markedly affected by the 

7 

ion composition and concentration of the suspending medium. Cells 

were allowed to accumula te 14C-labelled AIB, separated from the medium 

and then resuspended in different salt solutions. When the preloaded 

ce~ resuspended in a solution of NaC1, KCl and MgSO 4' the 

labelled compound was retained by the cells even after one hour of 

,incubation. ~owever, when. the suspending medium.·"'ê'Ontained 01;11y 

0.05 M MgS04' the label in the cells was rapidly lost. It was also 

1> 

observed that in the absence of a sufficient concentration of cations, 

the cella 10st their viability (Wong !! al., 1969). Since the 

release of intracellular AIB occurred prior to the 108s of viability, 

loss of viability is probably a long-term consequence of changea 

as80cl~ted with the 'loss of intracellular solutes (Wong ~ aL,' 1969) • 
. +2-

In these experiments, sufficient Mg waB present to prevent lyals 

of the celle. LiCl and, to a lesser extent, KCl, were both partia1ly 

effective in preventing the loss of 14C-AIB from the cells. Since 

prevention of releaBe of AIB from th~ cells could be effected, at 

+ least partlaIly, by ether Ions, the role of Na in thia function 18 

" 

1 
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a less specifie one. Soœwhat siudlar obsetvations were made by 

Srivastava (1965) with the marine bacterium Photobacterium fischeri. 

, i, - -;,~I 

In conside:ring the mechanism by which salts could prevent the 
, ~< 

re1ease of intrace1lular solutes from the cells, it was hypothesized 

+ that ~a Was required to maintain eytoplasmie membrane proteins in 

the proper configuration ta permit tight packing of ~mbrane sub-
I 

units (Buckmire and MacLeod, 1965). The possible osmotie effect of 

Na + in preven ting loss of in traeellular .solutes.:was -not considered 

1 

since individual salts were shawn to differ markedly in their ability 

to prevent 10s8 of solutes from the cells. 'Lower concentrations of 

NaCl and Liel than KCl or NH4Cl w~re effective in this function 
1 

(Drapeau and MacLeod, 1965). FUFthermore, it wa~ observed that the 

concen traUon of NaC1 in the cells was the same as that prevailing 

in the medium (Takacs et al., 1964). In V1ew of the recent findings 

+ in !.. haloplanktis that internaI Na concentration is lower than the 

externat concentration (Thompson and MacLeod, 1973), th~ role of Na+ 

in preventing 108s of intrace11ular solutes from!.. haloplanktis 

cells as a resu1t of an osmotie effect was re-examined. Recent 

studies by MacLeod et' al. (1978) indlcated that the porosity of. the 

. çytoplasmic membrane in this marine bacterium was determined by the 

difference between the osmotic pressure of the cytoplasm and the 

suspending medium. + + + The lesser effectiveness of K , Rb and Cs than 

+ + +2 
Na ,Li or Mg in permltting the retention of solutes by the cell 

was attributed to the greater penetrability of the hydrated ions of 

the former group through the dilated pores of a stretehed cytop1asmle 

membrane. 

l ' . 
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2. + Ro1e of Na in respiration 

It is now firmly estab1ished that aIl aerobic bacteria possess 

membrane-bound electron transport chaine that result in net proton 

translocation across a membrane of limited ion permeability during 

oxidation-reduction reactions. The diversity of the individua1 

membrane-bOlm.d redox components found in bacteria, as weIl as the 

great variations in the physiological reductants and oxidants 

uti1ized by bacteria, has been weIl documented in many reviews 

(Haddock and Jones, 1977; Jones, 1978; Jones !:!.. al., 1975; Bartsch, 

1968; Harold, 1972). Howèver, comparativêly litt1e attention has 

been directed towards the composition and properties of the respiratory 

+ chain of bacteria known ta require Na for growth. 

Recent etudies on the electron transport systems of several 

halophiles belonging to the Halobacterium group which grow best in a 

medium containing 25-30% NaCl, suggest that these bacteria hav~ more 

fhan one oxidase during their logarithmic phase of growth (Larsen, 

1967). The halobacteria examined were shown to contain cytochromes 

of the b- "and c-types as well as an o-type cytochrome oxidase (Cheah, 

1969, 1970a; Lieberman and Lanyi, 1971). In addition, these bacteria 

were shawn tO'have respiratory-1inked NADH dehydrogenase activity 

(Hochstein, 1975; Hochstein and Dalton, 1973; Lanyi, 1969a). Enzymes 

of extreme1y halophilic bacteria have been found to_require high 

concentrations of 'salts for maximum activity and stability. Extensive 
, 

reviews on the studies of these salt effects on halophllic enzymes 

have been ,written (Larsen, 1962,' 1967; Brown, 1964; Dundas, 1977; 

\ 
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Lanyi', 1974). The NADli oxidases of R. cutirubl"\!Dl and halophile AR"'l 

c have been shawn to be inactive without added salt and to require 2-3 

M NaCl for full aetivity (Lanyi, 1969a, Rochstein and Dalton, 1968a). / 
" 

1 

At 10w salt concentrations the enzymes were found to be irreversibly 
. 

inaetivated ~Lanyi, 1968; Hochstein and Dalton, 196ab). The salt 

requirement of NADH oxidase was found to be non-specifie ainee large 

numbers of salts such as Kel, RbCl and CaCI eou1d replace NaCl with 

little or no loss of activity (Lanyi, 1969a): In addition to salts 

of monovalent cations, other substances such,as MgC12 , CaC12 , 

spermine and p,olyamine have been shown to activate halophil1c 

reapiratory enzymes (Lanyi, 1969b). Renee, on the basis of these 

studies, and other aimilar observations, it has been suggested that 

high concentrations of salts are essentla:1. for the maintenance of the 

respiratory systems of halophiles (Lanyi, 1974). 

Some general features and properties of marine resplratory 

systems have also been reeently documented. Studies conducted on the 
Il 

" 

marine bacterium. Beneckea' natriégens have shawn that this organism 
1 

contain~ a eomplex reapiratory system with four or possibly five CO-

binding cytochromes, inc1uding an unusual high potential soluble 

c-type cytochrome, each of which cou1d be acting as a~terminal oxidase - ~ 

(Weston !! al., 1973, 1974). "nie presence of a periplasmic soluble 

CO-binding .!:.-type cytochrome has also been shawn in Alteromonas 

haloplankt1s (Knowles !!. al., 1974), More recent studies on the ~ 

extracts of !. natriegens showed that thfs organism also 'containa NADR, 

succinate and ascorbate/TMPD oxidase aCU)rtties (Weston ~ al., 1974) • 
./ 

c 

'. / 

/ 
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+ The effect of Na on the respiratory chains of marine bacteria 

'(as f;trat document~d by Unemoto .!! al. (1977). UBing cell-free 

extracts. they showed that the membrane-bound,NADH oxidase activity 

of s1ight1y ha10philic marine. Vibrio a1ginolyticus required 0.3 M 

Na+ for maximum activity. Other ca~ons such as Li+, K+, Rb+, cs+, 

~ ~ + 
Mg ~:~d Ca \ were re1ative1y ineffective as replacements for Na ; 

.~~.. +" +2 . + 
hCM,-"e:!/ K and Mg cooperat'rd with Na for activation. In a 

. . 
subsequent study, the respiratory chain of Y... a1gino1yticus was, 

+ examined to ident!fy the components conferring the Na activation 

(Unemoto and Ha.ya.shi, 1979). The respiratory chain in this marine 

organism was found to contain ubiquinone (Q), menaquinone (MK), 

cytochromes of the ~-, ~-, ~- an~ ~type. The membrane-bound and 

partia11y pur!fied ~ADH dehydrogenase was stimu1ated two- to three­

fold by the addition of 0.2 M Na+ or K+. No specifie requirement 

for Na+ was observed in this reaction step •. *e cytochrome oxidase 

showed no requirement for monovalent cations. i The respiratory 

activity of the membrane was lost on removal of the quinones and the 

reincorporation of authentic Q-IO and MK-4 restored the activity, 

+ The rate of MK-4 reduction by NADH was activated by Na , but only 

slight1y by K+ ' .. Likewise, the ubiquinone reductase waà more 

+ + effectively activated by Na than by K. These results strongly 

, + 
suggested that the site of Na -dependent activation in the 

respiratory chain of marine Y... alginolyticua was at the step of 

NADH~quinone oXidoreductase. 

11 
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+ Na -dependent activaction of NADH ox:f.dase has also been 

obaerved in another marine b1acterlum, Photobacterium phoaphoreum. t 
+ . -

Based on the results obtained, it was suggested that Na activated 

the cytochrome e,lectron transfer system in this org81lism at a poi~t 

between NADH and cytochrome b (Watanabe II aL, 1977). Recent 
~ , . 

studies on the membrane bound NADH dehydrogenase of!. phosphoreum 
, 

have shawn that this enzyme, which contains FAD as a prosthetic grouP! 

is actlvated by monovalent cations. The cation-dependence of NADH 
-~....,' 

dehydrog~nase activ1ty, however, was not specifie since various 

monovalent cations produced almost the same degree of activation as 

Na+ (Imagawe. and Nakamura, 1978). 

The effect of Na+ on respiration has ~lso been studied in the 

non-halophilic bacterium, Pseudomonas stutzeri. Respir~tion in this 

organism proceeded\ at an appreciable rate in the absence of K+ and 

Na+. Rowever, the oxygen uptake rate' was enhanced about 1.5 times by 

+ '+ K and doubled when Na was added subsequently. No enhancement was 

'+ . + observed when Na was added without simultaneous addition of K • 

+ + Renee, K is necessary for the enhancing function of Na. Other 

alkali matals, added as chlorides in place of NaCl, did not stimu-

la te respiration (Kodama and Taniguchi, 1976). 

3. + Na -dependent transport 

Sodium-dependent transport in bacteria has l1een recognized 

for many years. Drapeau and MacLeod (1963) and Drapeau ~!l. (1966) 

+ + presented the first definit1ve expertments showing Na and K to be 

'() 

\.' 

o " 
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"required for the transport of ~obutyric ,c:1d and fueose into 

the marine bacterium Alteromonas haloplankfis. Recent etudies have 

shawn that aIl amino acid transport systems in Ha10bacterium halobium 

+ membrane vesicles,were' Na -dependent. Glutamate uptake into tqe 

cells and memQrane vesicles of Escherichia co1i:fwas shawn to be 

+ ' . 
stimulated by Na (Frank srd Hopkins, 1969; MacDonald et al., 

1977b; Hasan .!t al., 1971),. \ln a study of the mel~bios:-permease 
, 

system of Salmonella typhimurium, Stock and Roseman (19~1) showed 
" 

that Na+ was required for the uptake of thiomethylgalactoside. 

+ Other examples of Na -dependent transport in terres trial pro9aryotes 

" succinate t:tWmsport in Microcoeeus lysodeiktieus (Ariel 

" and GroB~owicz, ,,1974) and the transport of proline into Mycobacterium 

::phlei (IÎirata' ~ !!l.), 1974). 

Other cations were found to have less specifie "or more elusive 

" + " effects. ,R U was fOJlIld to be required for the accumulation of amino-

isobutyrie ac~d in a marine pseudomonad (Drapeau and MacLeod, 1966) 

" 

and for the maximum accumulation of glutamate in E. coli (Halpern 

'+ d-

~ 
'~ al., 1973). Li, in some systems exhibited effects sim1lar to , + 

'1 those of Na , as :Ln thiomethyl galact"s,1.de uptake in.!. ttph1mllrium. 

~\~I} . \ (Stock and Roseman, 1971), but appeared Ineffective in other systems, 

as in aminoisobutYrie ,acid transpo.rt in !. haloplanktis (Drapeau 

e~r al., ~96 3) and glutamate transport in !. ~ (Kahane !! !!le , 
• 

1975; Hasan !! al., 1977). (, 

" + 
That sodium ie req~red for transport suggests that Na acts 

as a ~ofactor influencing the binding of the suhstrate to the 

" " " 
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transport carrier and/or the conrormation of that carrier. + Na need 

not necessarily be bound to the carrier protein but if it is and the 
~ . 1 

+ Na is translocated at the same time as the substrate, then the 

+ electrochemical Na gradient could,serve as a driving force for . 
acti~e transport of theusubstrate in question. 

Early studies by Thompson and Macleod (1973) appeared to roule 
• 0 

out the invo1vemen~ of a Na+ gradient in the accumulation of amino-

isobutyric acÎd by !. haloplartktis. + + When Na and K gradients were 
~ J 

/' 
seeming1y abolished (extra-cellular io~ concentrations were adju~ted 

'7 
to thât estimated to be present intracellularly ~there was no effect 

A 

on die uptake of the substrate. 111is conclusion was substantiated 
o 

14 

by- studies conducted by Kahane .!! al. (1975) in !. ~, where it was 

\n~t possible to demonstràte substrate-dependent N~ influx during' 

glutamate transport. The importance of a concentration gradient of ~ 

+ + Na in the Na -stimulated transport systems had been rejectea on the 
o 

basis of other exp~r1mental results 'as weIl. Resul ts obtained on 

.. the effect of Na+ on the kinetic parameters, Km and Vmax, revealed 
,.J 

+ . 
that Na acts by either decreasing the Km value or by increasing , 

Vmax. Examples of bacterial systems where the Km for the transported 

metabolite was decreased (i.e •• the affinity for the transport 

) 

0> + substrate was raised in the presence of Na and the Vmax was 

unaffectèd include glutamate transport in !. ~ (Halpern !.! '!!.l' 

~973), succinate uptake in M. lysodéikticus (Ariel and Grossowicz, 

19?4) and AIB transport in !.. haloplanktis ÇA"ong!! .!!.) 1969). 'lhe 

amino acid transport, systems in H. halobium (MacDonald !.! al., 1977) 

..... 

" 

,1 
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exemplified a case ~ere the Vmax for transport Was in~reased in the 

+ ,? 
presence of Na , ~perea8 the Km remained unaffected. 'This suggested 

,y 

that the carrier ~aver8ed the membrane more rapidly in the presence . . 
of both substrates. /lÎle observation that È.2!!l the parameters, Km 

and Vm~. did not I~ange with Na+ concentration has been used to 

argue against.cotranslocation o{ the cation with the substrate and in ... 
favor of a cofactor effect. 

. + + 
Recent evtdence for a H INa antil?orter in ! • .E2!!. (West and 

Mitchell, 1974) cells has stimulated a large number of new etudies 

"and the re-evaluation of a number of the earlier ones on the role 
+ ' of.a gradient in transport in accordance with Mitchell 's chemi-

oemotic hypothesis. \ 
According to the chemiosmotic hypothesis, the transmembrane 

proton gradient effected by respiration, ATPase or bacteriorhodopsin 

+ . \ + + activity is used to extrùde Na f~om the bacterial cells by,a Na -H 

antiporter resu1~ing in the creation of an inwardly directed trans­
" 

15 

membrane Na + gradient; The chemical land ele,ctrical components of /,' 
) 

this gradient, either separately or in combination can be used to 
, a 1 

drive the intracellular accumulation of nutrients (Mitche11, 1966, 

1973; Harold, 1972). , 

Evidence for the existen,Çé of a H+/Na+ antiporter in!. ~ 

was provided by'jstudies ~onducted by West and 

Anaerobic cells were incubated in the 
+ ' and the permeant 

anion SCN-, which compensated for ce created by 

/) 
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ionie movement acroeS the membran~. Addition of Na+ caused 
\ 

~cidification of the cell suspension which was reversed in the 

presence of the un~oupler FCCP. + The authors concluded that the Na 

+ influx caused coupled H efflux from the cells. When a pulse of 

+ oxygen vas introduced, the H vas expelled and returned slowly into 

+ + the cell in the ab§ence of Na ; however, in the presence of Na • the 
U 

H+ returned rapidly. 

+ + The presence of If lN,a antiporters, has ainee been shawn in a 

number of microbial systems. Lanyi and MacDonald (1976) provided 

+ + p 

evidence for a H INa antiporter in !!.. halobium cell envelope 

vesicles in whicb the source of the proton gradient was the light-

induced extrusion of protons by bacteriorhodopsin. Evidence for 

+ + 
~ INa antiporters has also been shawn in~. typhimurium (Tokuda and 

Kaback, 1977) and marine bacterlum A. haloplanktis (Niven and 

MacLe~d, 1978). 

+ . 
The observation that Na is required for the transport of. a 

number of sUDstrates suggests that these suhstrates may be symported 

+ + with Na , that the electrochemical potential Inherent in the Na 

gradient provides the energy required for uphill transport of meta-, 

16 

boUtes. Cell membrane vesicles of H. 'halobium. by virtue of their 

light-dependent proton pump, bacterlorhodopsin, have prov1ded a valuable 

+ tool for the study of the energetics of Na -dependent transport. 

A detailed study by MacDonald ând Lanyi (1975) on the ~take of 

leucine in H. halobium vesicles suggested that the leucine transport 

/ , 

.. 
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system _is not coupled to~ATP hydrolysis and respoods to membrane 

potential rather than a pH gradient. + TIte Na -dependence of the 

transport and the observation that a NaCl pulse caused transient 

leucine influx in the dark in KC1-1oaded veaicles, even in the 

presence suggested that the uphill transport of leucine 

or electricai gradient. 

ort wi th sodium which DlOveS down a chemical 

+ The idea that Na gradients drive amino 

acid transport in ~. halobium was reinforced by results obtained with 

glutamate (L8Oyi !!. al., 1976a; Lanyi !! al., I976b). The' amino acid 

was rapidIy taken up into vesic1es, but ooly when the externai sodium 

concentration was appreciably higher than the internaI concentration. 

When NaCI W8S inc1uded in the vesicies in increasing amoun ts, ligh t 

induced accumUla\n of glutamate oc~urred 001y after lags of 

increasing lengt 8. Moreover J if vesicies were i11uminated for varying 

periode of time, d then the light turned off, the a6111 ~ to accumu-

late glutamate remained, but slowly decayed with ti~s Na+ 

gradient was, generated by the l1ght-induced proton 1DQtive force 

+ + through the H INa antiport.. 

Subsequent studies by MacDonald ll!!. (1977a) with !i. ha10bium 

showed that, with the exception of cysteine, a11 amino acids are 

+ transported in a Na -gradient dependent manner. 

+ -
The role of Na in several other bacterial transport systems 

has been clarified recently. MacDonald" ~.!!. (1977b) demqvstrated 

+ the presence of a Na Iglutamate symporter in !. ~ 1De1Ilbrane Vésicles. 

1 
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The, resu1ts showed that the veaicies cou1d accumu1ate glutamate in 

+ the presence of an uncoup1er when a concentration gradient of Na 

was provided. Transport under these conditions was sensitive to 

monensin,. a ,sodium ionophore, but not to ,nigericin, 

ionophore. Further,evidence for the e1ectrochemical 

'" 

a 'K+ and H+ 
o 

+ gradien t of Na 

as the source of energy for active transport of substrates has aleo 

been shawn in S. typhimurium membranes for the transport of thio-

methyl ga1actoside (Tokuda and Kaback, 1977). Recent etudies in r 
!. ha1op1anktis (Niven and MacLeod, 1979, unpublished data) have 

demonstrated that the uptake of aminoisobutyric acid is driven by 

+ the electrochemical gradient of Na. An eariier study by Thompson 

+ and Macleod (1973) had demonstrated that the inward1y directed Na 

+ gradient and an outwardly directed K gradient were not required for 

the accumulation of AIB by!.. hal'~)lanktis. ':th these experiments, 

+ + the extrace11u1ar Na and K concentrations were adjusted ta those 

determined to be present intracel1~lar1y and this adjustment was 

found to have no effect on the rate of AIB transport. However, it is 

now known that !.. halop1anktis exhibits respiration-driven proton 

+ + translocation and possesses an extreme1y active Na IH antiporter 

(Niven and MacLeod, 1978) and under optimal respiratory conditions, 

+ ' the intracellular Na concentration is lower than originally 

estimated. 
:(. 

-
Thus, under the conditions above, which were designed to 

+ + abolish transmembrane Na and K gradients, the cells were still 

capable of re-establishing such ion gradients. 
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Bence. at present. the evidence is overwhelming that many of 

+ the Na -stimulated metaboUte transport systems are driven by the 

.... 
Na gradien t through a symport mechanism. 
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MATERIALS AND METRODS 

Organism 

Alteromonas haloplanktis, strain 214, variant. 3, previously 

known as a marine pseudomonad B-16 (ATCC 19855) ,was the organism 

used in this study. The culture was maintained by monthly transfer 

to slant$ containing 0.8% (w/v) nutrient broth, (Difeo), 0.5% yea8t 

" 
extract, 0.22 M NaCl, 0.026 M MgS0

4
, 0.01 M Kijl and 1.5% DUt!fteftt--

1 
agar. (Difco) 

/ 

Growth conditions 

Cells were grown in a complex medium eontaining 0.8% nutrient 

broth (Difco), 0.5% yeast ext'I'aet (Difeo), 0.3 M NaCl, 0.026 M MgS0
4

, 

0.01 M KCl and KOH to pH 7.2. The inoeulum was obtained,by trans-

ferring a loopful ,of cella from an agar slant to a 50 ml Erlenmeyer 

flask containing 10 ml.. of complex medium. After 24 hours incubation 

at 25 0 C on a gyratory shaker (200 rpm), 0.3 ml (0.1% inoculum) of 
')J' . 
. "" 

the starter culture was transferred to 300 ml of medium in a 2-liter 

flask. Incubation was for 16 hours at ~5°C, 200 rpm to give cella 

at the stationary phase of growth (pH 7.6, E660-6.5). 

20 . 
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. 
Preparation of bacterlal suspension 

Following 16 hours of growth, each 50 ni! volume of culture ~ 

used WaS harvested by centrifugation (40,000 x g, 10 min. 4°C), 

w&shed Mce with 50 ml volumes and once with a 25 ml volume of 

complete salt solution (50 mM Tris (bydroJtY .methyl) aminomethane-HCl, 

300 DM choline ehloride, 50 mM MgS04' 9 mM KC!, 1 mM KH
2

P0
4 

- pH 7.2). 

The washed cells were then resuspended in approximately 4 ml of 

fresh buffer. This stock cell suspension (about 20 mg dry wt/ml) 

WaS stored on iee. 

+ In experiments concerning the effect of K on O2 uptake, the 

cells were washed and resuspended in a complete salt solution with .. 

+ . 
out K (50 mM Tris IHCI, 310 mM choline chloride, S.o mM MgSO 4' 0.006% 

(v/v) 85% concentrat~d phosphori( aeid - pH 7.2). 

Preparation of toluene-treated cells 

Stationary phase cells were harvested, washed and resuspended 

as described previously. To the cell suspension toluene was added ta 

a final concentration of 1% (v/v) and'was subsequently vortexed for 

about 1 minute at room temperature. The cells were then incubated 

for 30 minutes on ice before use. These toluenized cells eould be 

s tored on iee for up to 8 hours wi th no detectable change in the 

,..ct1vities being monitored. 

1 
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Preparation of cell fractions 

Washed~cells were suspended in complete salt solution ta a 

concentration of 20-25 mg dry weight/ml, and the cell suspension was 

then d1srupted in a French Pressure Cell operated at 14000 lb per 

sq.in. Debris,was removed by cen~rifugation at 27000 x g for 15 

ndnutes at 4·C. The supernatant fluid was designated the cell-free 

r- \ 
extract.. (eFE). This extract was subsequently separated :I,p.to 

\ '; , 
particulate an,d soluble fractions by ultracentrifugation at 150,000 

x g for 3 hours at 4 Oc (Beckman Model L5-65 Ultraeentrifug~. The 

top transparent half of the resulting supernatant fraction was 

retained as the soluble fraction, the protein content of which ~as 

between 5 and 10 mg/ml. The portion which sedimented, the 

particulate fraction, was tinsed once with the complete salt 

solution and resuspended in the buffer ta a protein concentration , 

of 8-12 mg/ml. Both fractions were then kept on iee. 

Celi dry weight and protein determination " , 

The ceU density of a given suspension was dete'l-m1ned by 

turbidity. The cell sample was diluted 200 x with complet~ salt 

solution and the optical densi ty re~Ji at 660 nm on a Gilford spectro­

photometer model 300-N. The ceU dry weight content was then 

determined using a previously ealibrated curve relating turbidity 

,(E6S0 n~) to dry weight of the cells. An E660 of 0.26 was equivalent 

to a ceU density of 20 mg dry wt/ml in the original suspension .. -"o-

- ,": .. -" 
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n, 

Protein was determdned on various ce Il fractions by the Biuret 
.t 

method (GornaU ~,!!,., 1949) using 0.5% (w/v) Lysozyme (Siglna) as 

standard. The cell fraction was appropriately diluted with èomplete 

salt solution. Some component of the salt solution reacted with the 

protein solution to form a precipitate. To clarify the 'mixture, the 

sample was centrifuged on a clin~cal centrifuge (International 

Equipment Co. Model CL) for 5 minutes at 1 reading 7. The clear 

supernatant was then 'read at 540 nm. Appropriate blanks were treated 

under the same conditions. 

Preparation of the oxidative substrates 
1 

The substrates used in this study, as electron donors, were 

+ NADH, ethanol, succinate and Ascorbate/TMPD; NAD was used as an 

oxidized substrate. AlI the substrates were made up in the appropriate 

salt solution; where the substrate rendered the solution acidic, small 

aliquots of 2 M Tris were added until the pH of the solution returned 

to 7.2. + S-NAnH (Sigma) and ~-NAD (Sigma) were made up to a con-

centration of 150 mM just prior to addition to the reaction mixture. 
\ 

Ascorbate (Fisher Scientifie) was made up to a concentration of 600 DM 

and TMPD (Eastman) was made up to the concentration of 20 mM. Seme 

difficulty was encountered in preparing a more concentrated solution 

of TMPD sinee at a eoneentrB:tion greater than 20 mM, raising the pH 

to 7.2 wo,uld cause thé TMPD to eome out of solution. Ascorba te and 

TMPD were each prepared fresh for each set of experiments, sinee 

they were<l, prone to inereaslng autoxidation rlth cime. Succinate ,and 

p 

.. 

Il FT 
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and ethanol were made up to concentrations of 0.5 M and 1 M, 

respectively. In the course of the experiment, aIl solutions of 

substrates were kept on ice. 

Experimental conditions for 02 .uptake 

Respiration was measured polarographically at 25 Oc using an 02 

electrode (Rank Bros. Bottisham, Cambridge, England). The reaction 

mixture contained different volumes of complete salt solution and 

NaCl-salt solution (50 mM Tris/HGl. 300 tœ{ NaCI. 50 mM MgS04, 9 mM 

KCl, l mM KH2P04 - pH 7.2) so that the final concentrations of salts 

were always 50 mM Tris/HCl, 50 mM MgS04, 9 mM KCl, l mM KH2P04 
+ ' 

pH ".2 and th~ concentrations of Na were those required under the 

1 + 
conditions of the aesay. Where low codcentrations of Na were 

examined, larger volumes of a "more dilute NaCI salt solution '(50 mM 

Tris/Hel, 30 mM NaCl, 270 mM choline chloride, 50 mM M~S04' 9 mM KCl, 

1 mM KH2P04 - pH 7.2) were added to the reaction vesseL In 

+ + experiments concerning the effect of either K or Li on the 02 

~ 
up~ake, different volumes of KCl- and LiCl-salt solutions weré added 

to give the suitable final concentration in the reaction mixture: 

To the aerobic salt solution, different volumes of bacterial 

suspension and ceU fractions were introduced by means of a Hàmilton 

microliter syringe and the endogenous respiration subsequently 

24 

measured. To "the aerobic cell suspension was then added substrates to 

final concentrations of 10 mM for either succinate or ethanol, 

() 
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,--~---:--:---~ 

.,,' 



; ..... _"' .. '*~iloI' ____________ .. ____ ...... _ ~ _____ ~_ ~ 

! 
i 
i 

1 

() 

o 

• 
25 

.... 
2.5 mM for eir ther NAnH or NAD i>r· 10 mM Ascorbate plus 0.5 mM TMPD. 

For each assay of Ascorbate/TMPD axidase at different cation con-

centration, the non-enzymatic autoxidation rate was also recorded and 

this rate was then subtracted from the rate obtained after the 

addition of Ascorbate/TMPD ta the aerobic cell suspension. Although 

the autoxidation rate increased with time, aince the Ascorbate/TMPD 
" 

oxidase activity was always corrected for the autoxidation rate~ 

consistent resulta were obtained with respect to the cation concentra-

tion. 

In aIl cases, the respiratory rate obtained with each substrate 

was corrected for the endogenous rate 'under ldentical conditions of 

assay. 

The O2 electrode was connected to a ch~t recorder (model 

8373-20, Cole Pa,rmer Instruments Co., Chicago, Ill.) to me as ure thé 

dissolved O2 tension present in the reaction vessel. 100% air 

saturation of the buffered solution was equivalent to 1410 natoms 

0/3 ml of reaction volume (Chappe Il et al., 1964). Any percentage 

chan~ with time due ta the activity of a known concentration of ceU 

suspension was then cdnverted to natoms 0 utilized/min/mg dry wt of 
. ---

celle. In case of cell fractions, the respiratory rates were 

recorded as natoms O/~n/mg p!otein. 

l~ .. ~ __ 
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Measurement of 14C- A1B uptake 

Washed cells were suspended,at a final concentration of 100 ~g 

dry weight per ml in a reactlon mixture containing complete salt 

solution and different 'I1oltnnes of NaCl-salt solution. The reac'tion 

volume was 5 ml and the incubation temperature was 2S D C. To _the 

cell suspens~on Was added an • oxi diz ab le subsbrate and the cella were 

allowed ta equilibrate for l minut~. The oxidizable substrates were 

added at the concentrations used in the oxidative assays with the 

exception of ascorbate/'lHPD which was found to energize maximally 
1 

14C-AIB uptake at concentrations of 10 mM ascorbate/l.O mM TMPD 

(Figure 24). The reaction was Btarted by the addition of the 1I+C-AIB; 

the final concentration of 14C- AIB in the rea~tiqp mixture was 200 
. 

1J1IlO1ar 'With a specifie activity of O.51J Curiefl1mole. Every 30 seconds 

a 0.5 ml aliquot of the cell suspension was fil~ered through a O.45~ 

" BA millipore Ulter. The cells retained on the filters were washed 

quickly by drawing thrbugb the filter 5 ml of complete salt solution. 

The amount' of 14C_AIB taken up by the cells during the firat ., 
3 minutes of incubati2n was measured. Over this per~od uptake was 

linear wi th time» and thus the initial rate of uptake was expressed 
. . 

as ~moles 1I+C-AIB taken up/min/mg dry wt of cells. 

Radioactive countial 

For 11+C measurem.ent, the millipore filters with their adherlng 

washed celle vere transferred ta actew cap vials and dried slowly under 

l' 
l' 
1 
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, 
an infra-red lampe THen 8 ml of scintillation fluid (0.5 g POPOP, 

16.5 g PPO, 2 t toluene, 1 t Triton-X-IOO) were added to the vial.s 

and the Sa1llPles counted in a Nuc1ear_ Chicago Isocap!300 liquid ~,) 

, , 
scintillation sp,ectrophotometer. AlI counts were correcte à.., for 

quench against a prepared quench curve and the eff:Lciency of counting 

Jas about 75% for llfC. 

Chemicals 

+ NAD~ NAD , lysozyme, unlabelled a-AIB and Trlzma 1aese 

(Tris (hydroxy-methyl) 81Id.nometh~e) were obtained frOID Sigma 

Chemical Co. Ascorb1c ac~d and lithium. chloride were prbducts of 
Fisher Scientifie Com;pany. Choline chIo ride and N,N,N', N'­

,j1/III 

tetramethyl p-pbenylene diaDd.ne dihydrochloride (TMPD) were obtained 
, 

from Eastman Company. a-[l-lltC]-aminoisobutyric acid vas obtained 

from the New England Nuelear Corporation. Mill1-e0re filters 

(HA 0.45 II pore siz~) were from the Mill1pore Corpor~tion. Suceitt1.c'· 
, .. 

ac:Ld,' was :fr<llll Baker Chemical Co. AlI other ehemeala ~ed, were of 
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.~1. ResEirat0!I studies 
'" 0 
"'j 

A. Endogenous respiration 
, 

The first indication tpat endogenous substrates are activ~ly 
1 • 

'1 

oxidized by intact cella of marine Pseudomonad B-Î6 was provided by --, ' 

Tomlinson and MacLeod (195]). lt was later shown, with the same 

organism, that these eddogenous reserves were oxidized .,at a sufficient 
f\ . · 

rate to drl,ve the uptake of A1B (Sprott oand Macleod, l,274). Thes~ , 

findings have been extend"ed to determ,ine the rate at which the endo-

genous substrates are ~x:f.dize'~ in the presence of increasing NaCl 

concentration. 

Il 

table l shows the endogenous respiratory'rates obtained When 

intact cells were added to an> aerobic salt solution containing 10 mM 

Jtf" and varytng concentrations of NaCl. There was a small increase in 
o • 

the endogenous oxidation rates in response to Na+, reac.h1ng ·-a maximum 
1 _ 

at 50 mM Na+. ~ Although the increinent in the ondatian rates wi th , ' ~ ,. , 

increasing Na+ concentrations wa~ small, the difference between 0 mM 
\ " 

~ -
and 50 'mM Na+ was fo~d to be statistical~y s'ignificant, suggesting 

tbat th~ oxidation of endogenous substrates is slight1y stimulated by 

ettemalÏy added Na+. When wpo1e,cells were added to a reaction 
, '-

mè'dium without added potassium, thére was a 50% redn;ction in the 
1 
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TABLE 1. + Effect of Na on the endogenous reapiratory rate in intact cells and toluenized 
cella in the presence and absence of potassium 

Intact cella Toluenized cells + Na concentration 
(mM) 

0 

0.5 
Ço 

'" 
1.& 

2.0 

5.0 
10~O 

50.0 

100.0 

150.0 

200.0 

250.0 

+ K+ b _ K+ C + K+ b 

45.77 ± 8.59 

40.85 ± 6.07 

42.42 ± 4.18 

41.21 ± 6.00 

48.55 ± 7.89 

50.19 ± 6.59 

56.82 ± 6.81 

55.86 ± 9.82 

46.05 ± 7.91 
,-~ 

.46.69 ± 9.70' 

a R.espiratory rate 

22.18 ± 3.05 

21.98,± 1.9~ 

24.54 ± 2.96 

26.85 ± 5.28 
~ , 

28.38 ± 6.09 

" 
42.42 ± 6.02 

5.79 ± 1.23 

o 

7.05 ± 1.49 

5.57 ± 1. 75 

5.46 ±" 0.55 

4.71 ± 0.84 

5.55 ± 2.46 

, 
- . .A' 

4.45 ± 1. 74 

_ K+ c' 

5~90 ± 1.13 

,-

7.87 ± 2.77 

7.18 ± 0.61 

5.33 ± 2.47 

4.81 ± 1.48 

5.05 ± 1.23 

q; -

6.43 ± 0.81 
---~~-----

1-- JI 

a ; 
Respiratory rate expressed as natoms O/min/mg dry wt. 

'-,\ 

\ 

b . + ~. 

The salt solution containing K cons1sted of 50 mM Tri~/HCl, 300 mM choline ch1oride, 
50 mM MgS04' 9 mM Kel, 1 mM KH2P04 - pH 7.2. 

c + -
The salt solution without K consisted of 50 mM TrisIRe1, 310 mM choline ch1oride, 

50 utI MgS04' 0.006% (v/v) 85% eoncentrated phosphorfc acid -. pH 7:2. 
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endogenous respiration (Table 1). Under these condi tions', thè , , 

+ . 
oxygen uptake increased with Na concentration, with the highest 

+ + 
~ rate being obtained at 250 mM Na. This rate, in the absence of K , 

was comparable to that obtained in the presence of 10 mM K+ and 

+ + 250 mM Na. These results indicate that at a high enough Na 

concentration there is little or no response of the endogenous 

respiratoryl rate ~Q. K+, but that at lower Na+ conc~ntrations an 

+ effect of K can be demonstrated. lt is possible that the endo-

genous_respiration of this organism has an abso1ute requirement for 

+ + K which, at high Na concentrations, may be satisfied by small 

+ ~ 
amounts of contaminating K present in the NaCl used. lt is a1so 

+ + possible that Na , at high concentration, can substitute for K • 

The data do not permit a distinction between these possibilities. 

Table 1 further demonstra~es that the.e~dogenous respiration by 

'+ + 
toluenize~ cells was both Na as w~ll as K independent. lt i8 

worth nating that the oxidation rates are considerably lower in the 

toluenized cells than in whole cells. Since treatment of whole cells 

with toluene renders the cell "leaky," allowing free passage of small 

moleeules aeross the membrane (Jackson and DeM088, 1965), this 

treatment wauld cause a 108s of the endogenous substratès and hence 

the lower oxidation rates. 

When intact eells were disrup·ted to produee cell-free extracts 

and subsequently partitioned to produce particulate and soluble 
-' 

fractions, the endogenous respiratory activities as shawn in Table 2 

were obtained. As 1s evident from the data, the oxygei uptake by 

30 
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TABLE 2. 
~+ a', 0, , 

Effect of Na on the respira tory rate in cell-rree extract 'and 
part1culate and soluble fract10nsb 

\ 

Na+ concentration Cell-free Soluble Particulate' 
(mH) extract fraction fraction 

0 3.62 ± 0.78 -=-----! • 5 7 ± O. 42 3.79 ± 0.90 

0.5 1.50 ± 0.06 2.68 ± 1.81 

1.0 3.75 ± 0.93 1.12 ± 1.05 2.70 ± 1.53 
) 

2.0 4.30 ± 1.28 0.46 ± 0.75 

5.0 0.47 ± 1.05 3.15 

10.0 4.41 ± 0.90' 0.84 ± 1.09 2.51 ± 1.28 

"" 50.0 4.63 ± 0.86 

100.0 4.93 ± 1. 30 

150.0 4.76 ± 0.78 ,Ji. 

250.0 5.20 ± 0.77 ~ 

.,.. 
a The respiratory rate ie expreseed as natoms O/m:J.n/mg protein.' 

b 
All the fractions were suspended in a salt solution conta!ning 

50 mM Tris/Rel. 300 mM choline chlor1d~, 50 mM MgS04' 9 mM Ker and 
1 mM KH2P0

4 
- pH 7.2. 
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the soluble fraction was almost negligiblé, whereas the particulate 

fraction gave rates comparable to those obtained by the cell free 

extracts. Both the particulate as weIl as the soluble fractions of 

the cell f~ee extract8 showed no rasponse to Na+. 

B. Oxidatlon of reduced nicotinamide 
adenine dinucleotide (NADH) 

a. Oxidation of NADH by intact cells 

Most membranes are impermeable towards pyridine trUcleotides. 

Hqwever, previous resdlts obtained in this laboratory (Calcott and 

MacLeod, unpublished data) have demonstrated that NADH is oxidized 

by whole cell suspensions of !. haloplanktis. Figure l shows the 

respiratory rate obtained with exogenously added NADH as substrate' 

in the presence of various concentrations of NaCI. Na+ had no 

stimulatory effect. That NADH, and not sotne breakdown product, was 

the substrate being oxidized WaB investigated by repeating the 

+ experiment with NAD as substrate.\ If NADH was being catabolised by 

sorne periplasmic enzyme and the product of this reaction transported 

and'oxidized intracellularly, it would seem reasonable to assume 

+ that NAD would be treated similarly. However, both in the presence 

+ + and absence of Na , the presence of exogenous NAD did not stimulate 

the rate of endogenoUB respiration, suggesting that exogenously 

added NADH was in fact being ~xidized by an NADR dehydrogenase 

located on the outer surface of the cytoplaèmic_ membrane. 

32 
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+ Figure 1. Effect of Na on the respiratory activity of 
intact cells in the presence and absence of NADH and NW. 

Cells were suspended at a cell density of about l mg dry wt per ml 

in a reaction medium containing complete salt solution (50 mM Trisl . , 
HCI, 300 mM choline chloride, 50 mM MgS0

4
, 9 mM Kel, 1 mM KH

2
P0

4
, 

pH 7.2) and volumes of NaCI-salt solution (50 mM TrisIHCI, 300 mM 

NaCI, 50 mM MgS04, 9 ~ K~l, 1 mM KH2P0
4

, pH 7.2), such that the 

final concentration <rl: Na in each resction mixture was that which , 

Was required under the conditions of the sssay, keeping the con­

centrations of other salts C'onstant. Endogenous respiration (0) 

was determined prior to addition of the substrates. Substrates 

were added to a final concentration of 2.5 mM NAD(O) and 2.5 mM 

NADH (.~) in the reaction medium. 
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+ Since the experiment concerning the effect of Na on NADH 

oxidation was conducted in a complete salt solution containing 
+ + t , 

10 mM K , the possibility that perhaps Kwas substituting for a 

+ ' 
Na effect had to be examined. Figure 2 revea1s that, in the 

+ ' + absence of K , NADH oxidase was stimulated by 2 mM Na. However, 

, + 
this activation by Na was no longe! apparent in the presence of 

+ Conversely, oxidation of NADH was stimu1ated by 2 mM K , 

ir~espective of the concentration of N/ pre'sent ~n the reaction 

medium (Figure 3). + The effect of another cation, Li , on the 

respiration of NADH, 1s shawn in Figure 4; evén in the absence of 

+ + K', Li had no effect on the oxidat10n of the substrate. It is 

1nterest1ng to ~ote that considerable NADH4xidase activity existed 

even in the 'absence of any added cation. 

b. Oxidation of NADH by toluenized cells 

To1uene-treatment of !. coli has been shawn ta renC\er bath 

sides of the cytoplasmic membrane accessible to exogenous substrates 

(JaCkson and DeMoss, 1965). Previous stud1es on !. ha1op1anktis 

have shawn the presence of a second" NADH d,drogenase located on 

the inside surface of the cytoplasmlc membrane (Knowles, Calcott and 

MacLeod, 1975, unpub1ished data; Ca1cott and Macleod, 1977, 

unpublished data). In view of these results, it was of considerable 

+ interest to invest1gate the effec~ of N~ on the activity of the 

inner NADS dehydrogenase. To examine; the response of this enzyme to 

+ Na , washed whole cells vere treated vith 1% toluene. The effect 

" 
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+ 
Figure 2. Effect of Na on the oxidation of NADH by intact 

cells in the presence and absence of potassium. • 

In the ';"termtnation of C Na + -dependent activation of NADU 
'0 fi ~ 

oxidase in the presence of 10 mM K ( 0 ), experimental conditions 

were as described in Figure 1. For the determination of the Na+ 
° + 1 

effect on NADH oxidation in the absence of K (.), cells were 

washed and resuspended ,in a salt solution without K+ (50 mM Trisl 
" Hel, 310 mM choline chloride, 50-mM MgS0

4
, 0.006% v/v phosphoric 

+ ' 
acid, pH 7.2) and Na was added to each reaction mixture as a 

+ NaCl-salt solution without K (50 mM Tris/HCl, 300 mM NaCl, 10 mM . 
choline chloride, 50 mM MgS0

4
, 0.006% v/v phosphoric acid, pH 7.2) 

to give the desired final concentration of NaCl in each incubation 

medium. The respiratory rates recorded were c;orrected for 

h . + endogenous oxidation at eac concentration of Na tested. 
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Figure 3. Effect of Ki- on the oxidation of NADH by whole 
cells, in the presence and absence of added (10 mM) NaCl. 

+ In the determination of K,-activation of NADH oxidation in the 

absence of NaCI C.), cells were washed and suspended in a 
. + + . 

complete salt solution without K and Na , the composition of 
, + 

w~ich is described in Figure 2. In the determination of the K 

Ji 

effect on NADH oxidation in the presence of NaCl ([]), cells were 

washed ànd suspended in a salt solution consisting of 50 mM Tris/ 

HCI, 10 mM NaCl, 300 mM choline chloride, 50 mM MgS0
4

, 0.006% v/v 

phos'phor:1c acid, pH 7.2. In each case K+ was added 1::.0 the ~eactipn 
medium as KCl-salt solution (50 mM Tris/HCI, 30 mM Kel, 280 mM 

choline chloride, 50 mM MgS0
4

, 1 mM KH
2

P0
4

; pH 7.2) in amounts 

~ sufficient to give the desired final concentration of K+ shawn. 

NADH was added to a final concentration of 2.5 mM. The respiratory 

rates were aIl corrected for endogenous oxidation at every level 

of K+ tested. 
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+ Figure 4. Effect of Li on the oxidation of NADH by intact 
cells in the absence of potassium. ...". 

- 1 
Experimental conditions were as described in Figure 2. Monovalent 

+ + " 
cations, Na <t> and Li (a) were added to thé reaction medium 

as NaCl salt solution without K+, and LiCl-salt solution without 
. + . 

. K (5Q mM Tris/H~l, 300 mM Li~l, lO-mM choline chloride, 50 mM 

Mgso4' 9.006% v/v phosphor1c acid,.pH 7.2), respçctively. The 

respiratory rates were corrected for the endogettous oxidation rates 

at each concentration of monovalent cation tested. 
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of Na+ an to1uene-treated cells is shown in Figure 5. NADH 

oxidati~ by toluenized c~lls was found to require 100 mM Na+ for 

maximal activity. While the NADH dehydrogenase was stimu1ated by 

+ 'Na , cconsiderable activity Was obserled," even in the absence of t~e 

38 ' 

·cation. However, si'nce the treatUJell.t-·wrth:~oluene is eXposing both '.~' 
. 

faces of the' membrane to the substrate, this activity probably 

.' '. + 'cQrresponded to th~ oxftdation of NADH by the Na -independent NADH 

oxid~e on the outer ~urface of the cytoplasmic membrane. Figure 6 
. , 

+ --reveals that no concentration of K could reduce the requirement for ,,"""0 

, - , 

for maximum,act~ty of the NADH oxidase on the inner surface of 
~...--' . 

cytoplasJPic mémbrsne. l,;1-, in contrast, could activate to about 

50% the rate at which Na+ stimulated NADH oxidase activity inéide th~ 

cell (Figure 7). 

- In a recent paper, De Smet !!.!l. (1978) presented evidence 
, t It.....) 

to demonstrate that intact cells of!. cdii treated ~th toluene in 
. - . +2 
the presence of ~ r~mained relatively impermeable to pyridine 

nucleltides. This, however, does-not appear to qe the case with, 

, !. ha~oplanktis. When these organisp!S, resuspended in complete salt 

* ' solution containing Mg +2, 'Were ~isrUPted Hy passage 
( 

c. 
through a French ~ 

oxidation b~ these "'.. " Q 

~ressure~e~l~ and celi free extracts prepared, NADH 

" 
extracts wes qualitatively' sim1lar to that obtaiÈled by tolueni~ed 

. .. " 

\ 

, .. ' + 
.~llS with respect to Na (Figur~) 8). ~ntitatively, ho~ev~r, ~he 

relative rate of NADH oxidation by the cell free extracta was lover 
'} 

than by ~oluenized cells. Thisrimplied that tolueniza~on 1a a , 
" .(l, , ' gentler treatment. 

,1 
Furthermore, ~h~~b8ervAtioq that treating whole 
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FiguTe 5. Effect of Na concentTation on the rate of NADH 

oxidation by intact and toluene-treated cella of A. haloplanktiEl. 
"lt 

I:J - intact cells; 
, ,-... 

• - toluene-treated 'cells. 

Conditions were as described in. Figure 1. The aubstrate, NADH, 

was added to ~ final concentration of' 2.5 mM in the reaction -medium. Wlth both intact cells as well as toluenized cells, the 
o 

respiratoTY rates were'corrected for endogenous oxidation at each 
. ,) + 

l~vel of~a tested. 
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+ + Figure 6. Effect of K on the quantitative requirement for 
Na to stimulate NADH oXidation,by toluene-treated cells. 

Cells were washed, to1uenized and suspended in different salt 
+ + solutions, the K concentrations of which werè either 0 mM K (e) , 

+ '+ ; 
10 mM K (.) or 400 mM K (0), maintaining the concentrations of 

+ aU other salta constant. Na' was added to the reaction mixture, 

in aIl cases, as NaCl-salt solution. The s.ubstrate, NADH, was 

added to a final concentration of 2.5 mM. Th~ respiratory rates 

were aIl corrected for endogenous respiration. 
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+ + Figure 7. Na (.) and Li (0) activation of NADH 
oxidation in toluene-treated cella. 

the presence of 2.5 mM 

NADH corrected for endogenous respiration at each leve+ of cation 

teste~. Na+ and Li+ were each added as NaCl- and LiCl-salt 

solutions. Other conditions were as described in Figure 4. 
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Figure B. Respiratory response of toluene-treated cells 
( .) and cell-free extracts (I.) of!. haloplanktis to the 
oxidation of NADH in the presence of increasing NaCl concentra-

I 

tions. 
1 

The substrate, NADH, was added to the reaction mixture to a 

final concentration of 2.5 mM. All other conditions were as 

described in Fi~ure 1. The respiratory rates, adjusted for 

endogenous oxidation, are expressed as natoms O/min/mg proteine 
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cella with toluene resulted in an increase in NADH o~dase activity ~ 

provided adequate evidence to suggest that the cytoplasme membrane , 

of this organism is permeable to NADH. 
-: ~""'<i<Jr~ 

,r 

C. Oxidation of ethanol 

, , 

a. Oxidation of ethanol ?y intact cells 

Previoue work conducted in this 1aboratory has shown that 

ethano1 is oxidized actively by whole cells of !. ha1op1anktis 

• (Thompson and MacLeod, 1974). Figure 9 demonstrates the effect of 

+ ' ,-
Na on the oxidation of ethanol by intact cells. lt was found that 

+ ethano! oxidase activity was stimu1ated in the presence of 2 œ1 Na • 
f1, 

, ~ + d h Since the activation of ethano! oxidation by Na was observe in t e 

presence of K+', ft was of interest to investigate whether K+ had 

+ a response on Na effect. Figure 10 shows that in the absence of 

~added K+ in the reaction medium, maximum activity of ethanol oxidase 

~ '+ 
wa~htained in the presence of 5 1!(M Na. Renee, it appears that 

+ +' K can ,spare partially the Na requirement for ethano! oxidation by 

intact cells; however, it cannot reduce the requirement be!ow 2 mM 

+ + Na. That K eould stimulate ethano1 oxidation, both in the presence 

+ as weI! as in the absence of Na , suggested that there is a specifie 

+ + . 
requirement for K besides the requirement for 2 mM Na for the 

maximum respiration of ethanol (Figure 11). This requirement was 

shawn to be for l mM K+. U+ wu shawn to spare the requirement 
\ 

for Na+ by 50% (Figure 12). The data shawn in Figure 12 are the 
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Figure 9. 
whole cells. 

+ Effect of Na on the oxicÎaticm. of ethanol by 

Etl\anol wa& added to a final concentratiotr of 10 mM, al! other 

conditions were as described in Figure 1. 'lbe respiratory rate 

recorded was adjusted for endogenous respiration at each con-
+ centration of Na tested. 
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([ /~ Fi.gure .10. E.ffect of N/ on the oxidation of ethanoi by 

/ 
/ 

intact cells in the presence (.) and absence ([]) of potassium. 

Ezperimenta1 conditions were as described in Figure 2 ~ The 

substrate ethano1 was added to the reacti~ udxture to a final 

cancen tration of 10,. mM. 
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F.gure 11. Effect 01 K on tq.e ond'tion of éthanol by 

whole & Ils , in the presence (.) and absence (0) .of 10 mM NaC).. 

,11' 
Experimental conditions were as described in Figure 3, except for 

the detez:mination of the ~ffect of 250 mM K+Qon ethanol ox1daae 
+ + activity. ~oth'in the presence and absence of Na , the K wes 

/' " , 
added to the reaction mixture as KCI salt solution cOnsist1ng of 

\ • 1 

50 1Iif Tris/HCI, 310 mM Kel, 50 mM MgSO 4' 1 mM KÉ/o4' pH 1'.'2. 
" The' 1ubstr,ate, ethanol, was added to' a final con'ê~atio~ of" , 

, 10 ~ ethanol. lhe ethanol oxidase activity st each concentration 
+ ..' J ..... 

of K test;ed, was adjusted for endogenouÉi respiration. , _ .. . 
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Figure 12. Effect of U+ (IJ) and Na+ (.) (Jn the 
oxidation of ethano1 by intact ce11s, in the absence of added 
potassimn. 

The composition of the reaction media was as described in 

Figure 4. The respirato~ rates were a11 adjusted fqr endogenous 

rates at each concentration of monovalent cation tested. 
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~ffect of Na+ and L1+ on ethanol oxidation by intact cells in the 

. + 
absence of K - this W3S done to avoid the interfer1ng sparing 

+ + effect of K on the Na requirement. 

.' 

Recent studies done on the specifie eoupling of ~thanol to .. 
transport have led to the conclusion that there are possibly two J 1 

alcohol dehydrogenases in this organism. One of these enzymes has 

+ been shawn to be an NAD -linked aleohol dehydrogenase present in 

~ + 
the cytoplasm (Sprott and Macleod, 1974). Sinee the Na require-

h . 

+ ment for the inner NADH oxidase aet1v1ty (100 mM Na ) far exeeeded . \ 

+ the quantitative Na requirement for ethanol oxidation (2 mM), it 

~eemed likely that ethanol oxidation by whole cells 18 catalyzed by . 
an enzyme other than a cyt:oplasmie NAD + -linked ethanol dehydrogenase 

- perhaps another areohol dehydrogenase located on the outer surface 

of the cytoplasmic membrane. This suggestion is consistent wit~ the 

" , 
previous find1ngs of Sprott and MacLeod (1974) that ethanol could 

energ:ze .the uptake of ~ta~olites int~ membrane vesicles which lack 

• t~e cytoplasmic aleohol dehydrogenase. ~ 

b. Oxidation of ethanol by toluenized cells 

\. Following the results obt:ained thus far, it was of interest 

to i~vestigate the possible effect of Na+ on the -~ntracel1ular NAft-

48 

linked alcoh~ dehydrogenase present in this organi~m. To explore this 

possib11ity, intact celIs were treated~~th 1% 

+ for the response of ethanol oxidat19n to Na • 

toluene ~d tested 

Figure 13 revealed 

J 

, . 
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+ + + vFigure 13. Effect of Na on NAD t ethanol and NAD + 
edanol oxidation in toluene-treated cells. f 

Experimental conditions were 'as 'desc1!1bed in Figure 1. The 
+ substl"ates were added ta final concentrations of 2.5 !lM NAD ( 0) ; 

10 mM e thartol (.); 2.5 mM NAD + plus 10 DM eehanol (.). 

The respiratory rates were.a11 corrected for endogenous 
+ respiration at each concentration of Na examined. ~ 
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that there wâs no oxidatiori of ethanol by toluenized cells, nor was 

+ there any oxidative response by the cells to NAD. However, upon 

+ addition of both ethanol and NAD to the reaction vessel containing an 
1 

aerobic suspension of toluenized cells, there was a significant 

.1 + 
stimulation OI O2 uptake. This stimulation was Na -depende~t, with a 

\ 

+ requirement for 50 mM Na for maximum activation. It was observed 

+ + that ev en in the presence of la mM K , the Na requirement for maximum 

ethanol oxidase activity in toluenized cella was not reduced (Figure , 

14) . 
, + 

In contrast, Li , at low concentrations, could partially spare 

this Na+ requirement; however, ~t high concentrations, it could 

+ 
activ~te etpanol oxidation to a comparable rate at which Na stimu-

lated ethanol oxidase activity inside the cell (Figure 15). Thus, 

these results show that there are two alcoHol dehydrogenases present 

in this organism. One 

with a Na+~equireme~t 

+ of these i8 a cytoplasmic NAD -linked enzyme 

for /50 mM, '~n~he ather a membrane alcohol 

dehydrogenase with a requirement for 2 
, i, ' 

~ 

An interesting point ta note is 

+ mM Na • 

the relative rates of ethanol 

oxidation at + 50 mM Na (- 40 natoms O/min/mg dry wt) and that of NADH 

50 

oxidation at 
4 • + ~ 

the same Na concentration ("" 300 nàtoms a/min/mg dry wt), 

both in toluenized cetls. As can be seen (Figures 5 and 13), the 
• 1 ..... _ 

+ ; 
. ,ethanol + NAD YSPiratOry rate was significantly 1awer than t~t of 

NADH oxidat~. The possible explanation for this is that the 

respiration of ethano1 plus NAD+ ia 1~mited by the rate at which 
1 

1 
the intracel1u1at alcohal dehydrogenase can function. 

~ r 

> 

"" 

1 



, i 
1 

.. 

" 

-----------'"":""-------

r 

,,' 

/ 

, " 

" 

Figure 14. ~lative capacity of potassium to spare the 
Na+ requirement for oxidation of NW plus ethanol in toluene­
treated cella • 

'0/' • + 
The conditions were as described in Figure 6 J except that the K 

1 + + concentrations at which the effect of Na on NAD plus ethanol 
+ + oxidation waa examined were 0 mM K ( 0) and 10 mM K ( • ) • The 

+ concentrations of substrates used were 2.5 mM NAD and 10 mM rl~ 

+ ethanol. The NAD plus ethanol o~dation rates were a11 adjusted 

for endogenous respiration at each concentration of Na+ tested. 
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Figure 15. Effect of Li on the oxidation of NAD plus 

ethanoY in toluene-treated celle. 

<i- +' 
Na (.) and Li ( 0) were added to the reac tion mixture as 

NaGl- and L1Cl-~alt solutions, respectively, as described in 

Figure 7. NAD+ was present at 2.5 mM and ethanol at 10 mM. 

The respiratory rates rec6rded were aIl corrected for . 
endogenous respiration • 
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D. Oxidation of succinie acid 

a. OXidation oj suecinate by intact cells 

Earlier studies conducted on marine baeterium, !. haloplanktis 

had shawn that Na+ was required for maximum succinate oxidatfon 

(Mac.'Leod !!!l. t 1958). A more" detailed investi~ation, hoW"ever, 

hacL-a..hown that the intracellular enzymes of the tricarb0X!!ic aeid 

+ cycle did not require Na (MacLeod, 1965). These, findings were 

thus extended by investigating the effect of Na+'on sucçinate 

oxidase a ctivi ty "in whole cells and cell-free extracts. Figure 16 

shows that the maximum suecinate oxidation r,a~e, by intact ce11s, 

wu achieved in the presence of '150 mM Na+. The activation of 

8ucclnate re~piTa~ion exhibited sigmoidal kinetics ~ith respect to 
+ ' "l~.... ,'", 

Na concentration, indicatlng that there ls some cooperative inter-

" +' 
action between Na and,suecidc ac~d. ~oint of ln~eftest was the 

finding that no resplratory activity/~~resent with 8uccinate 88 

"substrate in the absence of Na+. 

b. OXidation .of succinate by cell-fre~ extracts 

" '+ ' .. , '" 
Since the Na requlrement for succinate oxidaticm vas so much 

ln exceS8 of that requirecl for maximum ethanol ~and NADH oxidation by .., , , 

whole cells, it seemed necessary to examine whether this requirement 

+ ô __ + 
for Na did,not, in fact, reflect the involvenent of Na in the 

transport of the sUDstrate. In order to test this p08sibility, 

-' 
;,mole c~118 ~re d1.rupted to produc:e cell-fTe'e, extractl (CrE). 
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c. 

+ Figure J.6. Quantitative requirement for Na for the 
oxidatiod (JI _iuccinate by who!e cella • 

\ 

.... 
Conditions were'as described in~F1gure 1. Thé Bubst~.te vas ~Qed . , 
to a final concentration of 10 Dtl succiDate in the reaetiou 

medium. ;the resplratorY rate recorded wae cortected for ~do-
, +-

genoUi respiration at each" leva! of Na te_êèd. 
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The effect of N~ on the oxidation of s\lccinate by ctE Cl was 

subsequen~]s measured. Since the ceU'-free' ext'ract9 consiat of 
~:tJ • ' . 'i~ ... 

memorane fragment~, the question of transporting the substrate into 

the cell is th~ overcome. The results obtained indicated that 
c + : 

9uccinic oxidase activity was Na -independent (Figure 17). 

The respira tory rate of sJccinate in the CFE was conaiderably 

lower than even the endogenoua rate in whole cells. This could be 

because either the auccinate dehydrogenase fa soluble, or it~~s , , l, 0 

loosely bound to the membrane such that upon passage through t~e 
.~ 

p~~sure cell or during the washing procedure, some component 

\ 
succinate oxidase sY,tem~is released from the m~mbrane, 

French 
. 

of the 

thereby becoming diluted in conc~ntratign. 
A 

·Rence, i~)9 evident fram the' data presented that there ia a 

+ requirement for 150 mM Na for the uptake of succinatê by whole , 

cella. ,However, there appeara to he no requireme~t f~r thia cation 

in the oxidation of succinate. These f1ndings are in accoJ;dancè 
1 • 

with results obtained by Droniuk et al. i (wpuhlished data, 0 1979 ) 
<t--;. . e 

+ "' ~ 

show1ng th~t the ~take of l~C-succinate is Na -dependent with ft 

specifie req~~ement "Io~ 150 mM Na+ for 'maximum ~hlk~. 
" 
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, E. 
1 

Oxidation of ascorbate/TMPD 
~ ,i 

~ 
a. Oxidation of ascorbate/TMPl,> -by whÇ>le cella 

, . l'-' 
Studies with A. haloplanktis have :r:evealed" that the artifi"ial 

el~ctron don~r, ascorbate/TMPD, can be oxidized by the ilSanism and 

• 
" 

li , 
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Figure 17. 
cel1-free extracts 

, ~ + '" 
Effect of Na on the oxidation of succinate by 
of A. hé1oplanktis. 00 l 

1b.e composition of the ,uspen<ij.ng mediwn was as in Figure 1. The 

subStrate was added to a fin~l concentration of 10 mM succinate. 

Resp1ratory rates recorded have been corrected for the endogenous 

respiration at each 1eié1 of Na+ tested. 
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CY', 

, 
to introduce e1ectrons into the resPi~~i; chain at the appears 

lev~l of cytochrome ~ (Sprott and MacLeod, 41974). Before attempting 

'to~xamine the effect of Na+ on the cytochrome ~ oxidase activity in 

who1e cells~,it seemed necessary te de termine the optimum con­
,,\ 

'f. centrat,ions of ascorbate/TMPD for maximum oxidation rates. Figure 18 

d~monstrate8 that at 250 mM Na+, the optimum con~tration of 

(ascorbate/TMPD for maximum axidase activity was 10 mM ascorhate/ 
, 
0.5 mM TMPD. Once the optimum concentration had be~n estab1ished, 

the ascorbate/TMPD oxidase activity by who1e cells 'was determined as / 

+' a function of the Na concentrations. The salt-dependent ascorbate/ 

TMPD oxidase activity is shown in Figure 19. As i8 ~vident f'tom the 

resu1ts, ma~mum oxidase activity i8 obtained with 5 mM N/. In an 
',' , " 1:~,: • 

att~t tô examine whether ascorbat7/TMPD ~~dase is specifica~ly 
+ . + ',+ 

activated by Na , other cations as K and Li were examined for 
t 

their ability to 8timulate ascorbate/TMPD oxidat;;lon. Figure 20 

shows that the oxidation of ascorbate/TMPD ia activated equa11y by , 
L.+ ,+ + + + 
~a and Li ; that Li can replace Na entirely. K ~ hawever, had no 

, + ' 
effect" in reducing the requirement for Na for maximum ascorbatél 

TMPD exidation (FigÙre 21). Following the o~on that the 
, + 

presencê of K in the reaction medium increased the relative rate 

of ascorbate/TMPD oxidation, it was decided tO'oinvestigate whether 

,- + 
ascorbate/1MPD oxidase had a requirement for K. Figure 21 

, • 't 

œmoostrates thet in the absence of Na +, ascorbate/TMPD oxidation 

+ had a requirement.for 2 mM: te. Tbus, for the ~mum oxidation of .. 
the artificial aubatrate ascorbate/TMPD by whole cells, there 1a a 

r 
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Figure 18. Determination of the concentrations of 
Ascorbate (.) and TMPD (.) required for the maximum respiratory 
activity of whole cells, in the presence bf 250 mM Na+. 

In Graph A, the conc'entration of Ascorbate was maintained at 10 mM \ 
>1\.' .. 

and the amotmt of -'1MPD varied. In Graph B, the concentration of 

TMPD was maintained at 0.5 mM and the concentrations of Ascorbate 

varied. AlI other conditions are as described in Materials and 

Methods. The respiratory rates at each level of Ascorbate/TMPD 
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+ Figure 19. Effect of Na tin the Ascorbate/TMPD oxidase 
activity in intact cells. 

~ Cella were s~spe~ded in a reaction medium containing comPlete salt 

solution and different volumes of NaCI-salt solut;ion, a,uch that 
+ the concentration of Na present in the reaction mixture was that 

/1 which was reqUired under the conditions of aasay. At ea~h con-
+ 1 

centration of Na t the ASC/TMPD autoxidation rate was determined 
( 

in' the absence of cells. The respiratory rates recorded were 

corrected for both endogenous ox1dation and autoxidation rate at 

each concentration of Na+ tested. The concenttration of substrate r 
used was 10 mM Ascorbate/O.5 mM TMPD. 
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'" ,Figure\ o. ~corbate/TMPD oxidase activity in whole cells 
in the presence of increasing concentrations_ of NaCI (.) and 

4.. LiC! (0). " 
1 ~ 

conditi~s were as descrlhed in Figflre 19, eicept that Li: ~~ 
added as a LiC! salt-solution. In both curves. the respiratory 

rates were adjusted for endogenous respiration ~ Ascorhà~e/TMPD 

autaxidation rate at each concentration of cation tested. 
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+ + Figure 21. oCapacity of Na and K ta stimulate the, 
2xidation of Ascorbate/TMPD by intact ~el1s of!. halop1anktis. 

','Ji 

".. 

+ + Curve 1 - response to Na in the absence of added K • 

Curve 2 - response:o Nà+ in the, presen<!e of 10 uti'K+. 
+ . + 

Curve 3 - response to K 1 in the absence of Na • 

The conditions for the de~ermination of thè ~à + ~ffect on the 

Ascorbate/nœD oxidase activity"-t.n 'the absence and presence of K+ 
\ tr 1 ~ 

were as dsscribed in tigure 2. The conditions for thé detennina-
+ ' tion ~~ the K effect du the Ascorlbate/TMPD oxidase activity in 

'+ .' , the ~bsence of Na were as described in Figure 3. In aIl three 

assaye, the cODc~ntrations of substrat~s in~he reaction medfum 

we~O mM Ascorbate/O.5 mM TMPD. The respi atory rates reêOrded 
"" 

at each leve! of cation examined, were adjusted for endogenous 
1} , 

and autoxidation rates. 
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+ + + requirement for 5 1IH Na and 2 .. K ; ,; K appeared to bave no (F 

r" + 
functipn in spar1ng Na • 

b. 

~, ". ~ 
Oxidat1On of k,corbat~/THPD b; cell-fne e~~ae~. 

'Y L... • ~.~""]lJ"""" 

Evidence provided by. Calcott md!fâ~GCi (1974» mpubl1.h,d , 6-

, , 
62 

• 1 • , ' ''1'- " ..,./ 

data) r~uggeeu tl1at there are two teminal ox:ldaae. in !. ly!l.Opl~tf8: 

an !.-type cytoc~rome and a ..!:.-type ondase. ln aclditioil, there ap~arB ~ , 

to be a soluble periplasmic cytoch~_ cS49 wh1.ch acta 88 a tend~ , 
1 

orldase anly/ for the ox1.dation of artificial substrate 88corbatel 
o \" 

• ...'i 'l'MPD (Knowles and MacLeod, 1974). In view of .thele data, ft 'bec .. o 

of lnter •• t to Ûl_.t1~te.lt,tcb of the tvo .. eorbate/T!IPD Ox1~ •• ; 

the membrane-bound o::ddase ol tbe soluble cytochrome ~" vas ,Na - (> 

dependent. Figure 22 de1llOustratea' t~e respiratory act1vities 

bbtained of the oxidation of ascorbate/TMPD by the pardculÛ4! and 
80luble fractions of the ceU-frée extracts. As, II evi.d~t from the 

1 

data. ,there 18 considerable ascorbate/TIIPD ox:lcba~ acUvity in the 
Q • , 

me1IIbrane fraction. Jlowever, thie activity was not stimulated-"further 

+ by Na. 'lbe h1gb .~ed eupematant fraction vas al80 ahown to have 

alcorbate/TMPD oxidue activity. 

~. , 

ru. activi&. in cODtrast, wu 
• 

, + L 
shoun to be Na -dependent. Se:veral ~r1_t. cd1ducte4. uncler " 

+ -.~ 
idènt1cal coilditiOlUl ofusay .re. .... led tbat the Na requirement "for 0 

•• rt ... aetivity of ucorbate/DtPD œic1aae w .. e:l.ther 2 lIIM or 5 mH~' 1 . -
+-'l'be abaolute Na ,require1lleQ.t for aacorbate/DœD mdatian by tlle 

soluble fraet:l.OIl waa difficu1t to .. certain. RCNner. 81n& , . 

1. 

.. -

) . , 

.. 

r 
! . 

.. 
" , 
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+ '/ , Figure 22. Effect of Na on tbe oxidation of As~orbate MD 
by the particulate (.) and soluble fractions (.) of 
A. haloPlanktis. 

• 
Composition of the suspending med:tJDn was as described in Figure l. 

AlI other conditions weré as described in Materials knd Methode. 

The confentration of the substratea in the reaction medium wes ' 

10 mM Ascorbate/0.5 mM ~D. The respirato~ rates, recorded as 

" natoms O/min/mg protein, were a11 corrected for the endogenous 

1 and autoxidation rates at each levei of Na+ tested. . . 
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cytochrome- 1evè1s and their functional act'vities' are higqly. ~ . ' 

,susceptible 'to change with ndnimum a1teration in aeration and O2 

tension (Haddock and Jones, 1977; Jones, 19,78; M. Jones 1975; 

Weston, Know1es' and Collins, 1974), Ü: i8 possible that some such' , 
• ! 

factor is functioning in the case àt ascorbate/TMPD oxidation by 

the solub~e fracti~ of this bacterium. However, this remains on1y 

. 
as a conjecture. 

,j, 

2. Ne + requirement for th~ uptake of 
1 C-AIB into whole cells 

. + 
Previous studies have shown that the primary function of Na 

in A1terotllonas haloplanktis is to permit transpor.t of metabolites 

into the celle Among the aubs trat-es examined was ~ IfC- C1-aminoiso-

butyric acid (14C-AI~), a non-metabolizab1e analogue of L-alanine, 

+ which was tound to require 200 mM Na iq order to be transported 
1 

! • into the ce11 (Drapeau and MacLeod, 1963, 1966). Further work done 

+ by Sprott ~ al. (1972) dem~8trated that the Na -dependent trimS-

port process is an active one energized by the oxidation of e1ectron 

donors. Data have already been presen~ed in the earlier section of 

this thesis that oxidation of various"e1ectron donors appear a1so to 

, + 
have a requirement for Na. In view of these findings, it was of . 
interest to test the Na + requirement for litC-AIB uptake into who1e 

celle stimulated by the resp~ration of severa1 substrates. 

b' 

c 
, , fi b 
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A. Uptake of 14C_AIB as energized by 
oxidativè subsfrates 

+ A comparison of the Na requirement for the transport of 

14C-AIB using various energy sources is shawn in Figure. 23. As is . 
evident from the data, the initial rate of uptake of AIB,required 

~ 

+ ' 
about 250 mM Na t irrespective of t~e electron donor oxidized,to 

energize the process. • . 
The concentrations of the substrates used were thos~ which 

gave. maxim?M'oxidative activiJy with·th~ exception of the artificiaL 

electron donot ascorbate/TMPD. which appeared maximal1y to energize 

transport at concentrations of 10 mM ascorbate/1 mM TMPD (Figure 24). 
tl 

Ethanol stimulated 14C-AIB uptake at a rate comparable to 

that obtained with ascorbate/TMPD, whereas ,NADH inergiZed transport 

65 

, + 
to a slightly greater extent, particularly at'lower Na concentrations. 

Th&.possible reason for thls is that NADH la oxidized at a faster 
1 

rate, thereby generating a greater proton gradient and hence the 

higher uptake rate. ln the case ,of ethanol, ascorbate/TMPD and 

NADH, these exogenous substrates are oxidized primarily by the 

enzymes located on the outer surface of the membrane and need not De 

transported into the celle Succinate, in contrast, i8 oxidized by 

an enzyme located on the cytoplasmic side of the membrane and thus 

bas to be transported into the "CeU prior to its oxidation. 
• + 

Succinate transport has beeu demonstrated to require 150 mM Na. In 

view of these reeults. initial rate of AIB uptake would be limited 
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Figure 23. Effect of Na + concentration On the initial rates 

of AIB uptake by A. haloplanktis in the presence of various energy 
sources. 

Cells were suspended at a ceU density of 100 lJg dry weightper ml 1 

in a reaction medium containing c'omplete l8a1t solution and 

different volumes of NaCl-salt solution such that the final 

1 

+ concentration of Na in the 

'under the conditions of the 

of aIl other salts constant. 

reaction mixture ~~at required 

assay, maintainfn'k the concentrations 

AlI other conditions were as 

described in Materials and Methods. The final concentfation of '. 
the various o'xidizable substrates used to stimulate the uptake of 

14C-AIB were: .-._._ ... : 

I::J,."-"-"J::,. : 

��f__---. : 
cc: 

NADH, 2.5 Wf 

Ethanol, 10 mM 

Ascorbate, 10 mM/TMPD, 1.0 mM 

Succinate, 10 mM 

o o.: No added energy source - endogenous substrates 

Radioactivity of the cella wu measured after 3 minute" of 1 

incubation in the presence of 200 lJM 14C-AIB (0.5 lJCi/;~~~fflC X 
" actlvity) • 
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Figure 24. Determination of the conc"tr~t~on's of 
t 

Ascorbate (.) and TMPD (.) required to stimulate max:l1llWll uptake 
o~ l4e-AIB into whole cells of A. haloplankt1s. in the presence 
of 250 mM NaC!. \\ 

In Graph A, the concentration of Ascorbfe ~as maintained at 10 ùi 

and the amotmts of TMPD were- 'lYaried. In Graph B, the concentration 

of THPD was kept constant at 1.0 mM an~ the concentrations of 

Ascorbate were varied. The rad:ioactivity of the t!el1s was 

determined after 3 minutes incubation in the presenc;e of 200 'llm 
1 

14~B (0.5 pCi specifie activityt. 
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by the Na requir~ment for succ1nat~ transport. 1 t is eviden t from 

+ Figure 23 that at low Na concentrations, the 1nitial rate of AIB 

up~ake is low and it is on1y at'concentrations greater than 50 mM .. 
+ Na that any sign1ficant increase 1n uptake rate i8 apparent, 

reaching a rate comparable to that obtained with otber oxidizab1e 

Bubstratea at high Na+ concentratidhs. 

68 

It was observed that a considerable amount of AlB 1a taken, 

/ op even in the absence of added e1ectton donors;Dthis 1s probab1y 

due to the endogenous activity of the cells. Even though endogenous 

oxidation has been shawn to be much lower than oxidation of various 

substrates;" it appears to be at an adequate rate to create a 

protonmotive force (pmf) sufficient to drive 14C-AIB uptake. 

+ < 

B. ·Specificity of Na -dependent AIB uptake 

Previous studies conducted in this laboratory have shown that 

. + + 
there 18 a requirement for K , in addition to Na for the maximum, 

! 

uptake of AIB into who1e ce11s (Thompson and MacLeod, 1971). 
+ . 

Kwas 

shawn to act at the intrace1lùlar 1eve! to bring about the accumula­

tion of AIB agàinst ~ concentration gradient. However, this funct~bn 

of K+ was demonstrated to be separa te from tge role of Na+ in ~ 

transport, since, even in the presence of '200 mM K~, the requirement 

+ for Na was not decreased (Drapeau and MacLeod, 1966; Wong, 1968). 

+ This highly spe~ific requirement for Na for AIB transport 

wu confirmed, aince neither K+ nor U+ showed any °significant 
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Figure 25. Effect of vadoue monovalent cations on' the 
uptake of l~C-AIB into intact c~lls of !. haloplanktis. 

+ Na (0) waB added to the reaction medium as NaCl-Salt solution; 
+ + ' 

IJ. (.) and K (.) was added as LiCl- and KCl-salt solution; 

aIl other conditions were as described in F1g~re 23. The 

oxidative subst:cate used to stimulate upt~e of 14C- A1B wa~ 10 tnM 

ethanol. Radioactivity of the cells was measured after 3 minutes 

of incubation. 
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capacity to Bpare the requirement for Na+. There was no uptake of 

l/fC-AIB, even in the presence of 250 mM LiCI or KCI (Figure 25). 

. . + 
It iB thus conclqded, based on the observations that Na 

+ requirement for AIB upt'ake was severai 'times greater than the Na ~ 

. + 
requirement for respiration, that Na has a raIe in transport which 

18 separate from its role in t~ oxidative metaboli8m tû t:his marine 

+ ' bacterium. However, Na. acts as a cofactor, both for the active 
. l 

l 
70 

transpor't of m.etabolites (AIB) as weI! as for the maximum. respiratory 

activity of !. haioplanktis. 
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DISCUSSION 
,) 

. + v • 

Tlie Na -dependent activation of the respiratory system of 
" , + 

A. haloplanktis was exandned by dete,rmining the effect of Na on the 
,~, 1 .. 

j xidation of several exogenously added substrates. 111e oxidizable 

ISUbs:rates examine~, by virtue of tliei~ redox pqtentials, could _. ~ 

1 donate electrons directly to various electron ca~riers along the 

respiratory chain. Results obtained in the present study 

demonstrated tha-t NADH was actively oxidized b~ whole celi. 

/ 0 ~ c + _ 
suspensions of !. halop!ankt;J.;s; Na had no stimulatory effect. 

However, when the cells were toluenized, exposing the inner surface • 
, . 

of the cytopla~mic membrane to the substrate, there was a significant 

increase in NADH oxidase activity, and the maximum rate of oxidation 

u + 
was obtained in the presence of 100 mM Na -(Figure 5). These 

observations suggest that there are two respiratory-linked NADH 

dehydro~enases in th1s organ1sm; oneGis located on the outer surface 

of the cytoplaamic membrane and' the other on thé 1nn'er surface. 

Based on the results obtained, the characteristic which distinguishes 

+ + 
these two enz~s ls their response to Na. Na -depend~nt activation6 

of NADH oxidase has ~fso been observed ln another marine bacterium, 

Vibrio alsinolyticus. Unemoto !l.!!. (1977) reported that --t-he Iysed 
0, 

cella of this organism exh:f.bited maximum ex:Ldation. of exogenously· 

added NADH in the presence of 0.3 M NaCl. 
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Alchough ~ADH dehydrogenase in most procaryote~ ·is located 
~ V 

\. ' . -
~y on the inner surface of the membrane, tQere have bee~some 

li 

reports on the presence of this enzyme on the outer surface of the 
\ ~ 

membrane. Lombatdi!.!,!!.. (1974) have observed NADH oxidation by 
~ , .fi ->.~" 

intàct cells dt '! . .s;ill. Further studies on the fractionation of " 

thef electron trans~ort chain of !. coli revealed .that tbere ar~ two 

NAOH dehydrogenases, differi~g in their abi1i'ty'to reduce various 

dye1acceptors (.en~ler and Burgéss, 19?4). Pre~iminary experiments 
, J 

conducted with ferrlcyanide in !.. ha1~plankti.s sugge'sted ~hat there 

àre two NADH ~ehydrogenases in this bacterium. (Calcott ~.!!.., 

_.., unpiÎb1ished data). 
+ 

ô 

Besides the observation that the two /NADH de:YdrOgenases i~ 

this marine organism d~ffer in the~r response to Na , the possib1'lity 

t4at they may also differ in the nature of their prosthetic groups 

still needs to be examined. Studies on Ote membrane-bound 'NADH 

dehydrogenase of Photobacterium phosphoreum have shawn that this 

enzyme contains FAD a~ p~osthe;iç group. This NADH dehydrogenase 

-was found to be ac~ivateà by m~valen~ ca~ions. "These c~aracter­
iatics w~re in contrast to the nature of ,a NAnH-FMN reductas~ a 

'\ // 

from the soluble :raction of ~he/afD.e" .. 

of the latter enzyme was a1mo8~independent 

sim11ar enzyme obtained 
~ ù 

organisme ' The activity 
+ -for • " , 

of Na or K concentratiônQ in the reaction medium {Imag~a ~ al., 
• 0 " ....... 

1978; Watanabe .!! al., 1977>. .. 

• 
. ' 
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Earlier work conducted with who le cel1s,01!. ha10planktis 

(Sp~ott !!!!., 1975) suggested that prider normal physiologieal 

conditions where the intracellu1ar K+ concentration is high, Na+ 

iB expelled from within the cel!. More recently, Niven and MacLeod 
, . 

. + + 
(1978) established that this organism possesses a Na IH antiporter; 

the tr~s~rane proto~ gradient effected by respira~ion co~~d then 

b~ used to drive the antiporter~ediated extrusion of Na+. Although 

+ -,the K concentrat:f.on in actively respiring eells is high, the 
,.' + 

intracellular Na concentrAtion would be mainta1ned at a.low level. 

As the NADH dehydrogenase on the !nner surface of the cytoplasmic \ 

+ ., membrane requires 100 mM Na for maximum activity, it would seem 
," 
G 

r~asqnab1e to suggest' that ,this enzyme ~y be involved in the 
dl 
~ 

regulation,of respiratory '8ctivity. Under normal physiologieal 

+ conditions where the intracellular Na concentratio~ i8 low, the 

enzyme would be functioning at a 8uboptimal rate. However, under 

~ certain abnorma1 conditions where the physiology of the organism 

ia al tered, resulting in an inc,rease i~ the intra~el1u1ar Na+ , 

+ ' concentration, the Na -dependent NADH dehydrogenase would be 

aetivated. The resultiug increas~n the re~piration-driven 
proton translocation would stimulate Na+ extrusion via the Na+la+· 

antiporter alJ,d the intraeellular Na + concentration would be 

,educed again. 

• 
'\ 
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In recent studies on the specifie coupling of ethanol to 

- transport, it was suggested that !. haloplanktis con tains two 

eth~ol dehydrogenases (Sprott and MacLeod, 1974; Thompson and 

MacUod, 1974). 
+ . 

An NAD -linked alcohol dehydrogenase was shawn to 

be present in the cytoplasm, but such an enzyme was not detected in 

membrane vedc1es. Based on the observation that \ethanol could 

still stimulate transport in membrane vesicles, it was suggested 

that ~ere is a second ethanol dehydrogenase present in the membrane 

of this ~rganism. Results obtained in this present study support 

this conclusion. + It was opse~ed that 2 mM Na was required for the 

maximum ox1dation of ethanol"by wpole cells, whereas in to1uenized 

+ ' cells, 50 mM Na was required for maximum oxidation of the substrate. 

'!bat toluenized cells could not oxidize ethanol \.DllesB NAD + was 

present in the reaction medium, eonfirmed that the intracellular 

..: + alcohol dehydrogenase was NAD -linked. As the Na requirement for 
. + 

the cytoplasme ethanol oxid~se activity (50 mM Na) far exceeded 
• + 

the quantitative Na requirementfor maximum ethanol oxidation by 

~ + whole cells (2 mM Na >. it seemed likely that ethanol respiration 

by whole celle ie cdtaly~ed by an enzyme other than the cytoplasme 

+ NAD -linked alcohol dehydrogenase - most probably through an enzyme 

located on the outside surface of the membrane. With the data 

available, it is not possible to, aecertain whether the membrane-
+ 1 

bound alcohol dehyqrogenase is either NAD -linked via the NADK 
ill 

dehydrogenase loca~ed on the outer surface of the membrane, or 

alternatively, whet:her it ie' a flavin-l1nked enz~ •. _The 

1 
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observation that the ethanol oxidase activity in toluenized cells 

(- 40 natoms O/min/mg dry wt) was much less than the respiratdl9\ 

,rate on ethanol in intact cella (- 200 natoms O/min/mg dry wt) 
, 

suggested that treatment with toluene destroys the membrane-bound 

alcohol dehydrogenase. Renee, the respiratory rate on\ ethanol 
) 

measured in toluene-treated cells would reflect only/ the oxidation 

"'+ of ethanol,by the soluble NAD -linked ethanol dehydrogenase. 

+ " The NAD dependency of the cytoplasmic ethanol oxidase 

activity supports the conclusion that ethanol oxidation generate,a 

endogenous NADH in whole cella. Since the cytoplasmic membrane' 1s 

1mpermeable to NADH, the NADH generated intra,cellularly wou Id 

probably be oxidized by the NAQH dehydrogenaae located on the inner 

surface of the membrane. Since the maximum rate of NADH oxidation '" ,\ 

(~400 natoms O/min/mg dry wt) 1s tenfold greater than that of 

athanol (- 40 natoms O/min/mg dry wt) in toluenized cells', tmder 

, + 
conditions of optimum Na concentrations, the respiratory rate,with 
~ 

ethanol ie apparently limited by the activity of the alcohol 

dehydrogenase. + Furthermore, the(Na requirement for maximum ethanol 

+ oxidase aetivity (50 mM) is considerably greater than the Na 

concentrations required for the activation of the internaI NADH 

oxidase to produce a corresponding resp1ratory rate. This suggested 

+ ' + ~ 
that 50 mM Na , in fact, reflects the Na requirement for maxf.1IlI.11Il 

intracellular ethano! 4ehydrogenase activity. 
... 
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~arlY studies on cell-free extracts ôf !. haloplanktis showed 

that none of the enzymes of the trlcarboxylic acid cycle required 
+ 1 • 

Na specifically for activ1ty (MacLeod et al., 1958; Macleod and 
.' . --

Hori, 1960). Result~ reported in the present study eonfirm these 

observations for sùccinatê dehydrogenase as the succinate oxidase 

+ activity of this organism was shawn not to be stimulated by Na • 

However, the oxidation of the non-physiological substrat~s, 

aècorbate/TMPD, by whole cells was shawn to De stimulatedwhen 5 mM 

+ 1 
Na was included in the assay system (:~igure 19). A more, detailed 

+ investigation revealed that the Na -dependent activation of 

+ ascorbate/TMPD oxidase in whole cells corresponds tp the Na 

requiretœnt for the maximum ascorbate/TMPD oxidation hy the soluble 

fraction obtained from cell-free extraets. A récent study on the 

cytochrome composition of A. haloplanktis demonstrated the presence 

lOf a soluble CO~binding cytochrome C5~9 in the periplasm of this 
• - 1 

organism (Knowles !:! .!!., 1974). The observation that there was 

active respiration of NADH, suecinate and aseorbate/TMPD by the 

partiçulate fraction of!. haloplanktis, led to the suggestion that 

the soluble cytoehrome ~ ie associated with a sid~ branch of the 

main respiratory chain. In a more detailed study t Calcott and 

MacLeo~ (unpub~ished data) demonstrated that the periplasmie co-
. 

binding cytoehrome &, present in the soluble fraction obtained from 

cell~free extraets, was able to aecept electrone from aseorbate/TMPD 
'. . 

and these eleetrons could be used in the subsequent reduction of 

oxygen. BoWever, the soluble cytochrome .5:. was unable to accept 

r 
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electrons from NADH, succinate or a varlet y of other potential 

electron donors. Furthermore, it was 6bserved that the reapiratory 
, 

activity associated with this ~-type cytochrome was sensitive to 

severaI electron-transport inhibltors to which other terminal 

oxidases are ususlly 'resistant. These observations confirmed the 

earlier suggestion that the soluble cytochrome~549 i8 not located 

ôn the main respiratory chain of this organism, but la part of a 

branch pathway. This periplasmic CO-binding .s-type cytochrome, 

although unusual, iB not unique as similar cytochromes have been 

found in other bacteria including the marine organism, Beneckea 

natriegens (Weston and Knowles, 1973). + However, the Na -dependent 

activation of ascorbate/TMPD oxidase in the soluble fraction of 

cell-free extracts has only been examined and'reported for 

!. haloplanktis. 

Results obtained in this study 6n the effect of Na + on 

endogenous respiration bf whole cells revealed that maximum oxidation 

+ of endogenous substrates was acb1eved in the presence of 50 mM Na • ---

77 

Ethanol and NADH oxidases located on the inner surface of the 

cytoplasme membrane have been shawn to require 50 mM and 100 mM Na+ ! 
respectively for maximum activity; however, sinee even in the 

+ presence of 50 mM Na in the reaction medium, th~ intracel1ular 

+ concentration of Na in whole cells is maintained at a low level, 

+ the reason for the Na -dependent activation of endogenous respiration 

cannot be explained • 



f -- -----'- .. -·----·----~----·-------------------+t----
1 , 

( 

,1 

o 

When the effêct of other monovalent cations on the 

respiratory system of !.. haloplanktis was examined, it was observed 

that Li+ could stimulate oxidation of most substrates tested, a1beit 

at a slower rate than that activated by Na+. Results on the 

+ + ascorbate/TMPD oxidase revealed that Li and Na could stimulate 

ascorbate/TMPD oxidation to the same extent. + When the effect of K 

+ on respiratory E\.ctivity waS examirted, it was found that Kwas 

+ re1atively ineffective in replacing the Na requirement for maximum 

oxidation of NADH and ethanol in toluene-treated cells ~igures 6 

and 14) and for maximum ascorbate/TMPD oxidase activity in whole 

ce1ls (Figure 21). However, in the abse~ce of K+, the concentration 

+ of Na required for maximum ethanol oxidase activity by whole cells 
\ 

+ + was increased, suggesting that K could partially satisfy the Na 

requirement for ethano1 oxidation (Figure 10). 1rt the presence of 

+ + 10 mM K ,Na activation of NADS oxidase in intact cells was , 
+ eliminated, suggesting that the effect of Na on the external NADH 

oxidase is not entirely specifie (Figure 2). + Besides a Na require-

ment, oxidat~on of NADH, èthanol and ascorbate/TMPD by who1e cells 

vas shawn a1so to require K+ for maximum activity. This K+ require-
1 

1 

ment vas shown ta be specifie sinee even in the presence of 10 mM 

+ + Na , the concentration of K needed to aetivate the maximum oxidation 

of sUbstrates was not reduced. 

An earlier study by Sprott et al. (1975) demonstrated thaÏ: 

ttte oxidation of ethano1 and ascorbate/TMPD by membrane vesicles of 

+ !. haloplanktis was not stimulated by Na. In these experiments 

1. -------------+ ... ~L --
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+ substrate oxidation in the absence of Na was determined in a 

reaction medium containing 200 mM LiCI. Results presented in this 

study have sàown that the membrane-bound ascorbate/TMPD oxidase 

~tivity is not stimulated by Na+, thereby confirming the observa­

tions made in membrane vesicles. In contrast, Na+ has been shown' to 
+ ' 

be required for maximum ethanol oxidase activity; Li could 

partially replace Na+.; However, sinee the concentration of Na+ 

+ required for maximum ethanol oxidation is so low (2 mM Na ), 

perhaps being even less in the presence of 200 mM LiCI, ft la 

+ possible that such small concentrations of Na were present in 

" + contaminating amounts in a reactio~ medium eontaining no added Na • 

This would seem more likely under conditions where particular 

attention w~s not given to the possibility that such small con­

+ centrations of Na would be sufficient to stimulate maximum oxidation 

of substrates. Tbus, under the conditions of the experiment where 0 

the reaction medium contained no added NaCI, but 200 mM Liel, it 

seems reasonable ta suggest that the membrane vesicles were oxidizing 

ethanol at maximum rate, such that in the presence of higher con­

+ centrations of Na , no further stimulation was apparent. 

+ A tentative scheme, showing the possible sites of Na -

dependent activation in the respiratory chain of A. haloplanktls ls 

presented in Figure 26. The scheme summarizes the data on Na+ 

activation as presented in this study vith respect ta the tentative 

sites at which substrates could introduce electrons into the chain. 

However, since the composition of the respiratory chain of 

------ - -~-----------
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Figure 26. Tentative scheme of the respiratory chain of 
A. haloplanktis showingflthe sites of Na+-dependent activation • 

Cyt, cytochrome; CoQ, coenzyme Q; 

/ 

,,0' 

• Fp, flavoprotein. 
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!. ha10planktis has still not been fully elucidated, the nature and 
" 

sequence of the redox carriers remain only speculative at this stage. 

NADH oxidase associated with the NADH dehydrogenase located 

1 

on the outer surface of the cytoplasmic membrane, suceinate oxidase, 

and the membrane-bound ascorbate/TMPD oxidase, aIl showed no specifie 

Na+ requirement for maximum activity. + However, 100 mM Na was 

requireq specifieally for NADH oxidation via the NADH dehydrogenase 

10eated on the inside surface of the membrane. Ethanol oxidation 

was cata1yzed by two enzymes, a membrane bound alcohol dehydrogenase 

+ . 
which was shown to require 2 mM Na for maximum activity and an 

+ NAD -linked cytoplasmic ethano1 dehydrogenase whieh exhibited maximum 

+ activity in the presence of 50 mM Na. Ascorbate/TMPD oxidation by 
1 

the soluble fraction of cell-free extracts showed maximum stimulation 

+ in the presence of 5 mM Na. Since of aIl the redox cartiers subject 

+ to Na activation, on1y the inner NADH oxidase is part of the main 

+ respiratory chain, it can be suggested that the primary site of Na -

dependent activation in the respiratdry chain of !. haloplanktis is 

at the reaction step of NADH-quinone oxidoreductase located on the 

inner surface of the membrane. Recent studies by Unemoto and 

. + 
Hayashi (1979) demonstrated that the site of Na -dep~ent activation 

l ' "-

ip the respiratory)chain of Vibrio alginolyticUB,fs at the level of 

NADH: quinone oxidoreductase and more specifically at the quino~e 

, reduction portion of this step. They observed that' the rate of 

menaquinone redueti .. by NADR was activated speC~~llY by Na .... 

~' 

r 
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+ 'Ihey further showed that the. ,Ka value for Na for menaquinone 

reductase was the sme as that of NADR oxidase. Hence, based on 
. + . 

these resu1ts, they concluded that the site of Na activation an th~ 

electron transport chain of this organism was at the step of NADH: 

quinone oxidoreductase. Results obtained in the present study 

~u~st that the prifnary site o...f Na+ activation \n the respiratory 
i >~' 
chi1.ri~~f!.. halopl8ll§tis is a1so at the leveI of NADH: quinone 

\ 
oxidoreductase 10cated on the inside.surface of the membrane. This 

,conclusion waS based on the observati's that the ~oxidation of 

+ 8uccinate, which introduces e1ectrons at the level of coq, is Na -
1 

independent, whereas the NADR oxidation system located on the inner 

+ face of the' cytoplasmlc membrane requires 100 mM Na for maximum 

activity. However, the present data do not allow US to conclude 

whether the effect of Na+ i8 on the NADH dehydrogenase or the 

q~none reductase portion of the NADH-q~none oxidoreductase. 

lt is noteworthy that sinee aIl the substrates examlned could 
1 

. + + 
be oxidized even in the, absence of added Na or K , reaching a 

+ maximum rate on1y when Na ia present in the reaction medium, the 

+ resplratory activity of !. haloplanktis would appear to he a Na -

activated procetls. 
+ . 

Hpwever. ainee Na could be present a8 a 

+ contaminant in a reaction medium eontaining no added Na at a 

concentration sufficient to activate the oxidation of the substrates, 

it ia difficult to ascertain whéther respiration of !. halopla:nktis 

+ + ia, in fact~ a Na~-dependent or 8 Na -act~vated process. Likewiae, 

+ aubstrate oxidations shown to be Na -independent do not exclude the 
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possib~lity that Na is present at 8ufficient concentrations to 

+ satisfy the requirement of the enzyme systems for Na • 
1 

+ When the Na require~nt for maximum transport of metabolites 

was eX8mined, resu1ts reported here provided strong support for the 

earlier conclusion that transport of a-AIB into intact cel1s i~ a 

+ ' Na -dependent process (Drapeau et al., 1966Q ; Drapeau and MacLeod, . --
+ 1963). It was observed that 250 mM Na was specif~cally required 

for the maximum u~take of a-AlB, irrespective of t~ oxidizab1e 

substrate used to stimu1ate the pro~ss. --othercations' such as K+ 

+ ' and Li were ineffective in activating transport of the non-

+ metabo1izable substrate (Figure 25), confirming the Na speciftcity , 
of the transport system(s). 

According to the chemiosmotic hypothesis, the transmembrane 
, + 

proton gradient effected by respiration is used to extrude Na from 

the bacter.1al.cel1s by'mea~Of a Na+/H+ antiporter, resu1ting in 

+ the formation of"an~inwardly directed transmembrane Na gradient. 

rpe chemica1 and e1ectrical components of, this gradient cou).d then 

be used to drive the intracellu1ar accumulation of metabo1ités 

(Mitchell, 1963, 1973). In a recent study, Niven and Macleod (1978) 

+ + provided evidence for the presence of an Na IR antiporter in 

~. haloplanktjLs. More recently, it has been shawn that both the 

e + 
chemical and electrical components of the trans-membrane Na 

gradient are responsible for driving the transport of AIB into the 

cells, by a ~a+/AIB symport mechanism (Niven and MacLeod, 1979, 
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unpubliahed data). Results from the ~t Btudy suggest that this 
Na+ -

aymporter bas a specifie requirement for 250 mMAfor maximum" activity. 

+ In conclusion, the quantitative Na requirement for transport 

of metabolites, is aeparate from that for maximum respiratory 

activity~in the marine bacterium. !. haloplanktis. Evidence for 

+ this is provided by the observation that 250 mM Na was sRecifically 

required for the m~mum rate of a-aminoisobutyric acid uptake, 
+, 

whereas depending on tpe substrate. the Na requirement for maximum 

rate of resp1ra~ion CO~1d,b~ as little as zero (succinate oxidase) . 

+ + ~ or as much as 100 mM Na for an NAD -1inked substrate being oxidized 
inner 

on the surface of the cytoplasmic membrane. The primary site 
" 

"of Na-t-de~endent "activation 1n the respiratory chain was shown to be 

~t the level of NADH:quinone oxidoreductase located on the ;l.nside -

- 1 1 

surface of the cytoplasme membrane. 
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